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In the course of one’s professional life, you may be fortunate to encounter an opportunity that
brings new clarity to your approach to business. I had such an experience in 1997, when three
people—Dr. Paul A. lIaizzo, Tim Laske, and Mark Hjelle—walked into my office and started
talking about reanimating porcine hearts on the bench, as a training tool for engineers and
scientists working on medical devices. I had no idea what they were talking about, and I did
not really know Dr. Paul A. Iaizzo, a professor at the University of Minnesota. But I did know
Tim Laske and Mark Hjelle, who are two of the most creative engineers I have ever met. I
trust their judgment and their skills. The trio’s story, vision, and declaration of what could be
achieved were compelling. I was cautious, however, because, to that point in time, our ability
to work effectively in partnership with universities was nothing to write home about...except
to complain.

Nonetheless, we were always looking for better ways to educate our employees engaged in
research, design, or manufacturing of medical products. Clinical applicability is the name of
the game for any medical product, but it is very easy for scientists and engineers to design
without fully understanding the environment in which their products are being used. This is
true in all industries. Lack of understanding of the specific application creates mediocrity in
performance. Because of the increasing complexity of the products required to support the
rapidly growing tachycardia and resynchronization therapies, we were feeling the pressure to
“up our game.” If Tim and Mark believed that Dr. laizzo could do what he was proposing,
I had no choice but to say yes, and we provided the seed money to get the Visible Heart® labo-
ratory off the ground. Little did I realize at the time what “the trio” and the University of
Minnesota team were about to accomplish.

Throughout this book, you will see many images and videos of what the heart prep at the
University of Minnesota’s Visible Heart Lab can produce. The results of Professor laizzo and
his research team exceeded my most optimistic projections of the value of the investment.
The Visible Heart Lab brings a new depth of understanding to what actually is going on inside
beating animal and human hearts. It has helped to reshape how the industry designs and
evaluates products. It changed how we made decisions on products to fund or not fund and
impacted how we ran our business. In advocating for the investment, Tim Laske, Mark Hjelle,
and I made one mistake—we underestimated what Dr. Iaizzo and his team were capable of
accomplishing. We would not make that mistake again. I do not believe failure is ever consid-
ered as an option by his team.

However, as fantastic as the Visible Heart prep is by itself, it is not the most valuable prod-
uct of the Visible Heart Lab. I am in awe of Dr. laizzo, his team, and industry partners who
worked so hard to master the reanimation of hearts. The quality and educational value of the
videos and images that they produce are amazing and unbelievably impactful. But the real
“gems” of the Visible Heart Lab are the students who graduate every year and go out into the
world. The heart prep experience is the core of their training. It is where the students get a
chance to “put it all together” in their minds. The training they receive along the way in physi-
ology, biochemistry, instrumentation, tissue engineering, genetics, core biology, and many
other related disciplines is unparalleled in my experience. You will see both the basic and
applied nature of their education and research as you read this book.
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It was clear to me the first time we brought one of these students into our company that they
were not the “normal” new graduates. Within weeks after graduating and coming to work at
Medtronic, they were providing advice on cardiac anatomy and function to seasoned scientists
and engineers who had been designing complex products and bringing them to market for
years. These graduates had an uncanny ability to visualize products in the final application and
judge how they would perform. They quickly became integrated and valuable contributors to
our team, months to years ahead of our expectations. Once we experienced the quality of these
graduates, we hired as many as we could. At one time we had hired all but one of the fourteen
Ph.D. students; we would have hired that one too, if there had been an opening. Unfortunately,
one of our competitors hired this individual.

Years later, these graduates are still breaking new ground and raising the bar for others.
They are establishing incubators in New York and computer modeling centers in California,
running clinical study departments, managing product development for Fortune 500 compa-
nies, starting new companies, and providing leadership in many notable organizations. Most
significantly, some of them are teaching, and all of them are both teachers and students. That
is because Dr. laizzo ingrained in them the value and importance of continual learning and
passing on knowledge to others. As a result, they are collaborators by nature, and they make
a difference.

Finally, I have to give credit to Dr. Iaizzo and his academic partners for the role they played
in creating a new environment between the University of Minnesota and the medical device
industry. Their response to the educational needs of the industry over the past 20 years has
been more than notable—it is remarkable!!

My experience with this dynamic group started with a casual comment made to Dr. laizzo
in a hallway conversation almost 20 years ago regarding the need for training of industry sci-
entists and engineers on anatomy and physiology. That hallway conversation sparked the
annual “Advanced Cardiac Physiology and Anatomy” course, creating what has become the
gold standard for training on the basics of anatomy and physiology for medical device profes-
sionals. Additionally, Dr. laizzo participates in the ‘“New Product Design and Business
Development” course, which was developed to pair business people with students to work in
partnership with companies to solve real-world new product issues. Importantly, he created the
Visible Heart Lab which represents the first major collaborative breakthrough in several years
that initiated a change in the dynamic between the industry and the University. Subsequently,
the University approved the establishment of the Medical Devices Center that has broken new
ground in working in close partnering relationships with the industry. Building upon such
work, the team of Professors Art Erdman, Will Durfee, and Paul Iaizzo founded the Design of
Medical Devices Conference that is already a large and globally recognized annual confer-
ence. Last year the University announced a new policy governing intellectual property, which
makes it easier for companies to license technology and enhances the University’s ability to
capitalize on its research. This year a master’s degree in medical devices was offered for the
first time. For years the University of Minnesota and the device industry did not partner well.
Today they have set the standard for what collaborations between industry and academia can
be, and it gets better every year.

I am amazed and in admiration of what a team of creative people can do when they decide
to do what most think is impossible. Enjoy the book; it gives you a sense of the quality of the
people involved.

LifeScience Alley and the BioBusiness Alliance of Minnesota Dale Wahlstrom
Minneapolis, MN, USA

Foreword



Personalized medicine, clinical imaging, and the medical device industry continue to grow at
an incredibly rapid pace. Further, our overall understanding of the molecular basis of diseases
steadily increases, as does the number of available therapies to treat specific health problems.
This remains particularly true in the field of cardiovascular care. With this rapid growth rate in
cardiac medicine, clinicians and biomedical engineers alike have been challenged to either
retool or continue to seek out sources of concise information.

The major impetus for this third edition was to update this resource textbook for interested
students, residents, clinicians, and/or practicing biomedical engineers. A secondary motivation
was to promote the expertise, past and present, in the areas of cardiovascular science at the
University of Minnesota. As Director of Education for the Lillehei Heart Institute and Associate
Director for Education of the Institute for Engineering in Medicine at the University of
Minnesota, I feel that this book also represents a unique outreach opportunity to carry on the
legacy of Drs. C. Walton Lillehei, M.D., Ph.D., and Earl Bakken, M.D., Ph.D. (Hon.) through
the twenty-first century. Interestingly, the completion of this textbook coincides with two
recent important anniversaries in cardiovascular medicine and engineering at the University of
Minnesota. First, it was 61 years ago, in 1954, that Dr. C. Walton Lillehei performed the first
cross-circulation procedures at the University. One year ago in January, Earl Bakken (the
cofounder of Medtronic) turned 90 years old; Dr. Bakken has five implanted Medtronic devices
and continues to be an inspiration to those working in this field.

For the past 15 years, the University of Minnesota has presented the week-long short course
Advanced Cardiac Physiology and Anatomy, which was designed specifically for the biomedi-
cal engineer working in the industry; this serves as the course textbook. Thus there was a need
to update the textbook to include state-of-the-art information on a variety of topics related to
cardiac anatomy, physiology, and devices. For example, six new chapters were added to this
third edition, and all other chapters were carefully updated and/or greatly expanded. One last
historical note that I feel is interesting to mention once again is that my current laboratory,
where isolated heart studies are performed weekly (the Visible Heart® laboratory), is the same
laboratory in which C. Walton Lillehei and his many esteemed colleagues conducted the
majority of their cardiovascular research studies in the late 1950s and early 1960s. It is also the
laboratory where Earl Bakken, along with Drs. Vincent Gott and Lillehei, first tested the wear-
able battery-powered pacemaker on an animal with an induced heart block. After being tested
on an animal, the prototype pacemaker was very quickly (later the same day) used by Dr.
Lillehei on one of his cardiac surgical patients.

With this new edition, complimentary materials (e.g., movies and images) that will enhance
this textbook’s utility can be accessed online. Additionally, my laboratory continues to support
the online, free access website The Atlas of Human Cardiac Anatomy (www.vhlab.umn.edu/
atlas) which also contains many tutorials and unique movie clips of functional cardiac anat-
omy. These images were obtained from human hearts made available via LifeSource (St. Paul,
MN, USA), through the generosity of families and individuals who made the final gift of organ
donation for research (their hearts were not deemed viable for transplantation).
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I would especially like to acknowledge the exceptional efforts of our Lab Coordinator,
Monica Mahre, who for a third time (1) assisted me in coordinating the efforts of contributing
authors, (2) skillfully incorporated my editorial changes, (3) verified the readability and for-
matting of each chapter, (4) pursued additions or missing materials for each chapter, (5) con-
tributed as a coauthor, and (6) kept a positive outlook throughout. I would also like to thank
Gary Williams for his computer expertise and assistance with numerous figures; Tinen Iles and
Charles Soule who made sure the laboratory kept running smoothly while many of us were
busy writing or editing; the Chairman of the Department of Surgery, Dr. David Rothenberger,
for his support and encouragement; the Institute for Engineering in Medicine at the University
of Minnesota, headed by Prof. Bin He, who helped support this project via educational funds;
and the Lillehei Heart Institute at the University of Minnesota, headed by Dr. Daniel Garry,
who also generously supported educational outreach efforts.

I would like to thank Medtronic, Inc., for their continued support of the Visible Heart® labo-
ratory for the past 18 years, and I especially acknowledge the commitment, partnership, and
friendship of Tim Laske, Mark Hjelle, Alex Hill, Michael Eggen, Nick Skadsberg, Mark
Borash, Rick McVenes, and Dale Wahlstrom for making our collaborative research possible.

It is also my pleasure to thank the past and present graduate students or residents who have
worked in my laboratory and who were contributors to this third edition including Sara
Anderson, Michael Bateman, James Coles, Michael Eggen, Kevin Fitzgerald, Alexander Hill,
Brian Howard, Stephen Howard, Tinen Iles, Jason Johnson, Ryan Lahm, Timothy Laske, Anna
Legreid Dopp, Michael Loushin, Lars Mattison, Jason Quill, Maneesh Shrivastav, Daniel Sigg,
Julianne Spencer, Eric Richardson, Nicholas Skadsberg, and Sarah Vieau. I feel extremely
fortunate to have the opportunity to work with such a talented group of scientists and engi-
neers, and I continue to learn a great deal from each of them.

Finally, I would like to thank my family and friends for their continued support of my career
and their assistance over the years. Specifically, I would like to thank my wife, Marge; my
three daughters, Maria, Jenna, and Hanna; my mom Irene; and my sisters Chris and Susan, for
always being there for me. On a personal note, it has been a difficult couple of years as both of
my brothers passed away, as well as my longtime laboratory scientist Bill Gallagher.
Furthermore, I myself dealt with some health issues that provided me with a much greater
appreciation for cardiac medicine, medical advances, and what is feels like to be a patient. I am
truly inspired by all individuals who dedicate their lives to all aspects of cardiovascular science
and technology.

Minneapolis, MN, USA Paul A. Taizzo
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Paul A. laizzo

Abstract

The purpose of this chapter is to provide a general overview of the human cardiovascular
system, to serve as a quick reference on its underlying physiological composition. The rapid
transport of molecules over long distances between internal cells, the body surface, and/or
various specialized tissues organs is the primary function of the cardiovascular system. This
body-wide transport system is composed of several major components: blood, the blood
vessels, the heart, and the lymphatic system. When functioning normally, this system ade-
quately provides for the wide-ranging activities that a human can accomplish. Failure in any
of these components can lead to pathological or even grave consequences. Subsequent
chapters will cover, in greater detail, the anatomical, physiological, and pathophysiological

features of the cardiovascular system.

Keywords

Cardiovascular system ¢ Blood ¢ Blood vessels * Blood flow * Heart » Coronary circulation

* Lymphatic system

1.1 Introduction

Currently, more than 85 million individuals in the United
States have some form of cardiovascular disease. More spe-
cifically, heart failure continues to be an increasing problem
in our society. Coronary bypass surgery, angioplasty, stent-
ing, the implantation of pacemakers and/or defibrillators,
and valve replacement are currently routine treatment proce-
dures, with growing numbers of these procedures being per-
formed worldwide each year. However, such treatments
often provide only temporary relief of the progressive symp-
toms of cardiovascular disease. Nevertheless, optimizing
therapies and/or the development of new treatments continue

P.A. Taizzo, PhD (<)

Department of Surgery, University of Minnesota,

420 Delaware St. SE, B172 Mayo, MMC 195, Minneapolis,
MN 55455, USA

e-mail: iaizz001 @umn.edu

© Springer International Publishing Switzerland 2015

to dominate the cardiovascular biomedical industry (e.g.,
coated or biodegradable vascular or coronary stents, left ven-
tricular assist devices, biventricular pacing, implantable
monitors, and transcatheter-delivered valves).

The purpose of this chapter is to provide a general
overview of the cardiovascular system, so to serve as a quick
reference relative to its underlying physiological mecha-
nisms. More details concerning the pathophysiology of the
cardiovascular system and state-of-the-art treatments can be
found in subsequent chapters. In addition, the reader should
note that a list of source references is provided at the end of
this chapter.

1.2  Components of the Cardiovascular

System

The principle components considered to make up the cardio-
vascular system include: blood, blood vessels, the heart, and
the lymphatic system (Fig. 1.1).

P.A. laizzo (ed.), Handbook of Cardiac Anatomy, Physiology, and Devices, DOI 10.1007/978-3-319-19464-6_1
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Inferior

vena cava Heart

Fig.1.1 The major components of the cardiovascular system: circulat-
ing blood, the blood vessels, the heart, and the lymphatic system. (Left)
Major vessels that return deoxygenated blood to the heart (blue) and

1.2.1 Blood

Blood is composed of formed elements (cells and cell frag-
ments) which are suspended in the liquid fraction known as
plasma. Blood, often considered as the only liquid connec-
tive tissue in the body, has three general functions: (1) trans-
portation (e.g., O,, CO,, nutrients, waste, hormones),
(2) regulation (e.g., pH, temperature, osmotic pressures), and
(3) protection (e.g., against foreign molecules and diseases,
as well as for clotting to prevent excessive loss of blood).
Dissolved within the plasma are many proteins, nutrients,
metabolic waste products, and various other molecules being
transported between multiple organ systems.

The formed elements in blood include red blood cells
(erythrocytes), white blood cells (leukocytes), and the cell
fragments known as platelets. These are all formed in bone
marrow from a common stem cell. In a healthy individual,
the majority of bloods cells are red blood cells (~99 %)
which have a primary role in O, exchange. Hemoglobin, the
iron-containing heme protein which binds oxygen, is con-
centrated within the red cells; hemoglobin allows blood to
transport 40-50 times the amount of oxygen that plasma
alone could carry. The white cells are required for the

Pulmonary

P.A. laizzo

major arteries carrying oxygenated blood that leave the heart (red).
(Right) Shown is the relative extent of the lymphatic system within the
human body

immune process, €.g., to protect against infections and also
cancers. Platelets play a primary role in blood clotting. In a
healthy cardiovascular system, the constant movement of
blood helps keep these various cells and plasma constituents
well dispersed throughout the larger-diameter vessels.

The hematocrit is defined as the percentage of blood
volume that is occupied by the red cells (erythrocytes). It can
be easily measured by centrifuging (spinning at high speed)
a sample of blood, which forces these cells to the bottom of
the centrifuge tube. The leukocytes remain on the top and the
platelets form a very thin layer between the cell fractions
(other more sophisticated methods are also available for
such analyses). Normal hematocrit is approximately 45 % in
men and 42 % in women. The total volume of blood in an
average-sized individual (70 kg) is approximately 5.5 L;
hence, the average red cell volume would be roughly
2.5 L. Since the fraction containing both leukocytes and
platelets is normally relatively small or negligible, in such
an individual, the plasma volume can be estimated to be
3.0 L. Approximately 90 % of plasma is water which acts:
(1) as a solvent, (2) to suspend the components of blood,
(3) in the absorption of molecules and their transport, and
(4) in the transport of thermal energy. Proteins make up 7 % of
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the plasma (by weight) and exert a colloidc osmotic pressure.
Protein types include albumins, globulins (antibodies and
immunoglobulins), and fibrinogen. To date, more than 100
distinct plasma proteins have been identified, and each pre-
sumably serves a specific physiologic function. The other
main solutes in plasma include: electrolytes, nutrients, gases
(some O,, large amounts of CO, and N,), regulatory sub-
stances (enzymes and hormones), and waste products (urea,
uric acid, creatine, creatinine, bilirubin, and ammonia).

1.2.2 Blood Vessels

Blood flows throughout the body’s tissues within blood ves-
sels via bulk flow (i.e., all constituents together and in one
direction). An extraordinary degree of vascular branching
exists within the human body, which ensures that nearly
every cell in the body lies within a short distance from at
least one of the smallest branches of this system—a capil-
lary. Nutrients and metabolic end products move between
the capillary vessels and the surroundings of the cell through
the interstitial fluid by diffusion. Subsequent movement of
these molecules into a cell is accomplished by both diffusion
and mediated transport. Nevertheless, blood flow through all
organs can be considered as somewhat passive and occurs
only because arterial pressure is kept higher than venous
pressure via the pumping action of the heart.

In an individual at rest at any given moment, approxi-
mately 5 % of the total circulating blood is actually within
the capillaries. Yet, this volume of blood can be considered
to perform the primary functions of the entire cardiovascular
system, specifically the supply of nutrients and removal of
metabolic end products. The cardiovascular system, as
reported by the British physiologist William Harvey in 1628,
is a closed-loop system, such that blood is pumped out of the
heart through one set of vessels (arteries) and then returns to
the heart in another (veins).

More specifically, one can consider that there are two
closed-loop systems which both originate and return blood to
the heart—the pulmonary and systemic circulations (Fig. 1.2).
The pulmonary circulation is composed of the right heart
pump and the lungs, whereas the systemic circulation includes
the left heart pump which supplies blood to the systemic
organs (i.e., all tissues and organs except the gas exchange
portion of the lungs). Because the right and left heart pumps
function in a series arrangement, both will circulate an identi-
cal volume of blood in a given minute (one’s cardiac output,
normally expressed in liters per minute).

In the systemic circuit, blood is ejected out of the left ven-
tricle via a single large artery—the aorta. All arteries of the
systemic circulation branch from the aorta (this is the largest
artery of the body, with a diameter ranging from 2 to 4 cm)
and divide into progressively smaller vessels. The aorta’s four
principle divisions are the ascending aorta (begins at the

pmmpp- Pulmonary trunk

Pulmonary arteries

Capillaries of lungs

Pulmonary veins

Pulmonary valve

Right ventricle
Right AV valve

Right Atruim

Aorta
Arteries
Arterioles
Capillaries
Venules
Veins

Vena cavae

Fig. 1.2 The major paths of blood flow through pulmonary and sys-
temic circulatory systems. AV atrioventricular

aortic valve where, close by, the two coronary artery branches
have their origin), the arch of the aorta, the thoracic aorta, and
the abdominal aorta.

The smallest of the arteries eventually branch into arterioles.
They, in turn, branch into an extremely large number of the
smallest diameter vessels—the capillaries (with an estimated
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Fig. 1.3 The microcirculation including arterioles, capillaries, and
venules. The capillaries lie between, or connect, the arterioles to the
venules. They are found in almost every tissue layer of the body, but
their distribution varies. Capillaries form extensive branching networks
that dramatically increase the surface areas available for the rapid
exchange of molecules. A metarteriole is a vessel that emerges from an
arteriole and supplies a group of 10-100 capillaries. Both the arteriole
and the proximal portion of the metarterioles are surrounded by smooth
muscle fibers whose contractions and relaxations regulate blood flow
through the capillary bed. Typically, blood flows intermittently through
a capillary bed due to the periodic contractions of the smooth muscles
(5-10 times per minute, vasomotion), which is regulated both locally
(metabolically) and by autonomic control (Figure modified from [5])

ten billion in the average human body). Next, blood exits the
capillaries and begins its return to the heart via the venules.
Microcirculation is a term coined to collectively describe the
flow of blood through arterioles, capillaries, and the venules
(Fig. 1.3).

Importantly, blood flow through an individual vascular
bed is profoundly regulated by changes in activity of the
sympathetic nerves innervating the arterioles. In addition,
arteriolar smooth muscle is very responsive to changes in
local chemical conditions within an organ (i.e., those changes
associated with increases or decreases in the metabolic rate
of that given organ).

Capillaries, which are the smallest and most numerous
blood vessels in the human body (ranging from 5 to 10 pm in
diameter and again numbering around ten billion), are also
the thinnest walled vessels; an inner diameter of 5 pm is just
wide enough for an erythrocyte to squeeze through. Further,
it is estimated that there are 25,000 miles of capillaries in an
adult, each with an individual length of about 1 mm.

Most capillaries are little more than a single cell layer
thick, consisting of a layer of endothelial cells and a base-
ment membrane. This minimal wall thickness facilitates the
capillary’s primary function, which is to permit the exchange
of materials between cells in tissues and the blood within.
As mentioned above, small molecules (e.g., O,, CO,, sugars,
amino acids, and water) are relatively free to enter and leave
capillaries readily, promoting efficient material exchange.
Nevertheless, the relative permeability of capillaries varies
from body region to body region, with regard to the physical
properties of their formed walls.
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Based on such differences, capillaries are commonly
grouped into two major classes: continuous and fenestrated
capillaries. In the continuous capillaries, which are more
common, the endothelial cells are joined together such that
the spaces between them are relatively narrow (i.e., narrow
intercellular gaps). These capillaries are permeable to sub-
stances having small molecular sizes and/or high lipid
solubilities (e.g., O,, CO,, and steroid hormones) and are
somewhat less permeable to small water-soluble substances
(e.g., Na*, K*, glucose, and amino acids). In fenestrated capil-
laries, the endothelial cells possess relatively large pores that
are wide enough to allow proteins and other large molecules
to pass through. In some such capillaries, the gaps between
the endothelial cells are even wider than usual, enabling quite
large proteins (or even small cells) to pass through. Fenestrated
capillaries are primarily located in organs whose functions
depend on the rapid movement of materials across capillary
walls, e.g., kidneys, liver, intestines, and bone marrow.

If a molecule cannot pass between capillary endothelial
cells, then it must be transported across the cell membrane.
The mechanisms available for transport across a capillary
wall differ for various substances depending on their molecu-
lar size and degree of lipid solubility. For example, certain
proteins are selectively transported across endothelial cells
by a slow, energy-requiring process known as transcytosis.
In this process, the endothelial cells initially engulf the pro-
teins in the plasma within capillaries by endocytosis. The
molecules are then ferried across the cells by vesicular trans-
port and released by exocytosis into the interstitial fluid on the
other side. Endothelial cells generally contain large numbers
of endocytotic and exocytotic vesicles, and sometimes these
fuse to form continuous vesicular channels across the cell.

The capillaries within the heart normally prevent exces-
sive movement of fluids and molecules across their walls,
but clinical situations have been noted where they may
become “leaky.” For example, capillary leak syndrome may
be induced following cardiopulmonary bypass and might
last from hours up to days. More specifically, in such cases,
the inflammatory response in the vascular endothelium
can disrupt the “gatekeeper” function of capillaries; their
increased permeability will result in myocardial edema.

From capillaries, blood throughout the body then flows
into the venous system. It first enters the venules which then
coalesce to form larger vessels—the veins (Fig. 1.3). Then
veins from the various systemic tissues and organs (minus
the gas exchange portion of the lungs) unite to form two
major veins—the inferior vena cava (lower body) and supe-
rior vena cava (above the heart). By way of these two great
vessels, blood is returned to the right heart pump, specifi-
cally into the right atrium.

Like capillaries, the walls of the smallest venules are very
porous and represent the sites where many phagocytic white
blood cells emigrate from the blood into inflamed
or infected tissues. Venules and veins are also richly
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Fig. 1.4 Contractions of the skeletal muscles aid in returning blood to
the heart—skeletal muscle pump. While standing at rest, the relaxed
vein acts as a reservoir for blood; contractions of limb muscles not only
decrease this reservoir size (venous diameter) but also actively force the
return of more blood to the heart. Note that the resulting increase in
blood flow due to the contractions is only toward the heart due to the
valves that are present within the veins

innervated by sympathetic nerves and thus the smooth
muscles within constrict when these nerves are activated.
Therefore, increased sympathetic nerve activity is associated
with a decreased venous volume, which results in increased
venous return and hence cardiac filling and ultimately an
increased cardiac output (via Starling’s law of the heart).

Many veins, especially those in the limbs, also feature
abundant valves (which are notably also found in the cardiac
venous system) which are thin folds of the intervessel lining
that form flap-like cusps. The valves project into the vessel
lumens and are directed toward the heart, thus promoting
unidirectional flow of blood. Because blood pressure is nor-
mally low in veins, these valves are important for aiding
venous return, by preventing the backflow of blood (which is
especially true in the upright individual). In addition, con-
tractions of skeletal muscles (e.g., in the legs) also play a role
in decreasing the size of the venous reservoir and thus the
return of blood volume to the heart (Fig. 1.4).

The pulmonary circulation is comprised of a similar cir-
cuit. Blood leaves the right ventricle in a single great vessel,
the pulmonary artery (trunk), which, within a short distance
(centimeters), divides into the two main pulmonary arteries,
one supplying the right lung and another the left. Once within
the lung proper, the arteries continue to branch down to arte-
rioles and then ultimately form capillaries. From there, the
blood flows into venules, eventually forming four main pul-
monary veins which empty into the left atrium. As blood
flows through the lung capillaries, it picks up oxygen sup-
plied to the lungs by breathing air; hemoglobin within the
red blood cells is loaded up with oxygen (oxygenated blood).

1.2.3 Blood Flow

The task of maintaining an adequate interstitial homeostasis
(the nutritional environment surrounding cells) requires that
blood flows almost continuously through each of the mil-
lions of capillaries within the human body. The following is
a brief description of the parameters that govern flow through
a given vessel. All blood vessels have certain lengths (L) and
internal radii (r) through which blood flows when the pres-
sure in the inlet and outlet are unequal (P; and P,, respec-
tively); in other words, there is a pressure difference (AP)
between the vessel ends, which supplies the driving force for
flow. Because friction develops between moving blood and
the stationary vessel walls, this fluid movement has a given
resistance (vascular), which is the measure of how difficult
it is to create blood flow through a vessel. One can then
describe a relative relationship between vascular flow, the
pressure difference, and resistance (i.e., the basic flow
equation):

Flow = pressure difference or Q=AP

resistance R

where Q=flow rate (volume/time), AP =pressure difference
(mmHg), and R=resistance to flow (mmHg x time/volume).

This equation may be applied not only to a single vessel
but can also be used to describe flow through a network of
vessels (i.e., the vascular bed of an organ or the entire sys-
temic circulatory system). It is known that the resistance to
flow through a cylindrical tube or vessel depends on several
factors (described by Poiseuille) including: (1) radius, (2)
length, (3) viscosity of the fluid (blood), and (4) inherent
resistance to flow, as follows:

R =8Ln

4
Tr

where r=inside radius of the vessel, L=vessel length, and
n=blood viscosity.

It is important to note that a small change in vessel radius
will have a very large influence (4th power) on its resistance
to flow; e.g., decreasing vessel diameter by 50 % will incre-
ase its resistance to flow by approximately 16-fold. If one
combines the preceding two equations into one expression,
which is commonly known as the Poiseuille equation, it can
be used to better approximate the factors that influence flow
though a cylindrical vessel:

Q=APnr!
8Ln

Nevertheless, flow will only occur when a pressure differ-
ence exists. Hence, it is not surprising that arterial blood
pressure is perhaps the most regulated cardiovascular vari-
able in the human body, and this is principally accomplished



by regulating the radii of vessels (e.g., arterioles and
metarterioles) within a given tissue or organ system. Whereas
vessel length and blood viscosity are factors that influence
vascular resistance, they are not considered variables that
can be easily regulated for the purpose of the moment-
to-moment control of blood flow. Regardless, the primary
function of the heart is to keep pressure within arteries higher
than those in veins, hence a pressure gradient to induce flow.
Normally, the average pressure in systemic arteries is
approximately 100 mmHg and decreases to near 0 mmHg in
the great caval veins.

The volume of blood that flows through any tissue in a
given period of time (normally expressed as mL/min) is
called the local blood flow. The velocity (speed) of blood
flow (expressed as cm/s) can generally be considered to be
inversely related to the vascular cross-sectional area, such
that velocity is slowest where the total cross-sectional area is
largest. Shown in Fig. 1.5 are the relative pressure drops one
can detect through the vasculature; the pressure varies in a
given vessel also relative to the active and relaxation phases
of the heart function (see below).

1.2.4 The Heart

The heart lies in the center region of the thoracic cavity and
is suspended by its attachment to the great vessels within a
fibrous sac known as the pericardium; note that humans have
relatively thick-walled pericardiums compared to those of
the commonly studied large mammalian cardiovascular
models (i.e., canine, porcine, or ovine; see also Chap. 9). A
small amount of fluid is present within the sac, pericardial
fluid, which lubricates the surface of the heart and allows it
to move freely during functioning (i.e., cycles of contrac-
tions and relaxations). The pericardial sac extends upward
enclosing the great vessels (see also Chaps. 4 and 5).

The pathway of blood flow through the chambers of the
heart is indicated in Fig. 1.6. Recall that venous blood returns
from the systemic organs to the right atrium via the superior
and inferior venae cavae. It next passes through the tricuspid
valve into the right ventricles and from there is pumped
through the pulmonary valve into the pulmonary artery.
After eventually passing through the pulmonary capillary
beds, the oxygenated pulmonary venous blood returns to the
left atrium through the pulmonary veins. The flow of blood
then passes through the mitral valve into the left ventricle
and is pumped through the aortic valve into the aorta.

In general, the gross anatomy of the right heart pump is
considerably different from that of the left heart pump, yet the
pumping principles of each are primarily the same. The ven-
tricles are closed chambers surrounded by muscular walls,
and the valves are structurally designed to allow flow in only
one direction. The cardiac valves passively open and close in
response to the direction of the pressure gradient across them.
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Fig. 1.5 Relative pressure changes one could record in the various
branches of the human vascular system due to contractions and relax-
ation of the heart (pulsatile pressure changes). Note that pressure may
be slightly higher in the large arteries than that leaving the heart into the
aorta due to their relative compliance and diameter properties. The larg-
est drops in pressures occur within the arterioles which are known as
the active regulatory vessels. The pressures in the large veins that return
blood to the heart are near zero
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Fig. 1.6 The pathway of blood flow through the heart and lungs. Note
that the pulmonary artery (trunk) branches, within a few centimeters,
into left and right pulmonary arteries. There are commonly four main
pulmonary veins that return blood from the lungs to the left atrium
(Modified from [5])

The myocytes of the ventricles are organized primarily in
a circumferential orientation; hence, when they contract, the
tension generated within the ventricular walls causes the
pressure within the chamber to increase. As soon as the ven-
tricular pressure exceeds the pressure in the pulmonary
artery (right) and/or aorta (left), blood is forced out of the
given ventricular chamber. This active contractile phase of
the cardiac cycle is known as systole. The generated pres-
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Fig. 1.7 Average relative pressures within the various chambers and
great vessels of the heart. During filling of the ventricles, the pressures
are much lower and, upon active contraction, they will increase dra-
matically. Relative pressure ranges that are normally elicited during
systole (active contraction; ranges noted above lines) and during dias-
tole (relaxation; ranges noted below lines) are shown for the right and
left ventricles, right and left atria, pulmonary artery and pulmonary
capillary wedge, and aorta. Shown at the bottom of this figure are the
relative pressure changes one can detect in a normal healthy heart as
one moves from the right heart through the left heart and into the aorta;
this flow pattern is the series arrangement of the two-pump system

sures are higher in the ventricles than the atrium during sys-
tole; hence, the tricuspid and mitral (atrioventricular) valves
are closed. When the ventricular myocytes relax, the pres-
sures in the ventricles fall below those in the atria, and the
atrioventricular valves open; the ventricles refill and this
phase is known as diastole. The aortic and pulmonary (semi-
lunar or outlet) valves are closed during diastole because the
arterial pressures (in the aorta and pulmonary artery) are
greater than the intraventricular pressures. Shown in Fig. 1.7
are the average pressures within the various chambers and
great vessels of the heart. For more details on the cardiac
cycle, see Chap. 20.

The effective pumping action of the heart requires that
there be a precise coordination of the myocardial contr-
actions (millions of cells), and this is accomplished via the
conduction system of the heart. Contractions of each cell
are normally initiated when electrical excitatory impulses
(action potentials) propagate along their surface membranes.
The myocardium can be viewed as a functional syncytium;
action potentials from one cell conduct to the next cell via
the gap junctions. In the healthy heart, the normal site for
initiation of a heartbeat is within the sinoatrial node, located
in the right atrium. For more details on this internal electrical
system, refer to Chap. 13.

The heart normally functions in a very efficient fashion
and the following properties are needed to maintain this
effectiveness: (1) the contractions of the individual myocytes
must occur at regular intervals and be synchronized (not
arrhythmic), (2) the valves must fully open (not stenotic),
(3) the valves must not leak when closed (not insufficient or
regurgitant), (4) the ventricular contractions must be forceful
(not failing or lost due to an ischemic event), and (5) the
ventricles must fill adequately during diastole (no arrhyth-
mias or delayed relaxation).

1.2.5 Regulation of Cardiovascular Function

Cardiac output in a normal individual at rest ranges between
4 and 6 L/min, but during severe exercise, the heart may be
required to pump three to five times this amount. There are
two primary modes by which the blood volume pumped by
the heart, at any given moment, is regulated: (1) by the intrin-
sic cardiac regulation, in response to changes in the volume
of blood flowing into the heart, and (2) by the control of heart
rate and cardiac contractility via the autonomic nervous sys-
tem. The intrinsic ability of the heart to adapt to changing
volumes of inflowing blood is known as the Frank—Starling
mechanism (law) of the heart, named after two great physi-
ologists of a century ago.

In general, the Frank—Starling response can simply be
described—the more the heart or myocytes are stretched (e.g.,
via an increased blood volume), the greater will be the subse-
quent force of ventricular contraction and, thus, the amount of
blood ejected through the aortic valve. In other words, within
its physiological limits, the heart will pump out all the blood
that enters it without allowing excessive damming of blood in
veins. The underlying basis for this phenomenon is related to
the optimization of the lengths of sarcomeres, the functional
subunits of striated muscle; in other words, there is optimiza-
tion in the potential for the contractile proteins (actin and
myosin) to form crossbridges. It should also be noted that
“stretch” of the right atrial wall (e.g., due to increased venous
return) can directly increase the rate of the sinoatrial node by
10-20 %; this also aids in the amount of blood that will ulti-
mately be pumped per minute by the heart. For more details
on the contractile function of heart, refer to Chap. 12.

The pumping effectiveness of the heart is also effectively
controlled by the sympathetic and parasympathetic compo-
nents of the autonomic nervous system. There is extensive
innervation of the myocardium by such nerves (for more
details on innervation, see Chap. 14). To understand how
effective the modulation of the heart by this innervation is,
investigators have reported that cardiac output often can be
increased by more than 100 % by sympathetic stimulation
and, by contrast, output can be nearly terminated by para-
sympathetic (vagal) stimulation.
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Cardiovascular function is also modulated through reflex
mechanisms that involve baroreceptors and the chemical com-
position of the blood and via the release of various hormones.
More specifically, baroreceptors, which are located in the
walls of some arteries and veins, exist to monitor one’s relative
blood pressure. Those specifically located in the carotid sinus
help to reflexively maintain normal blood pressure in the
brain, whereas those located in the area of the ascending arch
of the aorta help to govern general systemic blood pressure
(for more details, see Chaps. 14, 18, and 20).

Chemoreceptors that monitor the chemical composition
of blood are located close to the baroreceptors of the carotid
sinus and arch of the aorta, in small structures known as the
carotid and aortic bodies. The chemoreceptors within these
bodies detect changes in blood levels of O,, CO,, and H".
Hypoxia (low availability of O,), acidosis (increased blood
concentrations of H*), and/or hypercapnia (high concentra-
tions of CO,) can all stimulate the chemoreceptors to increase
their action potential firing frequencies to the brain’s cardio-
vascular control centers. In response to this increased signal-
ing, the central nervous system control centers
(hypothalamus), in turn, cause an increased sympathetic
stimulation to arterioles and veins, producing vasoconstric-
tion and a subsequent increase in blood pressure. In addition,
the chemoreceptors simultaneously send neural input to the
respiratory control centers in the brain, to induce the appro-
priate control of respiratory function (e.g., increase O, sup-
ply and reduce CO, levels). Features of this hormonal
regulatory system include: (1) the renin-angiotensin-aldoste-
rone system, (2) the release of epinephrine and norepineph-
rine, (3) antidiuretic hormones, and (4) atrial natriuretic
peptides (released from the atrial heart cells). For details on
this complex regulation, refer to Chap. 15.

The overall functional arrangement of the blood circula-
tory system is shown in Fig. 1.8. The role of the heart needs
be considered in three different ways: as the right pump, as
the left pump, and as the heart muscle tissue which has its own
metabolic and flow requirements. As described above, the
pulmonary (right heart) and system (left heart) circulations are
arranged in a series (see also Fig. 1.7). Thus, cardiac output
increases in each at the same rate; hence, an increased sys-
temic need for a greater cardiac output will automatically lead
to a greater flow of blood through the lungs (greater potential
for O, delivery).

In contrast, the systemic organs are functionally arranged
in a parallel arrangement; hence, (1) nearly all systemic
organs receive blood with an identical composition (arterial
blood), and (2) the flow through each organ can be and is
controlled independently. For example, during exercise, a
typical circulatory response is to increase blood flow through
some organs (e.g., heart, skeletal muscle, brain) but not oth-
ers (e.g., kidney and gastrointestinal system). The brain,
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Fig. 1.8 A functional representation of the human circulatory system.
The numbers indicate the approximate relative percentages of the
cardiac output that is delivered, at a given moment in time, to the major
organ systems within the body

heart, and skeletal muscles typify organs in which blood
flows solely to supply the metabolic needs of the tissue; they
do not recondition the blood.

The blood flow to the heart and brain is normally only
slightly greater than that required for their metabolism;
hence, small interruptions in flow are not well tolerated. For
example, if coronary flow to the heart is interrupted, electri-
cal and/or functional (pumping ability) activities will notice-
ably be altered within a few heartbeats (as can be detected by
a 12-lead electrocardiogram or ECG; see Chap. 19. Likewise,
stoppage of flow to the brain will lead to unconsciousness
within a few seconds, and permanent brain damage can occur
in as little as 4 min without flow. The flow to skeletal muscles
can dramatically change (flow can increase from 20 to 70 %
of total cardiac output) depending on use and thus their met-
abolic demand.

Many organs in the body perform the task of continually
reconditioning the circulating blood. Primary organs that
perform such tasks include the (1) lungs (O, and CO,
exchange), (2) kidneys (blood volume and electrolyte
composition, Na*, K*, Ca?*, CI-, and phosphate ions), and
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(3) skin (temperature). Blood-conditioning organs can often
withstand, for short periods of time, significant reductions of
blood flow without subsequent compromise.

1.2.6 The Coronary Circulation

In order to sustain viability, it is not possible for nutrients to
diffuse from the internal wall chambers of the heart (endo-
cardium) through all the layers of cells that make up the heart
tissue. Thus, the coronary circulation is responsible for
delivering blood to the heart tissue itself (the myocardium).
The normal heart functions almost exclusively as an aerobic
organ with little capacity for anaerobic metabolism to pro-
duce energy. Even during resting conditions, 70-80 % of the
oxygen available within the blood circulating through the
coronary vessels is extracted by the myocardium.

It then follows that because of the limited ability of the
heart to increase oxygen availability by further increasing
oxygen extraction, increases in myocardial demand for oxy-
gen (e.g., during exercise or stress) must be met by equiva-
lent increases in coronary blood flow. Myocardial ischemia
results when the arterial blood supply fails to meet the needs
of the heart muscle for oxygen and/or metabolic substrates.
Even mild cardiac ischemia can result in anginal pain, focal
electrical changes, and the cessation of regional cardiac con-
tractile function. Sustained ischemia within a given myocar-
dial region will most likely result in an infarction (cell death).

As noted above, as in any microcirculatory bed, the great-
est resistance to coronary blood flow occurs in the arterioles.
Blood flow through such vessels varies approximately with
the fourth power of these vessels’ radii; hence, the key regu-
lated variable for the control of coronary blood flow is the
degree of constriction or dilatation of coronary arteriolar
vascular smooth muscle. As with all systemic vascular beds,
the degree of coronary arteriolar smooth muscle tone is nor-
mally controlled by multiple independent negative feedback
loops. These mechanisms include various neural, hormonal,
local non-metabolic, and/or local metabolic regulators.

It should be noted that the local metabolic regulators of
arteriolar tone are usually the most important for coronary
flow regulation; these feedback systems involve oxygen
demands of the local cardiac myocytes. In general, at any
point in time, coronary blood flow is determined by integrat-
ing all the different controlling feedback loops into a single
response (i.e., inducing either arteriolar smooth muscle con-
striction or dilation). It is also common to consider that some
of these feedback loops are in opposition to one another.
Interestingly, coronary arteriolar vasodilation from a resting
state to one of intense exercise can result in an increase of
mean coronary blood flow from approximately 0.5-4.0 mL/
min/g. For more details on metabolic control of flow, see
Chaps. 15 and 21.

n

As with all systemic circulatory vascular beds, the aor-
tic or arterial pressure (perfusion pressure) is vital for driv-
ing blood through the coronaries and thus needs to be
considered as another important determinant of coronary
flow. More specifically, coronary blood flow varies directly
with the pressure across the coronary microcirculation,
which can be essentially considered as the aortic pressure
since coronary venous pressure is typically near zero.
However, since the coronary circulation perfuses the heart,
some very unique determinants for flow through these cap-
illary beds may also occur; during systole, myocardial
extravascular compression causes coronary flow to be near
zero, yet it is relatively high during diastole (note that this
is the opposite of all other vascular beds in the body). For
more details on the coronary vasculature and its function,
refer to Chap. 8.

1.2.7 Lymphatic System

The lymphatic system represents an accessory pathway by
which large molecules (proteins, long-chain fatty acids, bac-
teria, etc.) can reenter the general circulation and thus not
accumulate in the interstitial space. If such particles do accu-
mulate within the interstitial spaces, then filtration forces
exceed reabsorptive forces and edema occurs. Almost all tis-
sues in the body have lymph channels that drain excessive
fluids from the interstitial space (exceptions include portions
of skin, the central nervous system, the endomysium of mus-
cles, and bones which have pre-lymphatic channels).

The lymphatic system begins in various tissues with
blind-end specialized lymphatic capillaries that are roughly
the size of regular circulatory capillaries, but they are less
numerous (Fig. 1.9). However, the lymphatic capillaries are
very porous and thus can easily collect the large particles
within the interstitial fluid known as lymph. This fluid
moves through the converging lymphatic vessels and is fil-
tered through lymph nodes where bacteria and particulate
matter are removed. Foreign particles that are trapped in the
lymph nodes are destroyed (phagocytized) by tissue macro-
phages which line a meshwork of sinuses that lie within.
Lymph nodes also contain T and B lymphocytes which can
destroy foreign substances by a variety of immune
responses. There are approximately 600 lymph nodes
located along the lymphatic vessels; they are 1-25 mm long
(bean shaped) and covered by a capsule of dense connective
tissue. Note that lymph flow is unidirectional through the
nodes (Fig. 1.9).

The lymphatic system is also one of the major routes for
absorption of nutrients from the gastrointestinal tract (par-
ticularly for the absorption of fat and lipid-soluble vitamins
A, D, E, and K). For example, after a fatty meal, lymph in the
thoracic duct may contain as much as 1-2 % fat.
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Fig. 1.9 A schematic diagram showing the relative relationship
between the lymphatic system and the cardiopulmonary system. The
lymphatic system is unidirectional, with fluid flowing from interstitial
space back to the general circulatory system. The sequence of flow is
from blood capillaries (systemic and pulmonary) to the interstitial
space, to the lymphatic capillaries (lymph), to the lymphatic vessels, to
the thoracic duct, and into the subclavian veins (back to the right atrium)
(Modified from [5])

The majority of lymph reenters the circulatory system via
the thoracic duct which empties into the venous system at the
juncture of the left internal jugular and subclavian veins
(which then enters into the right atrium; see Chaps. 4 and 5).
The flow of lymph from tissues toward the entry point into
the circulatory system is induced by two main factors: (1)
higher tissue interstitial pressures and (2) the activity of the
lymphatic pumps (contractions within the lymphatic vessels
themselves, contractions of surrounding muscles, movement
of parts of the body, and/or pulsations of adjacent arteries).
In the largest lymphatic vessels (e.g., thoracic duct), the
pumping action can generate pressures as high as
50-100 mmHg. Valves located in the lymphatic vessel, like
in veins, aid in the prevention of the backflow of lymph.

Approximately 2.5 L of lymphatic fluid reenters the gen-
eral blood circulation (cardiopulmonary system) each day. In

P.A. laizzo

the steady state, this indicates a total body net transcapillary
fluid filtration rate of 2.5 L/day. When compared with the
total amount of blood that circulates each day (approximately
7000 L/day), this seems almost insignificant; however,
blockage of such flow will quickly cause serious tissue
edema. Therefore, the lymphatic circulation plays a critical
role in keeping the interstitial protein concentrations low and
also in removing excess capillary filtrate from tissues
throughout the body.

1.3  Summary

The primary function of the cardiovascular system is rapid
transport of molecules over long distances between internal
cells, the body surface, various specialized tissue and/or
organs. This body-wide transport system is composed of sev-
eral major components: blood, the blood vessels (arteries
and veins), the heart, and the lymphatic system. When func-
tioning normally, this system adequately provides for the
wide-ranging activities that a human can accomplish. Failure
in any of these components can lead to grave consequence.
Many of the subsequent chapters in this book will cover, in
greater detail, the anatomical, physiological, and pathophys-
iological features of the various components of the cardio-
vascular system. The normal and abnormal performance of
the heart and various clinical treatments to enhance function
will also be discussed within the following chapters.
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Abstract

Anatomy is one of the oldest branches of medicine, dating back as far as the third century
BC. Throughout time, the discipline has been served well by a universal system for describ-
ing structures based on the anatomic position. Unfortunately, cardiac anatomy has been a
detractor from this long-standing tradition and has commonly been incorrectly described
using confusing and inappropriate nomenclature. This is most likely due to the examination
of the heart in the Valentine position, in which the heart stands on its apex, as opposed to
how it is actually oriented in the body. The description of the major coronary arteries, such
as the anterior descending and posterior descending, is attitudinally incorrect; as the heart
is oriented in the body, the surfaces are actually superior and inferior. An overview of atti-
tudinally correct human anatomy, the problem areas, and the comparative aspects of attitu-
dinally correct anatomy will be presented in this chapter.

Keywords

Cardiac anatomy e Attitudinally correct nomenclature ® Comparative anatomy

2.1 Introduction

Anatomy is one of the oldest branches of medicine, with his-
torical records dating back at least as far as the third century
BC. Cardiac anatomy has been a continually explored topic
throughout this time, and there are still publications on new
facets of cardiac anatomy being researched and reported
today. One of the fundamental tenets of the study of anatomy
has been the description of the structure based on the univer-
sal orientation, otherwise termed the anatomic position
(Fig. 2.1). The anatomic position depicts the subject facing
the observer and is then divided into three orthogonal planes.
Each plane divides the body or individual structure within
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the body (such as the heart) into two portions. Thus, using all
three planes, each portion of the anatomy can be localized
precisely within the body. These three planes are called (1)
the sagittal plane, which divides the body into right and left
portions; (2) the coronal plane, which divides the body into
anterior and posterior portions; and (3) the transverse plane,
which divides the body into superior and inferior portions.
Each plane can then be viewed as a slice through a body or
organ and will also have specific terms that can be used to
define the structures within. If one is looking at a sagittal cut
through a body, the observer would describe structures as
being anterior or posterior and superior or inferior. On a cor-
onal cut, the structures would be described as superior or
inferior and right or left. Finally, on a transverse cut, anterior
or posterior and right or left would be used to describe the
structures. This terminology should be used regardless of the
actual position of the body. For example, assume an observer
is looking down at a table and does not move. If a body is
lying on its back on this table, the anterior surface would be
facing upward toward the observer. Now, if the body is lying
on its left side, the right surface of the body would be facing
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Fig.2.1 Illustration showing the

anatomic position. Regardless of

the position of the body or organ

upon examination, the anatomy of

an organ or the whole should be Oro
described as if observed from this
vantage point. The anatomic
position can be divided by three
separate orthogonal planes: (1) the
sagittal plane, which divides the
body into right and left portions;
(2) the coronal plane, which
divides the body into anterior and
posterior portions; and (3) the
transverse plane, which divides
the body into superior and
inferior portions

Posterior

upward toward the observer, and the anterior surface would
be facing toward the right. Regardless of how the body is
moved, the orthogonal planes used to describe it move with
the body and do not stay fixed in space. The use of this posi-
tion and universal terms to describe structure have served
anatomists well and have led to easier discussion and transla-
tion of findings among different investigators. It continues to
be emphasized that there remains a strong need in the fields
of cardiovascular science and medicine to promote the use of
attitudinally correct cardiac anatomic nomenclature [1, 2].

2.2 TheProblem: Cardiac Anatomy Does

Not Play by the Rules

As described above, the use of the anatomic position has
stood the test of time and is still used to describe the position
of structures within the body. However, within approximately

b
Superior

Inferior

the last 50 years, descriptions of cardiac anatomy have not
adhered to the proper use of these terms; rather they have
been replaced with inappropriate descriptors. There are two
major reasons for this: (1) many descriptions of heart anat-
omy have been made with the heart removed from the body
and incorrectly positioned during examination, and (2) a
heart-centric orientation has been preferred to describe the
structures. These two reasons are interrelated and negatively
affect the proper description of cardiac anatomy. Typically,
when the heart is examined outside the body, it has been
placed on its apex into the so-called Valentine position, which
causes the heart to appear similar to the common illustration
of the heart used routinely in everything from greeting cards
to instant messenger icons (Fig. 2.2). It is the author’s opinion
that this problem has been confounded by the comparative
positional differences seen between humans and large mam-
malian cardiac models used to help understand human car-
diac anatomy and physiology. As you will see in the following
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Fig.2.2 A human heart viewed
from the so-called anterior position,
demonstrating the Valentine heart
orientation used by many to
incorrectly describe anatomy. The
red line surrounding the heart is the
characteristic symbol, which was
theoretically derived from
observing the heart in the
orientation

right'atrial
appendage

rights, =
ventricle

sections, the position of the heart within a sheep thorax is
very similar to the Valentine position used to examine human
hearts. I will point out that I have been guilty of describing
structures in such a manner, as is evidenced by some of the
images available in the Visible Heart® Viewer CD (Fig. 2.2),
as have countless others as seen in the scientific literature and
many textbooks (even including this one). Regardless, it is a
practice I have since given up and have reverted to the time-
honored method using the anatomic position.

Further impacting the incorrect description of cardiac
anatomy is the structure of the heart itself. A common prac-
tice in examining the heart is to cut the ventricular chambers
in the short axis, which is perpendicular to the long axis of
the heart which runs from the base to the apex. This practice
is useful in the examination of the ventricular chambers, but
the cut plane is typically confused as actually being trans-
verse to the body when it is, in most cases, an oblique plane.
The recent explosion of tomographic imaging techniques,
such as magnetic resonance imaging (MRI) and computed
tomography (CT), in which cuts such as the one just described
are commonly made, has further fueled the confusion.

Nevertheless, this incorrect use of terminology to describe
the heart can be considered to impact a large and diverse
group of individuals. Practitioners of medicine, such as inter-
ventional cardiologists and electrophysiologists, are affected,
as are scientists investigating the heart and engineers design-
ing medical devices. It is considered here that describing

v
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— pulmonary.
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terms in a more consistent manner, and thus using the appro-
priate terminology, would greatly increase the efficiency of
interactions between these groups.

It should be noted that there have been a few exceptions to
this rule, in that attempts have been made to promote proper
use of anatomic terminology. Most notable are the works of
Professor Robert Anderson [3-6], although he will also
admit that he has been guilty of using incorrect terminology
in the past. Other exceptions to this rule are Wallace
McAlpine’s landmark cardiac anatomy textbook [7] and an
excellent textbook by Walmsley and Watson [8].

In addition to these exceptions, a small group of scientists
and physicians has begun to correct the many misnomers
that have been used to describe the heart in the recent past;
this is the major goal of this chapter. A description of the
correct position of the heart within the body will be pre-
sented along with specific problem areas, such as the coro-
nary arteries, where terms such as left anterior descending
artery are most obviously incorrect and misleading.

2.3  The Attitudinally Correct Position

of the Human Heart

The following set of figures used to describe the correct posi-
tion of the heart within the body was created from 3D volu-
metric reconstructions of magnetic resonance images of
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Fig.2.3 Volumetric reconstructions from magnetic resonance imaging
showing the anterior surfaces of two human hearts. The major struc-
tures visible are the right atrium and right ventricle. The apex of the
heart is positioned to the left and is not inferior as in the Valentine posi-
tion. The so-called anterior interventricular sulcus (shown with a red
star) in fact begins superiorly and travels to the left and only slightly
anteriorly. / inferior, L left, LV left ventricle, R right, RV right ventricle,
S superior

healthy humans with normal cardiac anatomy. In Fig. 2.3,
the anterior surfaces of two human hearts are shown. Note
that in this view of the heart, the major structures visible are
the right atrium and right ventricle. In reality, the right ven-
tricle is positioned anteriorly and to the right of the left ven-
tricle. Also, note that the apex of the heart is positioned to the
left and is not inferior, as in the Valentine position.
Furthermore, note that the so-called anterior interventricular
sulcus (shown with a red star), in fact, begins superiorly and

Fig.2.4 Volumetric reconstructions from magnetic resonance imaging
showing the posterior surfaces of two human hearts. The major struc-
tures visible are the right and left atrium and the descending aorta (top
image only). The apex of the heart is positioned to the left and is not
inferior as in the Valentine position. / inferior, L left, LA left atrium, LV
left ventricle, R right, RV right ventricle, S superior

travels to the left and only slightly anteriorly. Figure 2.4
shows the posterior surfaces of two human hearts, in which
the first visible structure is the descending aorta. Anterior to
that are the right and left atria. Figure 2.5 shows the inferior
or diaphragmatic surfaces of two human hearts, commonly
referred to as the posterior surface, based on Valentine posi-
tioning. The inferior caval vein and descending aorta are cut
in the short axis; in this region of the thorax, they tend to
travel parallel to the long axis of the body. Note that the so-
called posterior interventricular sulcus is actually positioned
inferiorly (shown with a red star). Figure 2.6 shows a supe-
rior view of two human hearts. In this view, the following
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Fig.2.5 Volumetric reconstructions from magnetic resonance imaging
showing the inferior or diaphragmatic surfaces of two human hearts.
This surface is commonly, and incorrectly, referred to as the posterior
surface, based on Valentine positioning. The inferior caval vein IVC)
and descending aorta are cut in the short axis; in this region of the tho-
rax, they tend to travel parallel to the long axis of the body. The so-
called posterior interventricular sulcus is actually positioned inferiorly
and is denoted by a red star. A anterior, L left, LV left ventricle, P pos-
terior, R right, RV right ventricle

structures are visible: (1) the superior caval vein, (2) the aor-
tic arch and the major arteries arising from it, (3) the free
portion of the right atrial appendage, and (4) the pulmonary
trunk which, after arising from the right ventricle, runs in the
transverse plane before bifurcating into the right and left pul-
monary arteries. Also, note that the position of the anterior
interventricular sulcus (shown with a red star) is more cor-
rectly termed superior.

24 Commonly Used Incorrect Terms

This section will specifically describe a few obvious problem
areas in which attitudinally incorrect nomenclature is com-
monly used: the coronary arteries, myocardial segmentation
for depiction of infarction, and cardiac valve nomenclature.

Fig.2.6 Volumetric reconstructions from magnetic resonance imaging
showing the superior surfaces of two human hearts. In this view, the
following structures are visible: the superior caval vein (SVC), the aor-
tic arch (AoArch), and the major arteries arising from it, the free portion
of the right atrial appendage, and the pulmonary trunk (PA) which, after
arising from the right ventricle, runs in the transverse plane before
bifurcating into the right and left pulmonary arteries. Also, note that the
position of the “anterior” interventricular sulcus (shown with a red star)
is more correctly termed superior. A anterior, AA ascending aorta, L left,
LV left ventricle, P posterior, R right, RV right ventricle

In the normal case, there are two coronary arteries
which arise from the aortic root, specifically from two of
the three sinuses of Valsalva. These two coronary arteries
supply the right and left halves of the heart, although there
is considerable overlap in supply, especially in the inter-
ventricular septum. Nevertheless, the artery which sup-
plies the right side of the heart is aptly termed the right
coronary artery, and the corresponding artery which sup-
plies the left side of the heart is termed the left coronary
artery. Therefore, the sinuses in which these arteries arise
can be similarly named the right coronary sinus and left
coronary sinus, and for the sinus with no coronary artery,
the noncoronary sinus; this convention is commonly used.
These arteries then branch as they continue their path along
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the heart, with the major arteries commonly following
either the atrioventricular or interventricular grooves, with
smaller branches extending from them. It is beyond the
scope of this chapter to fully engage in a description of the
nomenclature for the entire coronary arterial system.
However, there are two glaring problems which persist in
the nomenclature used to describe the coronary arteries,
both which involve the interventricular grooves. First,
shortly after the left coronary artery arises from the left
coronary sinus, it bifurcates into the left anterior descend-
ing and the left circumflex arteries. The left anterior
descending artery follows the so-called “anterior” inter-
ventricular groove, which was described previously as
being positioned superiorly and to the left and only slightly
anteriorly (Fig. 2.3). Second, depending on the individual,
either the right coronary artery (80-90 %) or the left cir-
cumflex artery supplies the opposite side of the interven-
tricular septum as the left “anterior” descending. Regardless
of the parent artery, this artery is commonly called the
“posterior” descending artery. However, similar to the so-
called “anterior” descending artery, the position of this
artery is not posterior but rather inferior (Fig. 2.5).

Now that the courses of the two main coronary arteries
are clear, the description of myocardial segmentation needs
to be addressed. It is rather interesting that, although clini-
cians typically call the inferior interventricular artery the
posterior descending artery, they often correctly term an
infarction caused by blockage in this artery as an inferior
infarct. Current techniques used to assess the location and
severity of myocardial infarctions include MRI, CT, and 2D,
3D, or 4D cardiac ultrasound. These techniques allow for the
clinician to view the heart in any plane or orientation; due to
this, a similar confusion in terminology arises. Recently, an
American Heart Association working group issued a state-
ment in an attempt to standardize nomenclature for use with
these techniques [9]. Upon close examination, this publica-
tion correctly terms areas supplied by the inferior interven-
tricular artery as inferior but incorrectly terms the opposite
aspect of the heart as anterior.

Finally, nomenclatures commonly used to describe the
leaflets of the atrioventricular valves—the tricuspid and
mitral valves—are typically not attitudinally correct. For
example, the tricuspid valve is situated between the right
atrium and right ventricle and is so named because, in the
majority of cases, there are three major leaflets or cusps.
These are currently referred to as the anterior, posterior,
and septal leaflets and were most likely termed in this man-
ner due to examination of the heart in the Valentine posi-
tion. Figure 2.7 shows an anterior view of a human heart in
an attitudinally correct orientation, with the tricuspid
annulus shown in orange. The theorized locations of the

Fig.2.7 Volumetric reconstruction from magnetic resonance imaging
(MRI) showing the anterior surfaces of the right ventricle and atrium of
a human heart. The tricuspid annulus is highlighted in orange and was
traced on the MRI images. The theorized positions of the commissures
between the leaflets are drawn in red, and the leaflets are labeled appro-
priately. AS anterosuperior, / inferior, L left, R right, RA right atrium, RV
right ventricle, S superior, Sp septal

commissures between the leaflets are shown in red. In
order for the “anterior” leaflet to be truly anterior, the tri-
cuspid annulus would need to be orthogonal to the image.
However, the actual location of the annulus is in an oblique
plane as shown in the figure, and therefore the leaflets
would be more correctly termed anterosuperior, inferior,
and septal.

The same is true for the mitral valve, although the terms
used to describe it are a bit closer to reality than the tricus-
pid valve. The mitral valve has two leaflets, commonly
referred to as the anterior and posterior. However, Fig. 2.8
shows that the leaflets are not strictly anterior or posterior,
or else the plane of the annulus (shown in orange) would
be perpendicular to the screen. Therefore, based on attitu-
dinal terms, one would prefer to define these leaflets as
anterosuperior and posteroinferior. It should be noted that
these leaflets have also been described as aortic and mural,
which is less dependent on orientational terms and also
technically correct.
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Fig. 2.8 Volumetric reconstruction from magnetic resonance imaging
(MRI) showing the anterior surfaces of the left ventricle and atrium of
a human heart. The mitral annulus is highlighted in orange and was
traced on the MRI images. The theorized positions of the commissures
between the leaflets are drawn in red, and the leaflets are labeled appro-
priately. AS anterosuperior, / inferior, L left, LA left atrium, LV left ven-
tricle, PI posteroinferior, R right, S superior

2.5 Comparative Aspects of Attitudinally

Correct Cardiac Anatomy

In addition to the incorrect terminology used to describe the
human heart, translation of cardiac anatomy between human
and other species is often further complicated due to differ-
ences in the orientation of the heart within the thorax.
Compared to the human heart, the commonly used large
mammalian heart is rotated so that the apex is aligned with
the long axis of the body. Furthermore, the apex of the heart
is oriented anteriorly and is commonly attached to the poste-

rior (dorsal) aspect of the sternum. Further confounding the
differences is varying nomenclature. The terms inferior and
superior are rarely used and rather are replaced by cranial
and caudal. Likewise, the terms anterior and posterior are
commonly replaced with ventral and dorsal. Also see Figs.
6.10 and 6.11 in Chap. 6 for more information on the relative
position of a sheep heart compared to a human heart.

26 Summary

As the field of cardiac anatomy continues to play an impor-
tant role in the practice of medicine and the development of
medical devices, it benefits all involved to adopt commonly
used terminology to describe the heart and its proper location
in the body. Furthermore, it may be of great utility to describe
the cardiac anatomy of major animal models using the same
terminology as that of humans, at least when comparisons
are being made between species. Finally, due to advances in
3D and 4D imaging and their growing use in the cardiac
arena, a sound foundation of attitudinally correct terms will
benefit everyone involved.

References

1.Taizzo PA, Anderson RH, Hill AJ (2013) The importance of human
cardiac anatomy for translational research. J Cardiovasc Transl Res
6:105-106

2. Anderson RH, Spicer DE, Hlavacek AJ, Hill AJ, Loukas M (2013)
Describing the cardiac components—attitudinally appropriate
nomenclature. J Cardiovasc Transl Res 6:118-123

3. Anderson RH, Becker AE, Allwork SP et al (eds) (1980) Cardiac
anatomy: an integrated text and colour atlas. Churchill Livingston,
New York

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

5.Cook AC, Anderson RH (2002) Attitudinally correct nomenclature.
Heart 87:503-506

6. Cosio FG, Anderson RH, Kuck KH et al (1999) Living anatomy of
the atrioventricular junctions. A guide to electrophysiologic map-
ping. Circulation 100:e31-e37

7.McAlpine WA (1975) Heart and coronary arteries: an anatomical
atlas for clinical diagnosis, radiological investigation, and surgical
treatment. Springer, New York

8. Walmsley R, Watson H (1978) Clinical anatomy of the heart.
Churchill Livingstone, New York

9. Cerqueira MD, Weissman NJ, Dilsizian V et al (2002) Standardized
myocardial segmentation and nomenclature for tomographic imag-
ing of the heart: a statement for healthcare professionals from the
Cardiac Imaging Committee of the Council on Clinical Cardiology
of the American Heart Association. Circulation 105:539-542


http://dx.doi.org/10.1007/978-3-319-19464-6_6
http://dx.doi.org/10.1007/978-3-319-19464-6_6#Fig11
http://dx.doi.org/10.1007/978-3-319-19464-6_6#Fig10
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Abstract

The first heart field (FHF), second heart field (SHF), cardiac neural crest (CNC), and pro-
epicardial organ (PEO) are the four major embryonic regions involved in vertebrate heart
development. They each make an important contribution to overall cardiac development
with complex developmental timing and regulation. This chapter describes how these
regions interact to form the final structure of the heart in relationship to the developmental
timeline of human embryology.
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3.1 Introduction to Human Heart

Embryology and Development

The first heart field (FHF), second heart field (SHF), cardiac
neural crest (CNC), and the proepicardial organ (PEO) are
the four major embryonic regions involved in the process of
vertebrate heart development (Fig. 3.1). They each make an
important contribution to cardiac development with their
own complex developmental timing and regulation
(Table 3.1) [1, 2]. The heart is the first internal organ to form
and function during vertebrate development, and many of
the mechanisms of heart formation are molecularly and
developmentally conserved [3—6]. The description presented
here is based on development research from the chick,
mouse, frog, and human model systems. Research conducted
in the last decade has redefined the FHF which gives rise to
the left ventricle and parts of the atria; furthermore, it has led
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to the exciting discovery of the SHF which gives rise to the
outflow tract, right ventricle, and parts of the atria of the
mature heart [7—18]. These discoveries were critical steps in
helping us understand how the outflow tract of the heart
forms, a cardiac structure where many congenital heart
defects arise, and thus has important implications for the
understanding and prevention of congenital heart disease [0,
15-19]. Great strides have also been made in understanding
the contributions of both the CNC [20] and the PEO [15, 21,
22] to overall heart development.

3.2 First Heart Field Contribution
to the Linear Heart Tube, Left

Ventricle, and Atria

The cells that will become the heart are among the first cell
lineages formed in the vertebrate embryo [23, 24]. By day 15
of human development, the primitive streak has formed [1]
and the first mesodermal cells to migrate (gastrulate) through
the primitive streak are also the cells fated to become myo-
cytes or heart cells [25, 26] (Fig. 3.2). These mesodermal
cells dedicated for heart development migrate to an anterior
and lateral position where they initially form a bilateral FHF
and a more medially located SHF [10, 11, 15, 16, 27]
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Fig.3.1 The four major contributors to heart development illustrated
in the chick model system: first heart field, second heart field, cardiac
neural crest, and the proepicardial organ. (A) Day 1 chick embryo
(equivalent to day 20 of human development). Red denotes first heart
field cells and yellow denotes second heart field cells. (B) Day 2.5 chick
embryo (equivalent to approximately 5 weeks of human development).
Color code: green=cardiac neural crest cells; red =first heart field cells;
yellow=second heart field cells; blue=proepicardial cells. (C) Day 8
chick heart (equivalent to approximately 9 weeks of human develop-
ment). Color code: green=derivatives of the cardiac neural crest; yel-

(Fig. 3.1A). Specifically, the posterior border of the bilateral
FHF reaches down to the first somite in the lateral mesoderm
on both sides of the midline [8, 28] (Fig. 3.1A). At day 18 of
human development, the lateral plate mesoderm is split into
two layers—somatopleuric and splanchnopleuric [1]. It is
the splanchnopleuric mesoderm layer that contains the myo-

low=derivatives of the second heart field; red=derivatives of the first
heart field; blue =derivatives of the proepicardial organ. Ao aorta, APP
anterior parasympathetic plexus, APS aorticopulmonary septum, BA
branchial arch, Co coronary vessels, E eye, H heart, IFT inflow tract,
1VS interventricular septum, LA left atrium, LV left ventricle, LVAB left
ventral arterial branch of the Xth (vagal) cranial nerve, Mb midbrain,
NF neural folds, OFT outflow tract, Otc otic placode, P pulmonary
artery, RA right atrium, RDAB right dorsal arterial branch of the Xth
(vagal) cranial nerve, RV right ventricle, SMC smooth muscles cells, T
trunk

cardial, smooth muscle, and endocardial cardiogenic precur-
sors in the region of the FHF and SHF, as defined above.
Presumptive endocardial cells delaminate from the splanch-
nopleuric mesoderm in the FHF and coalesce via vasculo-
genesis to form two lateral endocardial tubes [29]. During
the third week of human development, two bilateral layers of
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Table 3.1 Developmental timeline of human heart embryology

Human

development

(days) Developmental process

0 Fertilization

14 Cleavage and movement down the oviduct to the
uterus

5-12 Implantation of the embryo into the uterus

13-14 Primitive streak formation (midstreak level contains
precardiac cells)

15-17 Formation of the three primary germ layers
(gastrulation): ectoderm, mesoderm, and endoderm;
midlevel primitive streak cells that migrate to an
anterior and lateral position form the bilateral first
heart field and a more medially located the second
heart field

17-18 Lateral plate mesoderm splits into the somatopleuric
mesoderm and splanchnopleuric mesoderm;
splanchnopleuric mesoderm contains the myocardial
and endocardial cardiogenic precursors in the region
of the first heart field and second heart field

18-26 Neurulation (formation of the neural tube)

20 Cephalocaudal and lateral folding brings the
bilateral endocardial tubes into the ventral midline
of the embryo

21-22 Heart tube fusion

22 Heart tube begins to beat

22-28 Heart looping and the accretion of cells from the
first and second heart fields; proepicardial cells
invest the outer layer of the heart tube and
eventually form the epicardium and coronary
vasculature; neural crest migration starts

32-37 Cardiac neural crest migrates through the aortic
arches and enters the outflow tract of the heart

57+ Outflow tract and ventricular septation complete

Birth Functional septation of the atrial chambers, as well

as the pulmonary and systemic circulatory systems

Most of the human developmental timing information is from Larsen’s
Human Embryology [1], except for the human staging of the second
heart field and proepicardium which was correlated from other model

systems [7-9, 30]

myocardium surrounding the endocardial tubes are brought
into the ventral midline during closure of the ventral foregut
via cephalic and lateral folding of the embryo [1] (Fig. 3.2A).
The lateral borders of the myocardial mesoderm layers are
the first heart structures to fuse, followed by the fusion of the
two endocardial tubes which then form one endocardial tube
surrounded by splanchnopleuric-derived myocardium
(Fig. 3.2B, C). The medial borders of the myocardial meso-
derm layers are the last to fuse [30]. Thus, the early heart is
continuous with splanchnopleuric mesoderm across the dor-
sal mesocardium (Fig. 3.2C). This will eventually partially
break down to form the ventral aspect of the linear heart tube
with a posterior inflow (venous pole) and anterior outflow
(arterial pole), as well as the dorsal wall of the pericardial
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A — Neural fold
Dorsal aorta
SHF
~FHF
/] Migrating
{/ Foregut/ FHEF cells
Pharynx Endocardial tube
B
Pharynx
SHF
- Fusing lateral
myocardium
C _ Neural tube

Dorsal
mesocardium
Fused endocardial
tubes

Fused myocardium

Fig.3.2 Cross-sectional view of human heart tube fusion. (A) Day 20,
cephalocaudal and lateral folding brings bilateral endocardial tubes into
the ventral midline of the embryo. (B) Day 21, start of heart tube fusion.
(C) Day 22, complete fusion, resulting in the beating primitive heart
tube. Color code of the embryonic primary germ layer origin: blue/
purple=ectoderm; red=mesoderm; orange=endoderm; yellow=sec-
ond heart field. FHF first heart field, SHF second heart field

cavity [18, 30]. During the fusion of the endocardial tubes,
the myocardium secretes an extracellular (acellular) matrix
(enriched in chondroitin sulfate, versican, heparan sulfate,
hyaluronic acid, hyaluronan, and proteoglycans), forming
the cardiac jelly layer separating the myocardium and endo-
cardium [31]. By day 22 of human development, the linear
heart tube begins to beat. As the human heart begins to fold
and loop from day 22 to day 28 (described below), epicardial
cells from the PEO will invest the outer layer of the heart
tube (Figs. 3.1B and 3.3A), resulting in a heart tube with four
primary layers: endocardium, cardiac jelly, myocardium,
and epicardium [1] (Fig. 3.3B).
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Fig.3.3 Origin and migration of A
proepicardial cells. (A) Whole
mount view of the looping human
heart within the pericardial cavity
at day 28. Proepicardial cells
(blue dots) emigrate from the
sinus venosus and possibly the
septum transversum and then
migrate out over the outer surface
of the ventricles, eventually
surrounding the entire heart.

(B) Cross-sectional view of the
looping heart showing the four
layers of the heart: epicardium,
myocardium, cardiac jelly, and
endocardium. Color code:
yellow=second heart field
(SHF)-derived cells; red (within
heart) =first heart field (FHF)-
derived cells. LV left ventricle,
RV right ventricle

Pericardial
cavity

Second Heart Field Contribution
to the Outflow Tract, Right Ventricle,
and Atria

3.3

A cascade of signals identifying the left and right sides of the
embryo is thought to initiate the process of primary linear
heart tube looping [32]. The primary heart tube loops to the
right of the embryo and bends to allow convergence of the
inflow (venous) and outflow (arterial) ends between day 22
and day 28 of human development (Fig. 3.4). This process
occurs prior to the division of the heart tube into four cham-
bers and is required for proper alignment and septation of the
mature cardiac chambers. During the looping process, the
primary heart tube increases dramatically in length (by four-
to fivefold) on both the outflow and inflow poles via the addi-
tion of progenitor cells originating from the SHF (pharyngeal
mesoderm) [7—18]. These multipotent progenitor cells within
the developing heart give rise to myocardium, smooth mus-
cle, and endothelial cells [12]. Previous experiments in the
1970s already revealed that the distal right ventricle and out-
flow tract (OFT) are added later to the looping heart by addi-
tion of cells lying outside the early heart [12, 33]. Researchers
at that time, however, still assumed that the primary linear
heart tube already contained all the cell lineages to build the
adult heart. It was not until the rediscovery of these progeni-
tor cells in 2001 (at the time termed anterior heart field or
secondary heart field) that the clinical relevance of congeni-
tal heart defects was correlated to cells in this heart field—a
big step in truly understanding heart development [7-9, 12].
The terms anterior heart field and secondary heart field are
now considered to be a subpopulation of the SHF, a larger
field of progenitor cells in pharyngeal mesoderm [12, 34].
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B FHF Myocardium
SHF Myocardium
Cardiac jelly
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Outflow _ .
Tract Epicardium

Migmting\

_ proepicardial cells
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-Sinus venosus

__ Septum
transversum

The SHF is then contained within a larger field of multipo-
tent cranial mesoderm (cardiocraniofacial field) that plays a
critical role in development of both the arterial pole of the
heart and craniofacial morphogenesis [12]. Specifically, the
SHF (Figs. 3.1b and 3.2c¢) is located along the splanchno-
pleuric mesoderm (beneath the floor of the foregut) at the
attachment site of the dorsal mesocardium [7-18]. During
looping, the anterior SHF (previously termed anterior heart
field or secondary heart field) cells undergo epithelial-to-
myocardial transformation at the outflow (arterial) pole and
add additional myocardial cells onto the then developing
outflow tract, creating the great vessels (aorta and pulmonary
trunk) and the right ventricle. This lengthening of the primary
heart tube appears to be an important process for the proper
alignment of the inflow and outflow tracts prior to septation.
If this process does not occur normally, ventricular septal
defects and malpositioning of the aorta may occur [30].
Recent evidence also indicates that the posterior SHF con-
tributes to the inflow tract, creating parts of the left and right
atria. Thus, the SHF contains two primary regions: (1) an
anterior region or compartment that contributes to the out-
flow tract and (2) a posterior region or compartment that con-
tributes to the inflow tract, as well as possibly the PEO [10,
15, 17, 35-37]. Defects in posterior SHF development result
in conotruncal, atrial, and atrioventricular septal defects,
major forms of congenital heart defects in humans [12].

By day 28 of human development, the chambers of the
heart are in position and are demarcated by visible constric-
tions and expansions which denote the sinus venosus, com-
mon atrial chamber, atrioventricular sulcus, ventricular
chamber, and conotruncus (proximal and distal outflow tract)
[1, 30] (Fig. 3.4).
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Fig.3.4 Looping, accretion, and
septation of the human primary
linear heart tube. Blue (first heart
field- and second heart field-
derived cells) and yellow (second
heart field-derived cells) regions
represent tissue added during
looping; red="first heart field-
derived cells. Ao aorta, AV
atrioventricular, LA left atrium,
LV left ventricle, P pulmonary
trunk, RA right atrium, RV right
ventricle

=

Left Ventricle

e

Linear Heart
Tube

Day 22

34 Cardiac Neural Crest Contribution
and Septation of the Outflow Tract

and Ventricles

Once the chambers are in the correct position after looping,
extensive remodeling of the primitive vasculature and septa-
tion of the heart can occur. The CNC is an extracardiac popu-
lation of cells (from outside of the first or SHFs) that arise
from the neural tube in the region of the first three somites up
to the midotic placode level (thombomeres 6, 7, and 8)
(Fig. 3.5) [2, 38, 39]. CNC cells leave the neural tube during
weeks 3—4 of human development and then migrate through
aortic arches 3, 4, and 6 (Fig. 3.1b) and eventually into the
developing outflow tract of the heart (during weeks 5-6).
These cells are necessary for complete septation of the out-
flow tract and ventricles (completed by week 8 of human
development), as well as the formation of the anterior para-
sympathetic plexus which contributes to cardiac innervation
and regulation of heart rate [1, 2, 20, 38—42]. Recent evi-
dence shows that CNC cells migrate to the venous pole of the
heart as well and that their role is in the development of the
parasympathetic innervation, the leaflets of the atrioventricu-
lar valves, and possibly the cardiac conduction system [43—
45]. The primitive vasculature of the heart is bilaterally
symmetrical but, during weeks 4-8 of human development,
there is remodeling of the inflow end of the heart so that all
systemic blood flows into the future right atrium [1]. In addi-
tion, there is also extensive remodeling of the initially bilat-
erally symmetrical aortic arch arteries into the great arteries
(septation of the aortic and pulmonary vessels) that is depen-
dent on the presence of the CNC [30, 46]. The distal outflow
tract (truncus) septates into the aorta and pulmonary trunk
via the fusion of two streams or prongs of CNC that migrate
into the distal outflow tract. In contrast, the proximal outflow

Conotruncus —

Right Ventricle

Outflow
Tract

AV
Sulcus

Atrium

Sinus venosus

M
Looping & Septation
Accretion
Day 28 9 weeks

Fig.3.5 Origin of the cardiac neural crest within a 34-h chick embryo.
Green dots represent cardiac neural crest cells in the neural folds of
hindbrain rhombomeres 6, 7, and 8 (the region of the first three somites
up to the midotic placode level). Fb forebrain, Mb midbrain
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tract septates by fusion of the endocardial cushions and
eventually joins proximally with the atrioventricular endo-
cardial cushion tissue and the ventricular septum [47, 48].
The endocardial cushions are formed by both atrioventricu-
lar canal and outflow tract endocardial cells that migrate into
the cardiac jelly, forming bulges or cushions.

Despite its clinical importance, to this date, almost noth-
ing is known about the molecular pathways that determine
cell lineages in the CNC or regulate outflow tract septation
[30, 49, 50]. However, it is known that if the CNC is
removed before it begins to migrate, conotruncal septa com-
pletely fail to develop, and blood leaves both the ventricles
through what is termed a persistent truncus arteriosus, a
rare congenital heart anomaly that can be seen in humans
[20, 40]. Failure of outflow tract septation may also be
responsible for other forms of congenital heart disease
including transposition of the great vessels, high ventricular
septal defects, and tetralogy of Fallot [1, 20, 38, 40].
Additional information on these congenital defects can be
found in Chap. 10.

The septation of the outflow tract (conotruncus) is tightly
coordinated with the septation of the ventricles and atria to
produce a functional heart [1, 51, 52]. All of these septa
eventually fuse with the atrioventricular (AV) cushions that
also divide the left and right AV canals and serve as a source
of cells for the AV valves. Prior to septation, the right atrio-
ventricular canal and right ventricle expand to the right,
causing a realignment of the atria and ventricles so that they

A

Foramen
ovale

___—Septum primum —_

Septum secundum

Ostium secundum

Septum
intermedium

AV valves

Ventricular septum
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are directly over each other. This allows venous blood enter-
ing from the sinus venosus to flow directly from the right
atrium to the presumptive right ventricle without flowing
through the presumptive left atrium and ventricle [1, 30].
The new alignment also simultaneously provides the left
ventricle with a direct outflow path to the truncus arteriosus
and subsequently to the aorta.

Between weeks 4 and 7 of human development, the left
and right atria undergo extensive remodeling and are eventu-
ally septated. Yet, during the septation process, a right-to-left
shunting of oxygenated blood (oxygenated by the placenta)
is created via a series of shunts, ducts, and foramens
(Fig. 3.6). Prior to birth, the use of the pulmonary system is
not necessary, but eventually a complete separation of the
systemic and pulmonary circulatory systems will be required
for normal cardiac and systemic function [1]. Initially, the
right sinus horn is incorporated into the right posterior wall
of the primitive atrium, and the trunk of the pulmonary
venous system is incorporated into the posterior wall of the
left atrium via a process called intussusception. At day 26 of
human development, a crescent-shaped wedge of tissue
called the septum primum begins to extend into the atrium
from the mesenchyme of the dorsal mesocardium. As it
grows, the septum primum diminishes the ostium primum, a
foramen allowing the shunting of blood from the right to left
atrium. However, programmed cell death near the superior
edge of the septum primum creates a new foramen, the
ostium secundum, which continues the right-to-left shunting

B

Chordae tendineae —

Fig.3.6 Transition from fetal dependence on the placenta for oxygen-
ated blood to self-oxygenation via the lungs. (A) Circulation in the fetal
heart before birth. Pink arrows show right-to-left shunting of placen-
tally oxygenated blood through the foramen ovale and ostium secun-
dum. (B) Circulation in the infant heart after birth. The first breath of
the infant and cessation of blood flow from the placenta cause final
septation of the heart chambers (closure of the foramen ovale and

~—Papillary muscle

ostium secundum) and thus separation of the pulmonary and systemic
circulatory systems. Blue arrows show the pulmonary circulation and
red arrows show the systemic circulation within the heart. Color code:
Blue (first heart field- and second heart field-derived cells), red (first
heart field-derived cells), and yellow (second heart field-derived cells).
AV atrioventricular, LA left atrium, LV left ventricle, RA right atrium,
RV right ventricle
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of oxygenated blood. An incomplete, ridged septum secun-
dum with a foramen ovale near the floor of the right atrium
forms next to the septum primum, both of which fuse with
the septum intermedium of the AV cushions [1]. At the same
time as atrial septation is beginning, about the end of the
fourth week of human development, the muscular ventricular
septum begins to grow toward the septum intermedium (cre-
ated by the fusion of the atrioventricular cushions), creating
a partial ventricular septum. By the end of the ninth week of
human development, the outflow tract septum has grown
down onto the upper ridge of this muscular ventricular sep-
tum and onto the inferior endocardial cushion, completely
separating the right and left ventricular chambers.

It is not until after birth, however, that the heart is func-
tionally septated within the atrial region. At birth, dramatic
changes in the circulatory system occur due to the transition
from fetal dependence on the placenta for oxygenated blood
to self-oxygenation via the lungs. More specifically, during
fetal life, only small amounts of blood (about 5 % of the car-
diac output) are flowing through the pulmonary system
because the fluid-filled lungs create high flow resistance,
resulting in low-volume flow into the left atrium from the
pulmonary veins. This allows the high-volume blood flow
coming from the placenta to pass through the inferior vena
cava into the right atrium, where it is then directed across the
foramen ovale into the left atrium. The oxygenated blood
then flows into the left ventricle and directly out to the body
of the fetus via the aorta. At birth, the umbilical blood flow is
interrupted, stopping the high-volume flow from the pla-
centa. In addition, the alveoli and pulmonary vessels open
when the infant takes its first breath, dropping the resistance
in the lungs and allowing more flow into the left atrium from
the lungs. This reverse in pressure difference between the
atria pushes the flexible septum primum against the ridged
septum secundum and closes off the foramen ovale and
ostium secundum, resulting in the complete septation of the
heart chambers [1] (Fig. 3.6). For more information on
defects and repairs of the foramen ovale, see Chap. 37.

3.5 Proepicardial Organ and Coronary

Artery Development

The last major contributor to vertebrate heart development
discussed in this chapter is the PEO [15, 21, 22]. Prior to
heart looping, the primary heart tube consists of endocar-
dium, cardiac jelly, and myocardium. It is not until the start
of heart looping that epicardial cells from the PEO sur-
round the myocardium, forming the fourth layer of the pri-
mary heart tube called the epicardium [15, 53] (Fig. 3.3).
This population of cells will eventually give rise to the
coronary vasculature. A neural crest origin of the coronary
vessels was originally hypothesized, but recent lineage
tracing studies have shown that the neural crest gives rise
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to cells of the tunica media of the aortic and pulmonary
trunks but not the coronary arteries [29, 54]. These experi-
ments eventually showed that the coronary vasculature is
derived from the PEO, a nest of cells in the dorsal mesocar-
dium of the sinus venosus or septum transversum. These
cells, which are derived from an independent population of
splanchnopleuric mesoderm cells, migrate onto the primary
heart tube (Fig. 3.3) between days 22 and 28 of human
development, just as the heart initiates looping [1, 30].
Prior to migration, these cells are collectively called the
PEO (or proepicardium). Interestingly, three lineages of the
coronary vessel cells (smooth muscle, endothelial, and con-
nective tissue cells) are segregated in the PEO prior to
migration into the heart tube [29, 55]. These cells will
coalesce to form coronary vessels de novo via the process
of vasculogenesis [56]. Recently, it has also been shown
that the epicardium provides a factor needed for normal
myocardial development and is a source of cells forming
the interstitial myocardium and cushion mesenchyme [30,
36]. It is considered that understanding the embryological
origin of the vascular system and its molecular regulation
may help to explain the varying susceptibility of different
components of the vascular system to atherosclerosis [29,
57]. Recently, it has also been suggested that epicardium-
derived cells may provide a source of cells for myocardial
regeneration after a myocardial infarction [22]. Lastly,
among the different stem cell populations identified in the
later heart, Isl1-positive cells may be a population of resi-
dent cardiovascular stem cells derived from residual SHF
cells [12, 58, 59]. Thus, approaches aimed at cardiac repair
by manipulation of cardiac progenitor cells will depend on
properly understanding how lineage choices are regulated
in the SHF and PEO [12, 60].

3.6 Cardiac Maturation

Although the embryonic heart is fully formed and functional
by the 11th week of pregnancy, the fetal and neonatal heart
continues to grow and mature rapidly, with many clinically
relevant changes taking place after birth. During fetal devel-
opment or from the time after the embryo is completely
formed in the first trimester of pregnancy until birth, the
heart grows primarily by the process of cell division [61-
64]. Within a few weeks after birth, the predominant mecha-
nism of cardiac growth is cell hypertrophy, so that most
existing cardiac cells become larger, rather than increasing
significantly in number [61-63]. The exact timing of this
process and the mechanisms regulating this change are not
yet completely elucidated. It has classically been thought
that mature cardiac cells lose their ability to divide; how-
ever, recent work suggests that limited amounts of cell divi-
sion do occur in adult hearts that have been damaged by
ischemia [65-67].
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This finding has led to a renewed interest in understand-
ing the regulation of cell division during cardiac maturation.
Additional maturational changes in the fetal and neonatal
heart include (1) alterations in the composition of the cardiac
myocytes, (2) differences in energy production, and/or (3)
maturation of the contractile function. These changes, along
with physiologic changes in the transitional circulation, as
discussed earlier, significantly affect the treatment of
newborns with congenital heart disease, particularly those
requiring interventional procedures or cardiac surgery.

The hemodynamic changes associated with birth include
significant increases in left ventricular cardiac output to
meet the increased metabolic needs of the newborn infant.
This improvement in cardiac output occurs despite the fact
that the neonatal myocardium has less muscle mass and less
cellular organization than the mature myocardium. The new-
born myocardium consists of 30 % contractile proteins
(mass) and 70 % noncontractile mass (membranes, connec-
tive tissues, and organelles). This is in contrast to the adult
myocardium which is 60 % contractile mass [63]. The myo-
cardial cells of the fetus are rounded, and both the myocar-
dial cells and myofibrils within them are oriented randomly.
As the fetal heart matures, these myofibrils increase in size
and number and also orient themselves to the long axis of the
rows of cells, which will likely contribute to improved myo-
cardial function [61]. In general, the fetal myocardial cell
contains higher amounts of glycogen than the mature myo-
cardium, suggesting an increased dependence on glucose for
energy production. In experiments using nonprimate model
systems, the fetal myocardium is able to meet metabolic
needs with lactate and glucose as the primary fuels [68]. In
contrast, the preferred substrate for energy metabolism in
the adult heart is long-chain fatty acids, although the adult
heart is able to utilize carbohydrates as well [68, 69]. This
change is presumably triggered in the first few days or weeks
of life by an increase in serum long-chain fatty acids with
feeding, yet the timing and clinical impact of this change in
ill or nonfeeding neonates with cardiovascular disease
remain unknown.

In addition to the changes described above, maturing
myocardial cells undergo changes in their expression of
many innate contractile proteins, which may be responsible
for some of the maturational differences in cardiovascular
function. For example, the gradual increase in expression of
myosin light chain 2 (MLC 2) in the ventricle from the neo-
natal period through adolescence is considered to be impor-
tant in humans. In the fetal ventricle, two myosin light chain
forms, MLC 1 and MLC 2, are expressed in equal amounts
[63, 70]; MLC 1 is associated with increased contractility
and has been documented to increase contractility in isolated
muscle from patients with tetralogy of Fallot [71]. After
birth, there is a gradual increase in the amount of MLC 2 or
the “regulatory” myosin light chain, which has a slower rate
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of force development, but can be phosphorylated to increase
calcium-dependent force development in mature cardiac
muscle [63, 72]. There is also variability in actin isoform
expression during cardiac development. More specifically,
the human fetal heart predominantly expresses cardiac alpha-
actin, while the more mature human heart expresses skeletal
alpha-actin [61, 73]. Furthermore, actin is responsible for
interacting with myosin crossbridges and regulating ATPase
activity; work done in the mouse model system suggests that
the change to skeletal actin may be one of the mechanisms of
enhanced contractility in the mature heart [61, 74, 75]. There
are also developmental changes of potential functional sig-
nificance in the regulatory proteins of the sarcomere. Initially,
the fetal heart expresses both alpha- and beta-tropomyosin, a
regulatory filament, in nearly equal amounts. After birth, the
proportion of beta-tropomyosin decreases and alpha-
tropomyosin increases, possibly optimizing diastolic relax-
ation [61, 76, 77]. In contrast, expression of high levels of
beta-tropomyosin in the neonatal heart is associated with
early death due to myocardial dysfunction [78]. Lastly, the
isoform of the inhibitory troponin, troponin I, changes after
birth. The fetal myocardium contains mostly the skeletal iso-
form of troponin I [61, 79]. After birth, the myocardium
begins to express cardiac troponin I, and by approximately 9
months of age, only cardiac troponin I is present [61, 80, 81].
Importantly, cardiac troponin I can be phosphorylated to
improve calcium-binding dynamics and contractility, which
correlates with improved function in the more mature heart.
It is thought that the skeletal form of troponin I may serve to
protect the fetal and neonatal myocardium from acidosis [63,
74, 82]. The full impact of these developmental changes in
contractile proteins and their effect on cardiac function or
perioperative treatment of newborns with heart disease
remain unclear at the present time.

Two of the most clinically relevant features of the imma-
ture myocardium are its requirement for high levels of extra-
cellular calcium and a decreased sensitivity to beta-adrenergic
inotropic agents. The neonatal heart has a decrease in both
volume and amount of functionally mature sarcoplasmic
reticulum, which is the intercellular storage site for calcium
[61]. This paucity of intracellular calcium storage and release
via the sarcoplasmic reticulum in the fetal and neonatal myo-
cardium increases the requirement of the fetal myocardium
for extracellular calcium, so that exogenous administration
of calcium can be used to augment cardiac contractility in
the appropriate clinical setting. In addition, neonates and
infants are significantly more sensitive to calcium channel-
blocking drugs than older children or adults and thus may be
at risk for severe depression of myocardial contractility with
the administration of these agents [61, 63, 83]. Lastly,
although data in humans are limited, there appears to be sig-
nificantly decreased sensitivity to beta-agonist agents in the
immature myocardium and also in older children with con-
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genital heart disease [63, 84-86]. This altered sensitivity
may be due to: (1) a paucity of receptors, (2) sensitization to
endogenous catecholamines at birth or with heart failure, or
(3) some combination of these or additional factors. Due to
this decreased responsiveness to beta-agonists, there are
common requirements for higher doses of beta-agonist ino-
tropic agents in newborns and infants. Note that alternative
medications, including phosphodiesterase inhibitors, are
often useful adjuncts to improve contractility in newborns
with myocardial dysfunction [63].

Although the structure of the heart is complete in the first
trimester of pregnancy, cardiac growth and maturation con-
tinue to occur in the fetus, newborn, and child. Many of these
developmental changes, particularly decreased intracellular
calcium stores in the immature sarcoplasmic reticulum and a
decreased responsiveness to beta-agonist inotropic agents,
significantly impact the care of newborns, infants, and chil-
dren with congenital heart disease, particularly those requir-
ing surgical intervention early in life.

3.7 Summary of Embryonic Contribution

to Heart Development

The contribution of the four major embryonic regions to
heart development—FHF, SHF, CNC, and PEO—illustrates
the complexity of human heart development. Each of these
regions has a unique contribution to the heart, but they ulti-
mately depend on each other for the creation of a fully func-
tional organ. Furthermore, a better understanding of the
mechanisms of human heart development will provide clues
to the etiology of congenital heart disease. The genetic regu-
latory mechanisms of these developmental processes are just
beginning to be characterized. A molecular review of heart
development is outside the scope of this chapter, but several
informative molecular heart reviews have been recently pub-
lished [6, 16, 30, 87, 88]. A better understanding of the
embryological origins of the heart, combined with the char-
acterization of the genes that control heart development, will
likely lead to many new clinical applications to treat con-
genital and/or adult heart disease.
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Mark S. Cook and Anthony J. Weinhaus

Abstract

This chapter will review the mediastinum and pulmonary cavities within the thorax and dis-
cuss their contents. The wall of the thorax and its associated muscles, nerves, and vessels will
be covered in relationship to respiration. The surface anatomical landmarks that designate
deeper anatomical structures and sites of access and auscultation will be reviewed. The goal
of this chapter is to provide a complete picture of the thorax and its contents, with detailed
anatomy of thoracic structures excluding the heart.

Keywords

Thorax ¢ Cardiac anatomy * Thoracic wall * Superior mediastinum ¢ Middle mediastinum ¢
Anterior mediastinum ¢ Posterior mediastinum ¢ Pleura * Lungs

4.1 Introduction

The thorax is the body cavity, surrounded by the bony rib
cage, that contains the heart and the lungs, the great vessels,
the esophagus and trachea, the thoracic duct, and the auto-
nomic innervation for these structures. The inferior boundary
of the thoracic cavity is the respiratory diaphragm, which
separates the thoracic and abdominal cavities. Superiorly, the
thorax communicates with the root of the neck and the upper
extremity. The wall of the thorax contains the muscles that
assist with respiration and those connecting the upper extrem-
ity to the axial skeleton. The wall of the thorax is responsible
for protecting the contents of the thoracic cavity and for gen-
erating the negative pressure required for respiration. The
thorax is covered by muscle, superficial fascia containing the
mammary tissue, and skin. A detailed description of cardiac
anatomy is the subject of Chap. 5.
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4.2  Overview of the Thorax
Anatomically, the thorax is typically divided into compart-
ments—the pleural cavities and the mediastinum. The two
pleural cavities contain the lungs and their pleural coverings.
The space between the pleural cavities is the mediastinum,
which contains all the other structures found in the thorax
(Fig. 4.1). The mediastinum is divided into the superior and
inferior compartments by a plane referred to as the transverse
thoracic plane, passing through the mediastinum at the level
of the sternal angle and the junction of the T4 and T5 verte-
brae (Fig. 4.1). The superior mediastinum contains the major
vessels supplying the upper extremity, the neck, and the head.
The inferior mediastinum, the space between the transverse
thoracic plane and the diaphragm, is further divided into the
anterior, middle, and posterior mediastinum. The middle
mediastinum is the space containing the heart and pericar-
dium. The anterior mediastinum is the space between the
pericardium and the sternum. The posterior mediastinum
extends from the posterior pericardium to the posterior wall
of the thorax.

The inferior aperture of the thorax is formed by the lower
margin of the ribs and costal cartilages and is closed off
from the abdomen by the respiratory diaphragm (Fig. 4.1).
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Mediastinum

Middle lobe

Pleural cavities

Fig.4.1 The left panel is a diagrammatic representation of pulmonary
cavities on each side of the thorax with the mediastinum in between.
The right panel illustrates the divisions of the mediastinum. Figure

The superior aperture of the thorax leads to the neck and the
upper extremity; it is formed by the first ribs and their
articulation with the manubrium and first thoracic vertebra.
The superior aperture of the thorax, or root of the neck, allows
for the passage of structures between the neck and thoracic
cavity. The clavicle crosses the first rib at its anterior edge
close to its articulation with the manubrium. Structures exit-
ing the superior thoracic aperture and communicating with
the upper extremity pass between the first rib and clavicle.
Anatomists often refer to the superior thoracic aperture as the
thoracic inlet due to the entrance of air and food through the
trachea and esophagus, respectively. However, clinicians
may refer to the superior thoracic aperture as the thoracic out-
let due to the fact that arteries and nerves leave the thorax
through this area to enter the neck and upper extremities.

4.3 Bones of the Thoracic Wall

4.3.1 TheThoracic Cage

The skeleton of the thoracic wall is composed of the 12 pairs
of ribs, the thoracic vertebra (and intervertebral disks), and
the sternum. Articulating with the thorax are the bones of the
pectoral girdle, the clavicle and the scapula (Fig. 4.2). Nerves
and blood vessels entering the upper extremity pass between
the clavicle and first rib.

The 12 thoracic vertebrae, which comprise the midline of
the posterior wall of the thorax, articulate with the 12 pairs of
ribs. Each thoracic vertebra has a body anteriorly and a neural
arch which form a vertebral foramen. Extending from the
neural arch posteriorly is an elongated, inferiorly slanting,
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Superior mediastinum

Transverse
thoracic plane

Anterior

mediastinum

Posterior mediastinum

Diaphragm

adapted from Grant’s Dissector, 12th edn. by EK Sauerland (Fig. 1.14,
left; Fig. 1.24, right)

spinous process and extending bilaterally are transverse pro-
cesses. The transverse processes of thoracic vertebrae become
progressively shorter from superior to inferior. The parts of
the neural arch between the body and transverse processes are
the pedicles, while the parts between the transverse processes
and spinous process are the laminae (Fig. 4.3). Thoracic ver-
tebrae have several articular surfaces, called facets. Superior
and inferior articular facets form facet joints with vertebrae
above and below, respectively. Costal facets are sites of artic-
ulation with ribs. Generally, each rib articulates with two
adjacent vertebrae such that the head fits between adjacent
bodies and the tubercle (slightly distal to the neck of the rib)
articulates with the transverse process of the vertebra below.
Therefore, a rib articulates with its corresponding thoracic
vertebrae through the body and transverse process and with
the vertebra above through its body. The articular surfaces on
transverse processes are called costal facets, while those on
the bodies, which generally share rib articulation with the
vertebra above, are referred to as costal demifacets.

There are a few exceptions to this general relationship
between thoracic vertebrae and ribs. The first thoracic verte-
bra shares the articulation with the second rib, but receives all
of the articulation of the first rib superiorly. Ribs 10, 11, and
12 only articulate with their corresponding vertebrae.

The ribs form the largest part of the bony wall of the tho-
rax (Fig. 4.2). Each rib articulates with one or two thoracic
vertebrae, and the upper ten ribs articulate directly or indi-
rectly with the sternum anteriorly. The upper seven ribs are
referred to as frue ribs because each connects to the sternum
via its own costal cartilage. Ribs 8—10 are referred to as false
ribs because they connect to the sternum (indirectly) by join-
ing the articular cartilage of the seventh rib. Ribs 11 and 12
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Fig. 4.2 The left panel illustrates the bones of the thorax from an anterior view. The right panel is a posterior view of the bony thorax. ©1998

Elsevier Inc. All rights reserved. www.netterimages.com, Frank Netter

Fig.4.3 The T6 vertebra as
viewed from above (upper
left) and laterally (upper
right), and a typical rib
(lower). ©1998 Elsevier Inc.
All rights reserved. www.
netterimages.com, Frank
Netter

process

Costal angle

Costal groove

are referred to as floating ribs because they do not connect to
the sternum, but end in the musculature of the abdominal
wall. Each rib has a head that articulates with the thoracic
vertebra and a relatively thin flat shaft that is curved (Fig. 4.3).
The costal angle, the sharpest part of the curved shaft, is
located where the rib turns anteriorly. At the inferior margin
of the shaft, the internal surface of each rib is recessed to form

Transverse
process and
costal facet

Head with facets

Tubercle with facet

AE

a costal groove. This depression provides some protection to
the intercostal neurovascular bundle, something that must be
considered when designing devices for intercostal access to
the thorax. The heads of ribs 2-9 have two articular facets for
articulation with the vertebra of the same level and the verte-
bra above. The heads of ribs 1, 10, 11, and 12 only articulate
with the vertebra of the same number and, consequently, have
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only one articular facet. In ribs 1-10, the head is connected to
the shaft by a narrowing called the neck. At the junction of the
head and the neck is a tubercle that has an articular surface for
articulation with the costal facet of the transverse process.
Ribs 11 and 12 do not articulate with the transverse process of
their respective vertebra and do not have a tubercle or, there-
fore, a defined neck portion.

The sternum is the flat bone making up the median ante-
rior part of the thoracic cage (Fig. 4.2). It is composed of
three parts—the manubrium, body, and xiphoid process. The
manubrium (from the Latin word for handle, like the handle
of a sword) is the superior part of the sternum; it is the widest
and thickest part of the sternum. The manubrium alone artic-
ulates with the clavicle and the first rib. The sternal heads of
the clavicle can be readily seen and palpated at their junction
with the manubrium. The depression between the sternal
heads of the clavicle above the manubrium is the supraster-
nal, or jugular, notch. The manubrium and the body of the
sternum lie in slightly different planes and thus form a
noticeable and easily palpated angle, the sternal angle (of
Louis), at the point where they meet. The second rib articu-
lates with the body of the sternum and the manubrium at the
sternal angle. The body of the sternum is formed from the
fusion of segmental bones (the sternebrae). The remnants of
this fusion may be seen in the transverse ridges of the sternal
body, especially in young people. The third through sixth
ribs articulate with the body of the sternum, and the seventh
rib articulates at the junction of the body and xiphoid pro-
cess. The xiphoid process is the inferior-most part of the ster-
num and is easily palpated. It lies at the level of T9-T10
vertebrae and marks the inferior boundary of the thoracic
cavity anteriorly. It also lies at the level even with the central
tendon of the diaphragm and the inferior border of the heart.
When a median sternotomy is performed on a patient, typi-
cally a sternal saw is used to cut through the manubrium, the
sternal body, and the xiphoid process. For more details, refer
to Chap. 33.

4.3.2 The Pectoral Girdle

Many of the muscles encountered on the wall of the anterior
thorax are attached to the bones of the pectoral girdle and the
upper extremity. Since movement of these bones can impact
the anatomy of vascular structures communicating between
the thorax and upper extremity, it is important to include these
structures in a discussion of the thorax.

The clavicle is a somewhat “S”-shaped bone that articu-
lates at its medial end with the manubrium of the sternum
and at its lateral end with the acromion of the scapula
(Fig. 4.2). It is convex medially and concave laterally. The
scapula is a flat triangular bone, slightly concave anteriorly,
that rests upon the posterior thoracic wall. It has a raised
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ridge posteriorly called the spine that ends in a projection of
bone called the acromion that articulates with the clavicle.
The coracoid process is an anterior projection of bone from
the superior border of the clavicle that serves as an attach-
ment point for muscles that act on the scapula and upper
extremity. The head of the humerus articulates with the shal-
low glenoid fossa of the scapula forming the glenohumeral
joint. The clavicle serves as a strut to hold the scapula in
position away from the lateral aspect of the thorax. It is a
highly mobile bone, with a high degree of freedom at the
sternoclavicular joint that facilitates movement of the shoul-
der girdle against the thorax. The anterior extrinsic muscles
of the shoulder pass from the wall of the thorax to the bones
of the shoulder girdle.

4.4 Muscles of the Thoracic Wall

4.4.1 The Pectoral Muscles

Several muscles of the thoracic wall, including the most
superficial ones that create some of the contours of the tho-
racic wall, are muscles that act upon the upper extremity.
Some of these muscles form important surface landmarks on
the thorax, and others have relationships to vessels that com-
municate with the thorax. In addition to moving the upper
extremity, some of these muscles also can play a role in
movement of the thoracic wall and participate in respiration.
The pectoralis major muscle forms the surface contour of the
upper lateral part of the thoracic wall (Fig. 4.4). It originates
on the clavicle (clavicular head), the sternum, and ribs (ster-
nocostal head), and inserts near the greater tubercle of the
humerus. The lower margin of this muscle, passing from the
thorax to the humerus, forms the major part of the anterior
axillary fold. The pectoralis major muscle is a powerful
adductor and medial rotator of the arm.

The pectoralis minor muscle is a much smaller muscle
and lies immediately deep to the pectoralis major muscle
(Fig. 4.4). It originates on ribs 3-5 and inserts upon the cora-
coid process of the scapula. This muscle forms part of the
anterior axillary fold medially. It acts to depress and stabilize
the scapula when upward force is exerted on the shoulder.

The anterior part of the deltoid muscle also forms a small
aspect of the anterior thoracic wall. This muscle has its origin
on the lateral part of the clavicle and the acromion and spine
of the scapula (Fig. 4.4). It inserts upon the deltoid tubercle of
the humerus and is the most powerful abductor of the arm.
The anterior deltoid muscle borders the superior aspect of the
pectoralis major muscle. The depression found at the junction
of these two muscles is called the deltopectoral groove.
Importantly, within this groove, the cephalic vein can consis-
tently be found. The muscles diverge at their origins on the
clavicle, creating an opening bordered by these two muscles
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Fig.4.4 The musculature of
the anterior thoracic wall.
The left panel shows the
superficial muscles intact.
The left panel shows
structures deep to the
pectoralis major muscle.
©1998 Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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Fig.4.5 A lateral view of the
musculature of the thoracic
wall. ©1998 Elsevier Inc. All
rights reserved. www.
netterimages.com, Frank
Netter
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and the clavicle known as the deltopectoral triangle. Through
this space the cephalic vein passes to join the axillary vein.
The subclavius is a small muscle originating on the lateral
inferior aspect of the clavicle and inserting on the sternal end
of the first rib (Fig. 4.4). This muscle depresses the clavicle
and exerts a medial traction on the clavicle that stabilizes the
sternoclavicular joint. In addition to these actions, the sub-
clavius muscle provides a soft surface on the inferior aspect
of the clavicle that serves to cushion the contact of this bone
with structures passing under the clavicle (i.e., nerves of the
brachial plexus and the subclavian artery) when the clavicle

Subclavian vein

Subclavius

Axillary vein

Pectoralis
minor

1Y

Anterior
Middle Scalenes
Posterior

Brachial plexus

Scapula

Serratus anterior
P

is depressed during movement of the shoulder girdle and
especially when the clavicle is fractured.

The serratus anterior muscle originates on the lateral
aspect of the first eight ribs and inserts upon the medial aspect
of the scapula (Fig. 4.5). This muscle forms the serrated con-
tour of the lateral thoracic wall in individuals with good mus-
cle definition. The serratus anterior forms the medial border
of the axilla and acts to pull the scapula forward (protraction)
and to stabilize the scapula against a posterior force on the
shoulder; it also assists with cranial rotation of the scapula
with elevation.
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Fig.4.6 The deep
musculature of the anterior
thoracic wall viewed from the
posterior side. ©1998 Elsevier
Inc. All rights reserved.
www.netterimages.com,
Frank Netter
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4.4.2 The Intercostal Muscles

Each rib is connected to the one above and below by a series
of three intercostal muscles. The external intercostal muscles
are the most superficial (Fig. 4.5). These muscles course in an
obliquely medial direction as they pass from superior to infe-
rior between the ribs. Near the anterior end of the ribs, the
external intercostal muscle fibers are replaced by the external
intercostal membrane. Deep to the external intercostals are
the internal intercostals (Figs. 4.5 and 4.6). The direction of
the internal intercostal muscle fibers is perpendicular to the
external intercostals. Near the posterior end of the ribs, the
internal intercostal muscle fibers are replaced by the internal
intercostal membrane. The deepest layer of intercostal mus-
cle is the innermost intercostal muscle (Fig. 4.6). These mus-
cles have a fiber direction similar to the internal intercostals,
but they form a separate plane. The innermost intercostal
muscles become membranous near the anterior and posterior
ends of the ribs. The intercostal nerves and vessels pass
between the internal and innermost intercostal muscles,
which help to distinguish between the two muscular layers.
There are two additional sets of muscles in the same plane as
the innermost intercostals—the subcostals and the transver-
sus thoracic muscles. The subcostal muscles are located pos-
teriorly and span more than one rib. The transversus thoracic
muscles are found anteriorly and pass from the internal sur-
face of the sternum to ribs 2-6, extending superiorly and lat-
erally (Fig. 4.6).

The intercostal muscles, especially the external and inter-
nal intercostals, are involved with respiration by elevating or
depressing the ribs. The external intercostal muscles and the
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anterior interchondral part of the internal intercostals act to
elevate the ribs. The interosseous parts of the internal inter-
costal muscles depress the ribs. The innermost intercostals
likely have an action similar to the internal intercostals. The
subcostal muscles probably help to elevate the ribs. The
action of transversus thoracis is not well understood. It may,
by virtue of its attachments, help to depress the ribs with
forced exhalation or play arole in proprioception. In so-called
less or minimally invasive surgical procedures performed to
gain access to the heart, one needs to transect through the
intercostal muscles (see Chap. 35).

4.4.3 Respiratory Diaphragm

The respiratory diaphragm is the musculotendinous sheet
separating the abdominal and thoracic cavities (Figs. 4.6 and
4.7). It is considered the primary muscle of respiration. The
diaphragm originates along the inferior border of the rib
cage, the xiphoid process of the sternum, the posterior
abdominal wall, and the upper lumbar vertebra. The medial
and lateral arcuate ligaments are thickenings of the investing
fascia over the quadratus lumborum (lateral) and the psoas
major (medial) muscles of the posterior abdominal wall that
serve as attachments for the diaphragm (Fig. 4.7). The right
and left crura of the diaphragm attach to lumbar vertebrae.
They originate on the bodies of lumbar vertebrae 1-3, their
intervertebral disks, and the anterior longitudinal ligament
spanning these vertebrae. The diaphragm ascends from its
origin to form a right and left dome, the right dome being
typically higher than the left. The muscular part of the
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Fig.4.7 The abdominal side
of the respiratory diaphragm
illustrating the origins of the
muscle. ©1998 Elsevier

Inc. All rights reserved.
www.netterimages.com,
Frank Netter
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diaphragm is dome-shaped at rest. Contraction (during inha-
lation) causes the dome of the diaphragm to flatten (down-
ward), increasing the volume of the thoracic cavity. The
aponeurotic central part of the diaphragm, called the central
tendon, contains the opening for the inferior vena cava
(Fig. 4.7). The esophagus also passes through the diaphragm,
and the hiatus for the esophagus is created by a muscular slip
originating from the right crus of the diaphragm. The aorta
passes from the thorax to the abdomen behind the diaphragm,
under the median arcuate ligament created by the intermin-
gling of fibers from the right and left crura of the diaphragm.
The inferior vena cava, esophagus, and aorta pass from the
thorax to the abdomen at thoracic vertebral levels 8, 10, and
12, respectively.

4.4.4 Other Muscles of Respiration

The scalene muscles and the sternocleidomastoid muscle in
the neck also contribute to respiration, especially during deep
inhalation (Figs. 4.4 and 4.5). Collectively, the scalene mus-
cles have their origin on the transverse processes of cervical
vertebra 2—7. The anterior and middle scalenes insert on the
first rib and the posterior scalene on the second rib. As its
name suggests, the sternocleidomastoid originates on the
sternum and medial clavicle and inserts on the mastoid pro-
cess of the skull. Although the primary action of sternocleido-
mastoid is on the head and neck, it is also capable of exerting
an upward force on the thorax with forced respiration. The
muscles of the anterior abdominal wall are also involved with
respiration. These muscles, the rectus abdominis, external
and internal abdominal obliques, and the transverses abdomi-
nis, act together during forced exhalation to depress the rib
cage and to increase intra-abdominal pressure forcing the dia-
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Left crus
Right crus
of diaphragm

phragm to expand upward, reducing the volume of the pul-
monary cavities. The mechanics of respiration are explained
in detail in Sect. 4.11.2.

4.5 Nerves of the Thoracic Wall
The wall of the thorax receives its innervation from intercos-
tal nerves (Fig. 4.8). These nerves are the ventral rami of
segmental nerves, leaving the spinal cord at the thoracic ver-
tebral levels. Intercostal nerves are mixed nerves, carrying
both somatic motor and sensory fibers, as well as autonomics
to the skin. The intercostal nerves pass out of the interverte-
bral foramina and run inferior to the ribs. As they reach the
costal angle, the nerves pass between the innermost and the
internal intercostal muscles. The motor innervation to all the
intercostal muscles comes from the intercostal nerves. These
nerves give off lateral and anterior cutaneous branches that
provide cutaneous sensory innervation to the skin of the tho-
rax (Fig. 4.8). The intercostal nerves also carry sympathetic
nerve fibers to the sweat glands, smooth muscle, and blood
vessels. However, the first two intercostal nerves are consid-
ered atypical. The first intercostal nerve divides shortly after
it emerges from the intervertebral foramen. The larger supe-
rior part of this nerve joins the brachial plexus to provide
innervation to the upper extremity. The lateral cutaneous
branch of the second intercostal nerve is large and typically
pierces the serratus anterior muscle to provide sensory inner-
vation to the floor of the axilla and medial aspect of the arm.
The nerve associated with the 12th rib is the subcostal nerve
and, since there is no rib below this level, is considered a
nerve of the abdominal wall.

The pectoral muscles receive motor innervation from
branches of the brachial plexus of nerves (derived from
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Fig.4.8 A typical set of
intercostals arteries and
nerves. ©1998 Elsevier
Inc. All rights reserved.
www.netterimages.com,
Frank Netter
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Fig.4.9 The nerves and
arteries of the axilla viewed
with the pectoralis major and
minor muscles reflected.
©1998 Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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cervical levels 5-8 and thoracic level 1) which supply the
muscles of the shoulder and upper extremity. The lateral
and medial pectoral nerves, branches of the lateral and
medial cords of the brachial plexus, supply the pectoralis
major and minor muscles (Fig. 4.9). The pectoralis major
muscle is innervated by both nerves and the pectoralis
minor muscle by only the medial pectoral nerve, which
pierces this muscle before entering the pectoralis major.
The serratus anterior muscle is innervated by the long tho-
racic nerve which originates from ventral rami of C5, C6,
and C7 (Figs. 4.5 and 4.9). The deltoid muscle is inner-
vated by the axillary nerve, a branch of the posterior cord
of the brachial plexus (Fig. 4.9). Finally, the subclavius
muscle is innervated by its own nerve from the superior
trunk of the brachial plexus.
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4.6 Vessels of the Thoracic Wall

The intercostal muscles and the skin of the thorax receive
their blood supply from both the intercostal arteries and the
internal thoracic artery (Figs. 4.6 and 4.8). Intercostal arter-
ies 3—11 (and the subcostal artery) are branches directly from
the thoracic descending aorta. The first two intercostal arter-
ies are branches of the supreme intercostal artery, which is a
branch of the costocervical trunk from the subclavian artery.
The posterior intercostals run with the intercostal nerve and
pass with the nerve between the innermost and internal inter-
costal muscles. The intercostals then anastomose with ante-
rior intercostal branches arising from the internal thoracic
artery descending lateral to the sternum. The internal tho-
racic arteries are anterior branches from the subclavian
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arteries. The anterior and posterior intercostals anastomoses
create an anastomotic network around the thoracic wall. The
intercostal arteries are accompanied by intercostal veins
(Fig. 4.6). These veins drain to the azygos system of veins in
the posterior mediastinum. The anatomy of the azygos
venous system is described in detail in Sect. 4.10.2.
Anteriorly, the intercostal veins drain to the internal thoracic
veins which, in turn, drain to the subclavian veins in the
superior mediastinum (Fig. 4.7).

The intercostal nerves, arteries, and veins run together in
each intercostal space, just inferior to each rib. They are char-
acteristically found in this order (vein, artery, and nerve) with
the vein closest to the rib.

The diaphragm receives blood from the musculophrenic
arteries and terminal branches of the internal thoracic arteries,
which runs along the anterior superior surface of the diaphragm
(Fig. 4.6). There is also a substantial blood supply to the inferior
aspect of the diaphragm from the inferior phrenic arteries, the
superior-most branches from the abdominal aorta that branch
along the inferior surface of the diaphragm (Fig. 4.7).

The muscles of the pectoral region get their blood supply
from branches of the axillary artery. This artery is the con-
tinuation of the subclavian artery emerging from the thorax
and passing under the clavicle (Fig. 4.9). The first branch of
the axillary artery, the superior (supreme) thoracic artery, sup-
plies blood to the first two intercostal spaces. The second
branch forms the thoracoacromial artery or trunk.

Fig.4.10 Contents of the
superior and middle
mediastinum. ©1998 Elsevier
Inc. All rights reserved.
www.netterimages.com,
Frank Netter
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Subsequently, this artery gives rise to four branches (pectoral,
deltoid, clavicular, acromial) that supply blood to the pectoral
muscles, the deltoid muscle, the clavicle, and the subclavius
muscle. The lateral thoracic artery, the third branch from the
subclavian artery, participates along with the intercostal arter-
ies in supplying the serratus anterior muscle. Additional distal
branches from the axillary artery, the humeral circumflex
arteries, also participate in blood supply to the deltoid muscle.
Venous blood returns through veins of the same names to the
axillary vein.

4.7 The Superior Mediastinum

The superior mediastinum is the space behind the manubrium
of the sternum (Fig. 4.1). It is bounded by parietal (mediasti-
nal) pleura on each side and the first four thoracic vertebrae
behind. It is continuous with the root of the neck at the top of
the first ribs and with the inferior mediastinum below the
transverse thoracic plane, a horizontal plane that passes from
the sternal angle through the space between the T4 and TS
vertebrae. The superior mediastinum contains several impor-
tant structures including the branches of the aortic arch, the
veins that coalesce to form the superior vena cava, the tra-
chea, the esophagus, the vagus and phrenic nerves, the car-
diac plexus of autonomic nerves, the thoracic duct, and the
thymus (Fig. 4.10).
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Fig.4.11 Vessels of the
superior and middle
mediastinum. ©1998 Elsevier
Inc. All rights reserved.
www.netterimages.com,
Frank Netter
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4.7.1 Arteries in the Superior Mediastinum

As the aorta emerges from the pericardial sac, it begins to
arch posteriorly and to the left (Fig. 4.11). At the level of the
T4 vertebra, the aorta has become vertical again, descending
through the posterior mediastinum. The aortic arch passes
over the right pulmonary artery and ends by passing poste-
rior to the left pulmonary artery. The trachea and esophagus
pass posterior and to the right of the aortic arch. The arch of
the aorta gives off the major arteries that supply blood to the
head and to the upper extremity. This branching is asym-
metrical. The first (from the right) and most anterior branch
from the aorta is the brachiocephalic trunk. This arterial
trunk bends toward the right as it ascends, and as it reaches
the upper limit of the superior mediastinum, it bifurcates into
the right common carotid and right subclavian arteries. The
next two branches from the aortic arch are the left common
carotid and the left subclavian arteries. These two arteries
ascend almost vertically to the left of the trachea. The com-
mon carotid arteries will supply the majority of the blood to
the head and neck. The subclavian arteries continue as the
axillary and brachial arteries and supply the upper extremity.
The arch of the aorta and its branches make contact with the
upper lobe of the right lung, and their impressions are nor-
mally seen on the fixed lung after removal. Neither the bra-
chiocephalic trunk, left common carotid, nor the left
subclavian gives off consistent branches in the superior
mediastinum. However, the subclavian arteries at the root of
the neck give off the internal thoracic arteries which reenter
the superior mediastinum and descend along each side of the
sternum. On occasion there will be an artery branching from
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either the aortic arch, the right common carotid, or one of the
subclavian arteries, and supplying the thyroid gland in the
midline. This variant artery is called a thyroid ima. Since this
artery is often found crossing the region where a tracheos-
tomy is performed, it is important to remember that this
artery is present in ~10 % of individuals.

4.7.2 Brachiocephalic Veins

The bilateral brachiocephalic veins are formed by the merging
of the internal jugular vein and the subclavian vein on both
sides at the base of the neck (Figs. 4.10 and 4.11). The right
brachiocephalic vein descends nearly vertically, while the left
crosses obliquely behind the manubrium to join the right and
form the superior vena cava. The superior vena cava contin-
ues inferiorly into the pericardial sac. The brachiocephalic
veins run anteriorly in the superior mediastinum. The left bra-
chiocephalic vein passes anterior to the three branches of the
aortic arch and is separated from the manubrium only by the
thymus gland (Fig. 4.10). The brachiocephalic veins receive
blood from the internal thoracic veins, the inferior thyroid
veins, and the small pericardiacophrenic veins. They also
receive blood from the superior intercostal veins from behind.

4.7.3 TheTrachea and Esophagus
The trachea is a largely cartilaginous tube that runs from the

larynx inferiorly through the superior mediastinum and ends
by branching into the main bronchi (Fig. 4.11). It serves as a
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conduit for air to the lungs. The trachea can be palpated at
the root of the neck, superior to the manubrium in the mid-
line. The esophagus is a muscular tube that connects the
pharynx with the stomach. The upper part of the esophagus
descends behind the trachea and, in contact with it, through
the superior mediastinum (Fig. 4.11). The esophagus contin-
ues through the posterior mediastinum behind the heart,
pierces the diaphragm at the level of T10, and enters the
stomach at the cardia. Both the trachea and esophagus are
crossed on the left by the arch of the aorta. The impression of
the aorta on the esophagus can usually be seen on a posterior
to anterior radiograph of the esophagus coated with barium
contrast. The trachea and esophagus are crossed on the right
side by the azygos vein at the lower border of the superior
mediastinum. Both the trachea and esophagus come into
contact with the upper lobe of the right lung. The esophagus
also contacts the upper lobe of the left lung. The arch of the
aorta and its branches shield the trachea from the left lung.

Fig.4.12 Course of the
phrenic nerve and the vagus
nerve in the superior and
middle mediastinum. ©1998
Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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4.7.4 Nerves of the Superior Mediastinum

The vagus and phrenic nerves pass through the superior
mediastinum on either side.. The phrenic nerve originates
from the ventral rami from cervical levels 3, 4, and 5. This
nerve travels inferiorly in the neck on the surface of the ante-
rior scalene muscle, entering the superior mediastinum
behind the subclavian vein and passing under the internal tho-
racic artery (Fig. 4.12). The right phrenic nerve passes
through the superior mediastinum lateral to the subclavian
artery and the arch of the aorta. The left phrenic nerve passes
lateral to the brachiocephalic vein and the superior vena cava.
The phrenic nerves then enter the middle mediastinum where
they pass anterior to the root of the lung, across the pericar-
dium, finally piercing the diaphragm lateral to the base of the
pericardium. Throughout their course, the phrenic nerves
pass under the mediastinal pleura. The phrenic nerve is the
motor innervation to the diaphragm (“C-3-4-5 keeps your

Vagus nerve
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diaphragm alive”), and it also provides sensory innervation to
the pericardium, mediastinal, and diaphragmatic pleura and
to the diaphragmatic peritoneum on the inferior surface of the
diaphragm. The course of the phrenic nerves adjacent to the
heart makes them susceptible to stimulation (via leak currents
from a pacing lead within the cardiac veins) or damage (tem-
porary or permanent) during cardiac ablation procedures.
The vagus nerves pass out of the skull via the jugular
foramen and descend through the neck in the carotid sheath,
just lateral to the common carotid arteries. These nerves are
the parasympathetic supply to the thorax and most of the
abdomen. On the right, the vagus crosses anterior to the sub-
clavian artery and then turns posterior to pass behind the root
of the lung and onto the esophagus. Before the right vagus
enters the superior mediastinum, it gives off a recurrent
laryngeal branch that passes behind the subclavian artery and
ascends into the neck. On the left, the vagus passes lateral to
the arch of the aorta and then turns posterior to pass behind
the root of the lung and onto the esophagus (Fig. 4.12). At the
level of the aortic arch, it gives off the left recurrent laryn-

Fig.4.13 Pattern of
innervation in the superior
mediastinum. ©1998 Elsevier
Inc. All rights reserved.
www.netterimages.com,
Frank Netter
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geal nerve that passes under the aorta, just posterior to the
ligamentum arteriosum, and ascends into the neck. The
recurrent laryngeal nerves are motor to most of the muscles
of the larynx. It should be noted that an aneurism in the arch
of the aorta can injure the left recurrent laryngeal nerve and
manifest as hoarseness of the voice due to unilateral paraly-
sis of the laryngeal musculature. The right and left vagi con-
tribute to the esophageal plexus of nerves in the middle
mediastinum. The right and left vagus nerves give off car-
diac branches in the neck (superior and inferior cardiac
nerves) and a variable number of small cardiac nerves in the
superior mediastinum (thoracic cardiac branches) that pro-
vide parasympathetic innervation to the heart via the cardiac
nerve plexus.

Sympathetic innervation to the heart is also found in the
superior mediastinum. The heart receives postganglionic
branches from the superior, middle, and inferior cardiac
nerves, each branching from their respective sympathetic
ganglia in the neck (Fig. 4.13). There are also thoracic cardiac
nerves emanating from the upper 4 or 5 thoracic sympathetic
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ganglia. The uppermost thoracic ganglion and the inferior
cervical ganglion are often fused to form an elongated gan-
glion called the cervicothoracic (or stellate) ganglion which
will give off the inferior cardiac nerve.

The cardiac plexus is located between the trachea, the arch
of the aorta, and the pulmonary trunk (Fig. 4.13). It is a net-
work of sympathetic and parasympathetic nerves derived
from the branches described above and provides autonomic
innervation to the heart. Nerves from the plexus reach the
heart by traveling along the vasculature and primarily inner-
vate the conduction system and the atria. The sympathetic
components cause the strength and pace of the heart beats to
increase, while the parasympathetics counter this effect. Pain
afferents from the heart travel with the sympathetic nerves to
the upper thoracic and lower cervical levels. This distribution
accounts for the pattern of referred heart pain to the upper
thorax, shoulder, and arm.

4.7.5 The Thymus

The thymus is found in the most anterior part of the superior
mediastinum (Fig. 4.10). It is considered an endocrine gland
but is actually more important as a lymphoid organ. The thy-
mus produces lymphocytes that populate the lymphatic sys-
tem and bloodstream. It is particularly active in young
individuals and becomes much less prominent with aging.

Fig.4.14 The position of the
heart in the middle
mediastinum and the
relationship of the pericardium
to the heart and great vessels.
©1998 Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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The thymus is located directly behind the manubrium and
may extend up into the neck and inferiorly into the anterior
mediastinum. It lies in contact with the aorta, the left brachio-
cephalic vein, and trachea.

4.8 The Middle Mediastinum

4.8.1 The Pericardium

The middle mediastinum is the central area of the inferior
mediastinum occupied by the great vessels, pericardium,
and the heart (Fig. 4.14). Within this space, the heart is situ-
ated with the right atrium on the right, the right ventricle
anterior, the left ventricle to the left and posterior, and the
left atrium entirely posterior. The apex, a part of the left
ventricle, is projected inferiorly and to the left. The pericar-
dium is the closed sac that contains the heart and the proxi-
mal portion of the great vessels. It is attached to the
diaphragm inferiorly. The pericardium is a serous mem-
brane, with both visceral and parietal layers into which the
heart projects such that there is a potential space within peri-
cardial sac called the pericardial cavity. The visceral peri-
cardium, also called the epicardium, covers the entire
surface of the heart and base of the great vessels, reflecting
from the great vessels to become parietal pericardium. The
parietal pericardium is characterized by a thickened, strong
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outer layer called the fibrous pericardium. The fibrous peri-
cardium is fused to the layer of parietal serous pericardium,
creating a single layer with two surfaces. The fibrous peri-
cardium has little elasticity and, by its fusion with the base
of the great vessels, effectively creates a closed space in
which the heart beats. The pericardial cavity can accumulate
fluids under pathological conditions and create pressure
within the pericardium, a condition known as cardiac fam-
ponade. For a complete description of the pericardium and
its features, see Chap. 9.

4.8.2 The GreatVessels

Great vessels is a composite term used to describe the large
arteries and veins directly entering and exiting the heart
(Figs. 4.11 and 4.15). They include the superior and inferior
vena cava, the aorta, pulmonary trunk, and pulmonary veins.
All of these vessels, except for the inferior vena cava, are
found within the superior mediastinum. The inferior vena
cava and the pulmonary veins are the shortest of the great
vessels. The inferior vena cava enters the right atrium from
below almost immediately after passing through the dia-
phragm. The pulmonary veins (there are normally two
emerging from each lung) enter the left atrium with a very
short intrapericardial portion. The superior vena cava is
formed from the confluence of the right and left brachioce-
phalic veins. It also receives the azygos vein from behind
and empties into the superior aspect of the right atrium. The
pulmonary trunk ascends from the right ventricle on the
anterior surface of the heart at an oblique angle to the left

Fig.4.15 The great vessels
as viewed from the posterior
side of the heart. ©1998
Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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and posterior, passing anterior to the base of the aorta in its
course. As the pulmonary trunk emerges from the pericar-
dium, it bifurcates into left and right pulmonary arteries
which enter the hilum of each lung (Fig. 4.11). The right pul-
monary artery passes under the arch of the aorta to reach the
right lung. The left pulmonary artery is connected to the arch
of the aorta by the ligamentum arteriosum, the remnant of
the ductus arteriosus—the connection between the aorta and
pulmonary trunk present in the fetus. The aorta ascends from
the left ventricle at an angle to the right and then curves back
to the left and posterior as it becomes the aortic arch. As the
aorta exits the pericardium, it arches over the right pulmo-
nary trunk, passing to the left of the trachea and esophagus
and entering the posterior mediastinum as the descending
aorta (Fig. 4.15). Backflow of blood from both the aorta and
the pulmonary trunk is prevented by semilunar valves. The
semilunar valves, each with a set of three leaflets, are found
at the base of each of these great vessels. Immediately above
these valves are the aortic and pulmonary sinuses, which are
regions where the arteries are dilated. The coronary arteries
branch from the right and left aortic sinuses (see Chap. 5).
Also passing through the middle mediastinum are the
phrenic nerves and the pericardiacophrenic vessels
(Fig. 4.10). The phrenic nerves pass out of the neck and
through the superior mediastinum. They travel through the
middle mediastinum on the lateral surfaces of the fibrous
pericardium and under the mediastinal pleura to reach the
diaphragm. The phrenic nerve on each side is accompanied
by a pericardiacophrenic artery, a branch from the proximal
internal thoracic artery, and a pericardiacophrenic vein,
which empties into the subclavian vein. These vessels, as
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their name implies, supply the pericardium and the dia-
phragm, as well as the mediastinal pleura.

4.9 The Anterior Mediastinum

The anterior mediastinum is the subdivision of the inferior
mediastinum bounded by the sternum anteriorly and the peri-
cardium posteriorly (Fig. 4.1). It contains sternopericardial
ligaments, made up of loose connective tissue, the internal
thoracic vessels and their branches, lymphatic vessels and
nodes, and fat. In children the thymus often extends from the
superior mediastinum into the anterior mediastinum.

4,10 The Posterior Mediastinum

The posterior mediastinum is the division of the inferior medi-
astinum bounded by the pericardium anteriorly and the poste-
rior thoracic wall posteriorly (Fig. 4.1). Structures found in the
posterior mediastinum include the descending aorta, azygos
system of veins, thoracic duct (common drainage of the lym-
phatic system; see below), esophagus, esophageal plexus, tho-
racic sympathetic trunk, and thoracic splanchnic nerves.

4.10.1 The Esophagus and Esophageal Plexus

The esophagus descends into the posterior mediastinum, pass-
ing along the right side of the descending aorta (Fig. 4.11). It
passes directly behind the left atrium and veers to the left
before passing through the esophageal hiatus of the diaphragm
at the level of T10. Because of the juxtaposition of the esopha-
gus to the heart, high-resolution ultrasound images of the heart
can be obtained via the esophagus. It should be noted that it is
possible to damage the esophagus during cardiac ablative pro-
cedures (see Chap. 29). As the vagus nerves approach the
esophagus, they divide into several commingling branches
forming the esophageal plexus (Fig. 4.16). Toward the distal
end of the esophagus, the plexus begins to coalesce into an
anterior and a posterior vagal trunk that pass with the esopha-
gus into the abdomen. The left side of the esophageal plexus
(from the left vagus nerve) contributes preferentially to the
anterior vagal trunk and likewise for the right vagus and the
posterior vagal trunk, reflecting the normal rotation of the gut
(during development). The parasympathetic branches of the
anterior and posterior vagal trunks comprise the innervation to
the abdominal viscera as far as the splenic flexure.

4.10.2 The Azygos System of Veins

The azygos venous system in the thorax is responsible pri-
marily for draining venous blood from the thoracic wall to
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Fig.4.16 Course of the esophagus in the posterior mediastinum and
the esophageal plexus of nerves. ©1998 Elsevier Inc. All rights
reserved. www.netterimages.com, Frank Netter

the superior vena cava (Fig. 4.17). The azygos veins also
receive venous blood from the viscera of the thorax, such
as the esophagus, bronchi, and pericardium. The term azy-
gos means unpaired and describes the asymmetry in this
venous system. The system consists of the azygos vein on
the right and the hemiazygos and accessory hemiazygos
veins on the left. Both the azygos and hemiazygos veins are
formed from the lumbar veins ascending from the abdomen
uniting with the subcostal vein. On the right, the azygos
vein is continuous, collecting blood from the right intercos-
tal veins before arching over the root of the lung to join the
superior vena cava. On the left, the hemiazygos vein ends
typically at the level of T8 by crossing over to communi-
cate with the azygos vein on the right. Above the hemiazy-
gos vein, the accessory hemiazygos vein collects blood
from the posterior intercostal veins. It typically communi-
cates with the hemiazygos vein and crosses over to com-
municate with the azygos vein. On both sides, the second
and third intercostal spaces are drained to a superior inter-
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Fig.4.17 The azygos venous
system in the posterior
mediastinum. This figure
illustrates a “typical” pattern
of the azygos and hemiazygos
veins. ©1998 Elsevier Inc.
All rights reserved. www.
netterimages.com, Frank
Netter
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costal vein that drains directly to the subclavian vein but
also communicates with the azygos and accessory hemia-
zygos veins on their respective sides. The first intercostal
vein drains directly to the subclavian vein. There is a tre-
mendous amount of variation in the azygos system of veins,
all of which is functionally inconsequential. However, it
should be noted that the azygos system can be quite differ-
ent in some of the large animal models used to study car-
diac function (see Chap. 6).

4.10.3 The Thoracic Duct and Lymphatics

The thoracic duct is the largest lymphatic vessel in the body
(Fig. 4.18). It conveys lymph from the cisterna chyli, which
is the collection site for all lymph from the abdomen, pelvis,
and lower extremities back to the venous system. The tho-
racic duct enters the posterior mediastinum through the aor-
tic hiatus and travels between the thoracic aorta and the
azygos vein behind the esophagus. It ascends through the
superior mediastinum to the left and empties into the venous
system at or close to the junction of the internal jugular and
subclavian veins. The thoracic duct often appears white due
to the presence of chyle in the lymph and beaded due to the
many valves within the duct. The thoracic duct also receives
lymphatic drainage from posterior mediastinal lymph nodes

Left superior
intercostal vein

Accessory
hemiazygos vein

Communication of azygos
and hemiazygos veins

Hemiazygos vein

Thoracic duct

Fig.4.18 The course of the thoracic duct in the posterior mediastinum
through the superior mediastinum and ending at the junction of the
internal jugular and subclavian veins. ©1998 Elsevier Inc. All rights
reserved. www.netterimages.com, Frank Netter
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Fig.4.19 Course of the descending aorta in the posterior mediastinum
with posterior intercostals branches and branches to the esophagus and
bronchi. ©1998 Elsevier Inc. All rights reserved. www.netterimages.
com, Frank Netter

that collect lymph from the esophagus, posterior intercostal
spaces, and posterior parts of the pericardium and diaphragm.
Approximately 2.5 L of lymph fluid return to the general cir-
culation via this drainage daily.

4.10.4 The Descending Thoracic Aorta

The descending thoracic aorta is the continuation of the aortic
arch through the posterior mediastinum (Fig. 4.19). It begins
to the left of the T5 vertebra and gradually moves to the mid-
dle of the vertebral column as it descends. It passes behind
the diaphragm, under the median arcuate ligament (the aortic
hiatus), and into the abdomen at the level of T12. The tho-
racic aorta gives off the 3rd through 11th posterior intercostal
arteries and the subcostal artery. It also supplies blood to the
proximal bronchi and the esophagus via bronchial and esoph-
ageal branches. The superior phrenic arteries supply the pos-
terior aspect of the diaphragm and anastomose with the
musculophrenic and pericardiacophrenic branches of the
internal thoracic artery.

4.10.5 The Thoracic Sympathetic Nerves

The sympathetic chain of ganglia, or sympathetic trunk,
extends from the pelvic cavityto the cervical spine. It is also
called the thoracolumbar division of the autonomic nervous
system because preganglionic neurons of this system have
their cell bodies in the thoracic and lumbar segments of the
spinal cord, from T1 to L2. The thoracic portion of the sym-
pathetic trunk is found in the posterior mediastinum
(Fig. 4.16). It is composed of sympathetic ganglia, located
along the spine at the junction of the vertebrae and the heads
of the ribs, and the intervening nerve segments that connect
the ganglia. These sympathetic ganglia also called paraverte-
bral sympathetic ganglia due to their position alongside the
vertebral column (see Chap. 5).

There is approximately one sympathetic chain ganglion
for each spinal nerve. There are fewer ganglia than nerves
because some adjacent ganglia fuse during embryologic
development. Such fusion is most evident in the cervical
region where there are eight spinal nerves but only three sym-
pathetic ganglia—the superior, middle, and inferior cervical
ganglia (Fig. 4.13). The inferior cervical ganglion and the
first thoracic (T1) ganglion are often fused, forming the cervi-
cothoracic, or stellate (star-shaped) ganglion.

An axon of the sympathetic nervous system that emerges
from the spinal cord in the thorax travels with the ventral
nerve root to a ventral ramus (in the thorax, this would be an
intercostal nerve) (Fig. 4.20). After traveling a short distance
on this nerve, this presynaptic (preganglionic) neuron enters
the chain ganglion at its level (Fig. 4.21). Within the gan-
glion, it either synapses or travels superiorly or inferiorly to
synapse at another spinal cord level (C1 to S4). After synaps-
ing, the postsynaptic (postganglionic) neuron travels out of
the ganglion and onto the ventral ramus to its target structure
or organ. Presynaptic sympathetic neurons travel from the
ventral ramus to the chain ganglion, and postsynaptic neurons
travel back to the ventral ramus, via small connections called
rami communicantes (so named because they communicate
between the ventral ramus and the sympathetic ganglion).
The presynaptic neuron has a myelin protective coating and
the postsynaptic neuron does not. This pattern of myelination
is true of all nerves in the autonomic system. The myelin
coating appears white and thus the presynaptic (myelinated)
rami communicantes form white rami communicantes, and
the postsynaptic (unmyelinated) neurons form gray rami
communicantes. The gray and white rami communicantes can
be seen spanning the short distance between the intercostal
nerves and the sympathetic ganglia in the posterior mediasti-
num (Fig. 4.8).

Also present in the posterior mediastinum are the thoracic
splanchnic nerves which are seen leaving the sympathetic
trunk and running inferiorly toward the midline (Fig. 4.20).
Splanchnic nerves are mainly preganglionic sympathetic neu-
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Fig.4.20 A typical spinal
nerve showing the
communication of
sympathetic nerves with the
chain ganglia via white and
gray rami communicantes.
©1998 Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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rons that emerge from the spine and pass through the chain
ganglion without synapsing (Fig. 4.21). In the thorax, these
preganglionic splanchnic nerves emerge from spinal cord
segments T5 to T12 and travel into the abdomen where they
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synapse in collateral ganglia called prevertebral ganglia,
located along the aorta. The postganglionic fibers then inner-
vate the abdominal organs. There are three splanchnic nerves
that emerge in the thorax. The greater splanchnic nerves
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emerge from spinal cord segments T5 to T9, although a few
studies report that they can emerge from T2 to T10. The axons
of the lesser and least splanchnic nerves emerge from seg-
ments T10, T11, and T12, respectively.

4.11 Pleuraand Lungs

4.11.1 ThePleura

The bilateral pulmonary cavities contain the lungs and the
pleural membranes (Fig. 4.1). The pleural membrane is a con-
tinuous serous membrane forming a closed pleural cavity
within (Fig. 4.10). The relationship of the lung to this mem-
brane is the same as a fist (representing the lung) pushed into
an under inflated balloon (representing the pleural mem-
brane). The fist becomes covered by the membrane of the bal-
loon, but it is not “inside” the balloon. In the case of the lung,
the pleura that is in contact with the lung is the visceral pleura,
and the outer layer, which is in contact with the inner wall of
the thorax and the mediastinum, is the parietal pleura
(Fig. 4.22). The space within the pleural sac is the pleural
cavity. Under normal conditions, the pleural cavity contains
only a small amount of serous fluid and has no open space at
all. It is referred to as a potential space because a real space
can be created if outside materials, such as blood, pathologic
fluids, or air, are introduced into this space.

The parietal pleura is commonly subdivided into specific
parts based on the part of the thorax it contacts (Figs. 4.10
and 4.22). Costal pleura overlies the ribs and intercostal
spaces. In this region, the pleura is in contact with the endo-
thoracic fascia, the fascial lining of the thoracic cavity. The
mediastinal and diaphragmatic pleura are named for their
contact with these structures. The cervical pleura extends

Fig.4.22 Relationship of the
lungs and walls of the
thoracic cavity to the pleural
membrane. Figure adapted
from Grant’s Dissector, 12th
edn. by EK Sauerland

(Fig. 1.15)

visceral pleura
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over the cupola of the lung, above the first rib into the root
of the neck; it is strengthened by the suprapleural mem-
brane, an extension of the endothoracic fascia over the
cupola of lung.

The lines of pleural reflection are the lines along which the
parietal pleura transitions from one region to the next
(Fig. 4.23). The sternal line of reflection is the point where
costal pleura transitions to mediastinal pleura on the anterior
side of the thorax. The costal line of pleural reflection lies
along the origin of the diaphragm where the costal pleura
transitions to diaphragmatic pleura. Both the costal and ster-
nal lines of reflection are very abrupt. The vertebral line of
pleural reflection lies along the line where costal pleura
becomes mediastinal pleura posteriorly. This angle of reflec-
tion is shallower than the other two. The surface projections
of the parietal pleura are discussed in Sect. 4.12.2.

The parietal pleura reflects onto the lung to become the
visceral pleura at the root of the lung. A line of reflection
descends from the root of the lung, much like the sleeve of a
loose robe hangs from the forearm, forming the pulmonary
ligament (Fig. 4.24). The visceral pleura covers the entire sur-
face of each lung, including the surfaces in the fissures, where
the visceral pleura on one lobe is in direct contact with the
visceral pleura of the other lobe.

The pleural cavity is the space inside the pleural mem-
brane (Fig. 4.22). It is a potential space that, under normal
conditions, contains only a small amount of serous fluid that
lubricates the movement of the visceral pleura against the
parietal pleura during respiration. During expiration, the
lungs do not entirely fill the inferior-most aspect of the pul-
monary cavity. This creates a region, along the costal line of
reflection, where the diaphragmatic and costal pleura come
into contact with each other, with no intervening lung tissue.
This space is known as the costodiaphragmatic recess.

Parietal Pleura

Pleural cavity or Space
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Fig.4.23 Surface anatomy and important surface landmarks on the anterior and posterior thorax. ©1998 Elsevier Inc. All rights reserved. www.
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4.11.2 The Lungs

The primary function of the lungs is to acquire O,, required
for metabolism in tissues, and to release CO,, which is the
metabolic waste product from tissues. The lungs fill the pul-
monary cavities and are separated from each other by struc-
tures in the mediastinum. In the living, the lung tissue is soft,
light, and elastic, filling the pulmonary cavity and accommo-
dating surrounding structures that impinge on the lungs. In
the fixed cadaveric lung, the imprint of structures adjacent to
the lungs is easily seen. Blood and air enter and exit the
lung at the hilum or root of the lung via the pulmonary vessels
and the bronchi.

Each lung is divided into a superior and inferior lobe by
an oblique (major) fissure (Fig. 4.24). The right lung has a
second horizontal (minor) fissure that creates a third lobe
called the middle lobe. Each lung has three surfaces—cos-
tal, mediastinal, and diaphragmatic—and an apex extend-
ing into the cupula at the root of the neck. The costal surface
is smooth and convex while diaphragmatic surfaces are
smooth and concave. The mediastinal surface is concave
and is the site of the root of the lung, where the primary
bronchi and pulmonary vessels enter and exit the lungs.
The mediastinal surface has several impressions created by
structures in the mediastinum. The left lung has a deep

impression accommodating the apex of the heart called the
cardiac impression. There is also a deep impression of the
aortic arch and the descending thoracic aorta behind the
root of the lung. At the superior end of the mediastinal sur-
face, there are impressions from the brachiocephalic vein
and the subclavian artery and a shallow impression from
the esophagus and trachea. On the right side, there are
prominent impressions of the esophagus, behind the root of
the lung, and the arch of the azygos vein, extending over
the root of the lung. An impression of the superior vena
cava and the brachiocephalic vein appear anterior and
above the root of the lung. An impression of both the tra-
chea and esophagus are seen close to the apex of the lung.
Descending from the root of both lungs, the pulmonary
ligament can be seen.

The lungs also have three borders where the three surfaces
meet. The posterior border is where the costal and mediasti-
nal surfaces meet posteriorly. The inferior border is where
the diaphragmatic and costal surfaces meet. The inferior bor-
der of the lung does not extend to the costal pleural reflec-
tion. The anterior border is where the costal and mediastinal
surfaces meet anteriorly. On the left lung, the cardiac impres-
sion creates a visible curvature on the anterior border called
the cardiac notch. Below the cardiac notch, a tongue-like
segment of lung called the lingula protrudes around the apex
of the heart.
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Fig.4.24 Surface anatomy of the right (right) and left (leff) lungs. ©1998 Elsevier Inc. All rights reserved. www.netterimages.com, Frank Netter

The main bronchi are the initial right and left branches
from the bifurcation of the trachea that enter the lung at the
hilum (Fig. 4.25). They, like the trachea, are held open by
C-shaped segments of hyaline cartilage. The right main bron-
chus is wider and shorter and enters the lung more vertically
than the left main bronchus. This is the reason aspirated for-
eign objects more often enter the right lung than the left. The
left main bronchus passes anterior to the esophagus and under
the aortic arch to enter the lung. Once in the lung, the main
bronchi branch multiple times to form the bronchial tree
(Fig. 4.25). The first branching supplies each lobe of the lung.
These are the secondary or lobar bronchi. There are three lobar
bronchi on the right and two on the left supplying their respec-
tive lobes. The lobar bronchi branch into several segmental
bronchi, each of which supplies air to a subpart of the lobe
called a bronchopulmonary segment. Each bronchopulmonary
segment has an independent blood supply and can be resected
without impacting the remaining lung. The segmental bronchi
then further divide into a series of intersegmental bronchi. The
smallest intersegmental bronchi branch to become bronchi-
oles, which can be distinguished from bronchi in that they
contain no cartilage in their wall. The terminal bronchioles
branch into a series of respiratory bronchioles, each of which
contain alveoli. The respiratory bronchioles terminate by

branching into alveolar ducts that lead into alveolar sacs,
which are clusters of alveoli. It is in the alveoli where gasses
in the air are exchanged with the blood.

Each lung is supplied by a pulmonary artery that carries
deoxygenated blood (thus they are colored blue in anatomical
atlases) from the right ventricle of the heart (Fig. 4.25). Each
pulmonary artery enters the hilum of the lung and branches
with the bronchial tree to supply blood to the capillary bed
surrounding the alveoli. The arterial branches have the same
names as the bronchial branches. Oxygenated blood is
returned to the left atrium of the heart via the paired pulmo-
nary veins emerging from the hilum of both lungs. The pul-
monary veins do not run the same course as the pulmonary
arteries within the lung. At the hilum of the lung, the pulmo-
nary artery is typically the most superior structure with the
main bronchus immediately below. On the right, the main
bronchus is somewhat higher and the superior lobar bronchus
crosses superior to the pulmonary artery; it is referred to as
the eparterial bronchus. The pulmonary veins exit the hilum
of the lung inferior to both the main bronchus and the pulmo-
nary artery.

Lymphatic drainage of the lungs is to tracheobronchial
lymph nodes located at the bifurcation of the trachea
(Fig. 4.26). A subpleural lymphatic plexus lies under the vis-
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Fig.4.25 Pattern of structure entering and leaving the root of the lung (leff) and the branching pattern of the bronchi (right). ©1998 Elsevier Inc.
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Fig.4.26 Pattern of
lymphatic drainage from the
lungs. ©1998 Elsevier Inc.
All rights reserved. www.
netterimages.com, Frank
Netter
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ceral pleura and drains directly to the tracheobronchial nodes.
A deep lymphatic plexus drains along the vasculature of the
lungs to pulmonary nodes along the bronchi, which communi-
cate with bronchopulmonary nodes at the hilum and from there
to the tracheobronchial nodes. The lymphatic drainage from
the lungs may drain directly to the subclavian veins via the
bronchomediastinal trunks or into the common thoracic duct.
The lungs receive innervation from the pulmonary
plexus (Fig. 4.16). The parasympathetic nerves are from
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the vagus (CN X)), and they are responsible for the constric-
tion of the bronchi and vasodilatation of the pulmonary
vessels. They are also secretomotor to the glands in the
bronchial tree. The sympathetics act opposite to the para-
sympathetics. Pain afferents from the costal pleura and the
outer parts of the diaphragmatic pleura are derived from the
intercostal nerves. The phrenic nerves contain sensory
afferents for the mediastinal pleura and the central part of
the diaphragmatic pleura.
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Fig.4.27 The participation of muscles in respiration. ©1998 Elsevier Inc. All rights reserved. www.netterimages.com, Frank Netter

4.11.3 Mechanics of Respiration

Respiration is controlled by: (1) the muscles of the thoracic
wall, (2) the respiratory diaphragm, (3) the muscles of the
abdominal wall, and (4) the natural elasticity of the lungs
(Fig. 4.27). The diaphragm contracts during inspiration,
causing the dome of the diaphragm to descend and the verti-
cal dimension of the thoracic cavity to increase.
Simultaneously, the ribs are elevated by the contraction of
external intercostal muscles and the interchondral parts of the
internal intercostals. During deep inspiration, the ribs are fur-

ther elevated by the contraction of muscles in the neck.
Elevation of the ribs increases the diameter of the thoracic
cavity. The net result is the expansion of the pulmonary cavi-
ties. When the walls of the thorax expand, the lungs expand
with them due to the negative pressure created in the pleural
cavity and the propensity of the visceral pleura to maintain
contact with the parietal pleura due to the surface tension of
the liquid between these surfaces (somewhat like two plates
of glass sticking together with water in between them). The
resultant negative pressure in the lungs forces the subsequent
intake of air.
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Quiet expiration of air is primarily caused by the elastic
recoil of the lungs when the muscles of inspiration are relaxed.
Further expiration is achieved by the contraction of the lateral
internal intercostal muscles, depressing the ribs, and the con-
traction of abdominal muscles, causing increased abdominal
pressure which pushes up on the diaphragm. At rest, the inward
pull of the lungs (trying to deflate further) is at equilibrium with
the springlike outward pull of the thoracic wall.

4,12 Surface Anatomy

4.12.1 Landmarks of the Thoracic Wall

There are several defined vertical lines that demark regions
of the anterior and posterior thoracic wall (Fig. 4.23).
These lines are used to describe the location of surface
landmarks and the locations of injuries or lesions on or
within the thorax. The anterior median line runs vertically
in the midline; it is also referred to as the midsternal line.
The midclavicular line bisects the clavicle at its midpoint
and typically runs through, or close to, the nipple. Three
lines demarcate the axilla. The anterior axillary line runs
vertically along the anterior axillary fold, and the poste-
rior axillary line runs parallel to it along the posterior axil-
lary fold. The midaxillary line runs in the midline of the
axilla, at its deepest part. The scapular line runs vertically
on the posterior thorax, through the inferior angle of the
scapula. The posterior median line, also called the midver-
tebral or midspinal line, runs vertically in the midline on
the posterior thorax.

The sternum lies subcutaneously in the anterior median
line and can be palpated throughout its length. The jugular
notch is found at the upper margin of the sternum, between
the medial ends of the clavicle. The jugular notch is easily
palpated and can usually be seen as a depression on the sur-
face. The jugular notch represents the anterior junction of the
superior mediastinum and the root of the neck. It lies at the
level of the T2 vertebra posteriorly. The manubrium intersects
with the body of the sternum about 4 cm inferior to the jugular
notch, at the manubriosternal joint; this joint creates the ster-
nal angle which is normally visible on the surface of the tho-
rax. The sternal angle(of Louis) demarcates the inferior border
of the superior mediastinum and lies at the level of the inter-
vertebral disk between T4 and TS. The second rib articulates
with the sternum at the sternal angle, making this site an
excellent landmark for determining rib number. Immediately
adjacent to the sternal angle is rib 2; the other ribs can be
found by counting up or down from rib 2. Intercostal spaces
are numbered for the rib above. On the posterior thorax, the
fourth rib can be found at the level of the medial end of the
spine of the scapula and eighth rib at the inferior angle.

M.S. Cook and A.J. Weinhaus

The manubrium overlies the junction of the brachioce-
phalic veins to form the superior vena cava (Fig. 4.23). The
superior vena cava passes at the level of the sternal angle and
at (or slightly to the right of) the border of the manubrium.
The superior vena cava typically enters the right atrium
behind the costal cartilage of the third rib on the right and is
sometimes accessed for various procedures; knowledge of
this surface anatomy is critical.

The xiphoid process is the inferior part of the sternum and
lies in a depression called the epigastric fossa at the apex of the
infrasternal angle formed by the convergence of the costal
margins at the inferior border of the thorax (Fig. 4.23). Note
that the location of the xiphisternal joint is used as a landmark
to determine hand position for cardiopulmonary resuscitation.

The breasts are also surface features of the thoracic wall.
In women, the breasts vary greatly in size and conformation,
but the base of a breast usually occupies the space between
ribs 2 and 6, from the lateral edge of the sternum to the midax-
illary line. The nipples, surrounded by an area of darker pig-
mented skin called the areola, are the prominent features of
the breast. In men, the nipple is located anterior to the fourth
intercostal space in the midclavicular line. Because of the
variation in breast anatomy in the female, the location of the
nipple is difficult to predict.

4.12.2 The Lungs and Pleura

The pleural sac is outlined by the parietal pleura as it projects
onto the surface of the lungs (Fig. 4.23). From the root of the
neck, these projections follow the lateral edge of the sternum
inferiorly. On the left, the border of the parietal pleura moves
laterally at the level of fourth costal cartilage to accommo-
date the cardiac notch within the mediastinum. The pleura
follows a line just superior to the costal margin, reaching the
level of the tenth rib at the midaxillary line. Posteriorly the
inferior margin of the plural cavity lies at the level of T12,
and the medial margin follows the lateral border of the verte-
bral column to the root of the neck. In the superior parts of the
pleural cavity, the visceral pleura of the lungs is in close con-
tact with the parietal pleura, with the lungs consequently fill-
ing the plural cavity. Both lungs and parietal pleura (cervical
part) extend above the clavicles into the supraclavicular fos-
sae, at the root of the neck. At the inferior reaches of the pleu-
ral cavities, the lungs stop short of filling the plural cavity,
reaching only to the level of the sixth rib in the midclavicular
line, the eighth rib in the midaxillary line, and the tenth rib
posteriorly, creating the costodiaphragmatic recesses. The
major (oblique) fissures of the lungs extend along a line from
the spinous process of T2 to the costal cartilage of the sixth
rib. The minor (horizontal) fissure of the right lung lies under
the fourth rib.
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Fig.4.28 Illustration of
thoracocentesis. Figure
adapted from Grant’s
Dissector, 12th edn. by EK
Sauerland (Fig. 1.16)

Costodiaphragmatic
recess

Under pathologic conditions, fluid can accumulate in the
pleural cavity. This fluid normally drains inferiorly and accu-
mulates in the costodiaphragmatic recess. Thoracocentesis
refers to the procedure used to drain such fluid (Fig. 4.28). To
do so, a needle is commonly inserted into the costodiaphrag-
matic recess by passing it through the middle of the intercos-
tal space, being careful to avoid the primary intercostal
neurovascular bundle immediately below the rib above and
collaterals above the rib below.

4.12.3 The Heart

The heart and great vessels are covered by the sternum and
central part of the thoracic cage (Fig. 4.23). The apex of the
heart usually lies in the fifth intercostal space just medial of
the midclavicular line. The upper border of the heart follows
a line from the inferior border of the left second costal carti-
lage to the superior border of the right costal cartilage. The
inferior border of the heart lies along a line from the right
sixth costal cartilage to the fifth intercostal space at the mid-
clavicular line, where the apex of the heart is located. The
right and left borders follow lines connecting the right and
left ends of the superior and inferior borders. All four heart
valves, the closing of which account for the heart sounds, lie
well protected behind the sternum. The sounds of the indi-
vidual valves closing are best heard at auscultatory sites to
which their sounds are transmitted (see Chap. 18). The bicus-
pid (mitral) valve is heard at the apex of the heart in the region
of the fourth or fifth intercostal spaces on the left near the
midclavicular line. The tricuspid valve can be heard along the
left margin of the sternum at the level of the fourth or fifth
intercostal space. The pulmonary valve is heard along the left
border of the sternum in the second intercostal space. The
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aortic valve is heard at the second intercostal space on the
right sternal border.

4.12.4 Vascular Access

Understanding the surface landmarks relative to the axilla
and subclavian region is critical for the successful access of
the venous system via the subclavian vein. The subclavian
vein passes over the first rib and under the clavicle at the
junction of its middle and medial thirds; it courses through
the base of the neck where it passes anterior to the apex of the
lung and the pleural cavity (Fig. 4.29). The subclavian vein
is immediately anterior to the subclavian artery and is sepa-
rated from the artery medially by the anterior scalene muscle.
To access the subclavian vein, a needle is inserted approxi-
mately 1 cm inferior to the clavicle at the junction of its
medial and middle thirds and aimed toward the jugular notch,
parallel with the vein to minimize risk of injury to adjacent
structures. The most common complication of subclavian
venous access is puncture of the apical pleura with resulting
pneumothorax or hemopneumothorax. In addition, the sub-
clavian artery, lying behind the vein, also has the potential to
be injured by this procedure. If subclavian access is attempted
on the left, one must also be aware of the junction of the
thoracic duct with the subclavian vein. Injury to the thoracic
duct can result in chylothorax, the accumulation of lymph in
the plural cavity. This is difficult to treat and has an associ-
ated high morbidity. When access of the subclavian is
attempted for cardiac lead placement, care must be taken to
avoid piercing the subclavius muscle or costoclavicular liga-
ment. Passing the lead through these structures tethers it to
the highly mobile clavicle which may cause premature
breakage of the lead.
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Fig.4.29 Anatomy of the
subclavian veins and
surrounding structures.
©1998 Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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4.13 Summary

Options for accessing the heart, in a minimally invasive
fashion, are limited by the vascular anatomy of the superior
mediastinum and the axilla. Percutaneous access strategies
are limited by the bony anatomy of the thoracic cage. How a
device interacts with the thorax, and accommodates basic
thoracic movements and movements of the upper extremity
and neck, must be understood in order for design devices
that will endure in the body. Thus, a thorough understanding
of the thoracic anatomy surrounding the heart is important to
those seeking to design and deploy devices for placement
and use in the heart. With an understanding of the important
thoracic anatomical relationships presented in this chapter,
the engineer should be able to design devices with an intu-
ition for the anatomical challenges that will be faced for
proper use and deployment of the device.
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Abstract

This chapter covers the internal and external anatomy of the heart, its positioning within the
thorax, and its basic function. Briefly, the heart is a muscular pump, located in the protective
thorax, which serves two functions: (1) collect blood from the tissues of the body and pump
it to the lungs and (2) collect blood from the lungs and pump it to all the tissues of the body.
The heart’s two upper chambers (or atria) function primarily as collecting chambers, while
two lower chambers (ventricles) are much stronger and function to pump blood. The right
atrium and ventricle collect blood from the body and pump it to the lungs, and the left
atrium and ventricle collect blood from the lungs and pump it throughout the body. There is
a one-way flow of blood through the heart which is maintained by a set of four valves (tri-
cuspid, bicuspid, pulmonary, and aortic). The tissues of the heart are supplied with nourish-
ment and oxygen by a separate vascular supply committed only to the heart; the arterial
supply to the heart arises from the base of the aorta as the right and left coronary arteries,
and the venous drainage is via cardiac veins that return deoxygenated blood to the right

atrium.

Keywords

Cardiac anatomy * Mediastinum ¢ Pericardium ¢ Atrium ¢ Ventricle ¢ Valves ¢ Coronary
artery * Cardiac veins ¢ Cardiac skeleton ¢ Cardiopulmonary circulation

5.1 Introduction

The heart is a muscular pump which serves two functions:
(1) collect blood from the tissues of the body and pump it to
the lungs and (2) collect blood from the lungs and pump it to
all of the tissues of the body. The human heart lies in the
protective thorax, posterior to the sternum and costal carti-
lages, and rests on the superior surface of the diaphragm.
The heart assumes an oblique position in the thorax, with
two-thirds to the left of midline. It occupies a space between
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the pleural cavities called the middle mediastinum, defined
as the space inside of the pericardium, the covering around
the heart. This serous membrane has an inner and an outer
layer, with a lubricating fluid in between. The fluid allows
the inner visceral pericardium to “glide” against the outer
parietal pericardium.

The internal anatomy of the heart reveals four chambers
composed of cardiac muscle or myocardium. The two upper
chambers (or atria) function mainly as collecting chambers;
the two lower chambers (ventricles) are much stronger and
function to pump blood out of the heart. The role of the right
atrium and ventricle is to collect blood from the body and
pump it to the lungs. The role of the left atrium and ventricle
is to collect blood from the lungs and pump it throughout the
body. There is a one-way flow of blood through the heart;
this flow is maintained by a set of four valves. The atrioven-
tricular or AV valves (the right tricuspid and left bicuspid or
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mitral) allow blood to flow only from atria to ventricles. The
semilunar valves (pulmonary and aortic) allow blood to flow
only from the ventricles out of the heart and through the
great arteries.

A number of structures that can be observed in the adult
heart are remnants of fetal circulation. In the fetus, the lungs
do not function as a site for the exchange of oxygen and
carbon dioxide, and the fetus receives all of its oxygen from
the mother. In the fetal heart, blood arriving to the right side
of the heart is passed through specialized structures to the
left side. Shortly after birth, these specialized fetal structures
normally collapse, and the heart takes on the “adult” pattern
of circulation. However, in rare cases, some fetal remnants
and defects can occur (see Chap. 37).

Although the heart is filled with blood, it provides very
little nourishment and oxygen to the tissues of the heart.
Instead, the tissues of the heart are supplied by a separate
vascular supply committed only to the heart. The arterial
supply to the heart arises from the base of the aorta as the
right and left coronary arteries (running in the coronary sul-
cus). The venous drainage is via cardiac veins that return
deoxygenated blood to the right atrium (see Chap. 8).

It is important to note that besides pumping oxygen-rich
blood to the tissues of the body for exchange of oxygen for
carbon dioxide, the blood also circulates many other impor-
tant substances. Nutrients from digestion are collected from
the small intestine and pumped through the circulatory
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system to be delivered to all cells of the body. Hormones are
produced from one type of tissue and distributed to all cells
of the body. The circulatory system also carries waste mate-
rials (salts, nitrogenous wastes, and excess water) from cells
to the kidneys, where they are extracted and passed to the
bladder. The pumping of interstitial fluid from the blood into
the extracellular space is an important function of the heart.
Excess interstitial fluid is then returned to the circulatory
system via the lymphatic system.

5.2  Position of the Heart in the Thorax
The heart lies in the protective thorax, posterior to the ster-
num and costal cartilages, and rests on the superior surface
of the diaphragm. The thorax is often referred to as the tho-
racic cage because of its protective function of the delicate
structures within. The heart is located between the two lungs
which occupy the lateral spaces called the pleural cavities.
The space between these two cavities is referred to as the
mediastinum (“that which stands in the middle”; Fig. 5.1).
The mediastinum is divided first into the superior and
inferior mediastinum by a midsagittal imaginary line called
the transverse thoracic plane. This plane passes through the
sternal angle (junction of the manubrium and body of the
sternum) and the space between thoracic vertebrae T, and Ts.
This plane acts as a convenient landmark as it also passes

Fig.5.1 Position of the heart
in the thorax. The heart lies in
the protective thorax, posterior
to the sternum and costal
cartilages, and rests on the
superior surface of the
diaphragm. The heart assumes
an oblique position in the
thorax, with two-thirds to the
left of midline. It is located
between the two lungs which

occupy the lateral spaces
called the pleural cavities. The
space between these two
cavities is referred to as the
mediastinum. The heart lies
obliquely in a division of this
space, the middle
mediastinum, surrounded by
the pericardium. Marieb,
Elaine N.: Wilhelm, Paticia
Brady; Mallatt, Jon B., Human
Anatomy, 7th, © 2013. Printed
and electronically reproduced
by permission of Pearson
Education, Inc., New York,
New York

mediastinum

Copyright © 2001 Benjamin Cummings.

pericardium

an imprint of Addison Wesley Longman, Inc.
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Fig.5.2 Human cadaver
dissection in which the ribs
were cut laterally and the
sternum and ribs reflected
superiorly. This dissection
exposes the contents of the
thorax (the heart, great
vessels, lungs, and
diaphragm)

great vessels

heart

pericardium

through the following structures: the bifurcation of the trachea,
the superior border of the pericardium, the artificial division
of the ascending and arch of the aortic artery, and the bifur-
cation of the pulmonary trunk into the pulmonary arteries.
The human heart assumes an oblique position in the tho-
rax, with two-thirds to the left of midline (Figs. 5.2 and 5.3).
The heart is roughly in a plane that runs from the right shoul-
der to the left nipple. The base is located below the 3rd rib as
it approaches the sternum (note that the sternal angle occurs
at the level of the 2nd rib). The base is directed superiorly, to
the right of midline, and posterior. The pointed apex projects
to the left of midline and anterior. Thus, the heartbeat can be
easily palpated between the 5th and 6th ribs (just inferior to
the left nipple) from the apex of the heart where it comes into
close proximity of the thoracic wall. Importantly, the heart
lies in such an oblique plane that it is often referred to as
being horizontal. Thus, the anterior side may be imagined as
the superior and the posterior side as inferior (for additional
detail on attitudinally correct cardiac anatomy, see Chap. 2).
The heart is composed of four distinct chambers. There
are two atria (left and right) responsible for collecting blood
and two ventricles (left and right) responsible for pumping
blood. The atria are positioned superior to (or posterior to)
and somewhat to the right of their respective ventricles
(Fig. 5.3). From superior to inferior down the anterior (or
superior) surface of the heart runs the anterior interventricu-
lar sulcus (“a groove”). This sulcus separates the left and
right ventricles. This groove continues around the apex as
the posterior interventricular sulcus on the posterior (infe-
rior) surface. Between these sulci, located within the heart, is
the interventricular septum (“wall between the ventricles”).
The base of the heart is defined by a plane that separates the

left lung

pericardium

diaphragm

atria from the ventricles also called the atrioventricular
groove or sulcus. This groove appears like a belt cinched
around the heart. Since this groove appears as though it
might also be formed by placing a crown atop the heart, the
groove is also called the coronary (corona="‘‘crown”) sulcus.
The plane of this sulcus also contains the AV valves (and the
semilunar valves) and a structure that surrounds the valves
called the cardiac skeleton. The interatrial (“between the
atria”) septum is represented on the posterior surface of the
heart as the atrial sulcus. Also on the posterior (inferior) side
of the heart, the crux cordis (“cross of the heart”) is formed
from the atrial sulcus, posterior interventricular sulcus, and
the relatively perpendicular coronary sulcus.

Note that the great arteries, aorta, and pulmonary trunk
arise from the base of the heart and the inferior angle of the
heart is referred to as the apex; this resembles an inverted
pyramid. The right and left atrial appendages (or auricles, so
named because they look like dog ears, auricle="little ear”)
appear as extensions hanging off each atrium.

The anterior (superior) surface of the heart is formed pri-
marily by the right ventricle. The right lateral border is
formed by the right atrium, and the left lateral border by the
left ventricle. The posterior surface is formed by the left
ventricle and the left atrium which is centered equally upon
the midline.

The acute angle found on the right anterior side of the
heart is referred to as the acute margin of the heart and con-
tinues toward the diaphragmatic surface. The rounded left
anterior side is referred to as the obtuse margin of the heart
and continues posteriorly and anteriorly. Both right and left
ventricles contribute equally to the diaphragmatic surface,
lying in the plane of the diaphragm.
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Fig.5.3 The anterior surface
of the heart. The atria are
positioned superior to
(posterior to) and to the right
of their respective ventricles.
From superior to inferior,
down the anterior surface of
the heart, runs the anterior
interventricular sulcus (“a
groove”). This sulcus
separates the left and right
ventricles. The base of the
heart is defined by a plane
that separates the atria from
the ventricles called the
atrioventricular groove or
sulcus. Note that the great
arteries, aorta, and pulmonary
trunk arise from the base of
the heart. The right and left
atrial appendages appear as
extensions hanging off each
atrium. The anterior (superior)
surface of the heart is formed
primarily by the right
ventricle. The right lateral
border is formed by the right
atrium, and the left lateral
border by the left ventricle.
The posterior surface is
formed by the left ventricle
and the left atrium which is
centered equally upon the
midline midline. © 2006
Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter

5.3  ThePericardium

The pericardium (peri="‘‘around”+cardia="heart”) is the
covering around the heart. It is a serous membrane, com-
posed of two distinct but continuous layers that are separated
from each other by a potential space containing a lubricating
substance called serous fluid. During embryological devel-
opment, the heart moves from a peripheral location into a
space or cavity. This cavity has a serous fluid-secreting lin-
ing. As the heart migrates into the cavity, the serous lining
wraps around the heart. This process can be described as
being similar to a fist being pushed into a balloon (Fig. 5.4).
Note that the fist is surrounded by balloon; however, it does
not enter the balloon, and the balloon is still one continuous
layer of material. These same properties are true for the

pericardium

diaphragm -
phrag ;F}qg’%’

pericardium. Furthermore, although it is one continuous
layer, the pericardium is divided into two components. The
part of the pericardium that is in contact with the heart is
called the visceral pericardium (viscus=“internal organ”) or
epicardium (epi="‘“‘upon”+“heart”). The part of the pericar-
dium forming the outer border is called the parietal pericar-
dium (parietes="“walls”). The free or opposing surfaces of
these serous membranes (epicardium and parietal pericar-
dium) are covered by a single layer of flat-shaped epithelial
cells called mesothelium. The mesothelial cells secrete a small
amount of serous fluid to lubricate the movement of the epi-
cardium against the parietal pericardium. The serous surfaces
of the epicardium and parietal pericardium are often referred
to as the serous pericardium. The outer surface of these
serous membranes is a thin layer of fibroelastic connective
tissue which supports the mesothelium. The epicardium also
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Fig.5.4 The pericardium. The pericardium is the covering around the
heart that is composed of two distinct but continuous layers that are
separated from each other by a potential space containing a lubricating
serous fluid. During embryological development, the heart migrates
into the celomic cavity and a serous lining wraps around it, a process
similar to a fist being pushed into a balloon (the balloon and pericar-
dium is one continuous layer of material). The pericardium can be
divided into the visceral pericardium (epicardium) and the parietal peri-
cardium. A small amount of serous fluid is secreted into the pericardial
space to lubricate the movement of the epicardium on the parietal peri-
cardium. The parietal pericardium contains an epipericardial layer
called the fibrous pericardium

contains a broad layer of adipose tissue between the fibro-
elastic layer and the heart muscle or myocardium. The pari-
etal pericardium contains an additional layer referred to as
the fibrous pericardium. This layer contains collagen and
elastin fibers to provide strength to the parietal pericardium.
It is important to note, however, that there is no potential
space between the parietal and fibrous pericardium. The
parietal pericardium, together with the fibrous pericardium,
is often referred to as the fibrous pericardium.

Inferiorly, the parietal pericardium is attached to the
diaphragm. Anteriorly, the superior and inferior pericardio-
sternal ligaments secure the parietal pericardium to the
manubrium and the xiphoid process, respectively. Laterally,
the parietal pericardium (specifically, the fibrous pericar-
dium) is in contact with the parietal pleura (the covering of
the lungs). Trapped between the fibrous pericardium and the
parietal pleura are the phrenic nerves (motor innervation to
the diaphragm). Accompanying these nerves are the pericar-
diacophrenic arteries and veins (supplying the nerve, peri-
cardium, and diaphragm).

Under normal circumstances, only serous fluid exists
between the visceral and parietal layers in the pericardial
space or cavity. However, the accumulation of fluid (blood
from trauma, inflammatory exudate following infection) in
the pericardial space leads to the compression of the heart.
This condition, called cardiac tamponade (‘“heart”+tam-
pon="plug”), occurs when the excess fluid limits the expan-
sion of the heart (the fibrous pericardium resists stretching)
between beats and reduces the ability to pump blood, leading
to hypoxia (hypo="“low” +“oxygen”).
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Superiorly, the parietal pericardium surrounds the aorta
and pulmonary trunk (about 3 cm above their departure from
the heart) and is referred to as the arterial reflections or arte-
rial mesocardium;, the superior vena cava, inferior vena cava,
and pulmonary veins are surrounded by the venous reflec-
tions or venous mesocardium. The outer fibrous (epipericar-
dial) layer merges with the outer adventitial layer of the great
vessels, which is continuous with the visceral pericardium.
The result of this reflection is that the heart hangs “suspended”
within the pericardial cavity. For more details on the
Pericardium, see Chap. 9.

Within the parietal pericardium, a blind-ended saclike
recess called the oblique pericardial sinus is formed from
the venous reflections of the inferior vena cava and pulmo-
nary veins (Fig. 5.5). A space called the transverse pericar-
dial sinus is formed between the arterial reflections above
and the venous reflections of the superior vena cava and pul-
monary veins below. This sinus is important to cardiac sur-
geons in various procedures when it is important to stop or
divert the circulation of blood from the aorta and pulmonary
trunk. By passing a surgical clamp or ligature through the
transverse sinus and around the great vessels, the tubes of a
circulatory bypass machine can be inserted. For more details
on cardiopulmonary bypass, see Chap. 33.

5.4 Internal Anatomy of the Heart

A cross-section cut through the heart reveals a number of
layers (Fig. 5.6). From superficial to deep, these are (1) the
parietal pericardium with its dense fibrous layer, the fibrous
pericardium; (2) the pericardial cavity (containing only
serous fluid); (3) a superficial visceral pericardium or epicar-
dium (epi="“‘upon”+“heart”); (4) a middle myocardium
(myo="muscle” + “heart”); and (5) a deep lining called the
endocardium (endo="‘“within”). The endocardium is the
internal lining of the atrial and ventricular chambers and is
continuous with the endothelium (lining) of the incoming
veins and outgoing arteries. It also covers the surfaces of the
AV valves, pulmonary and aortic valves, as well as the chor-
dae tendineae and papillary muscles. The endocardium is a
sheet of epithelium called endothelium that rests on a dense
connective tissue layer consisting of elastic and collagen
fibers. These fibers also extend into the core of the previously
mentioned valves.

The myocardium is the tissue of the heart wall, the layer
that actually contracts. The myocardium consists of cardiac
muscles which are circularly and spirally arranged networks
of muscle cells that squeeze blood through the heart in the
proper directions (inferiorly through the atria and superiorly
through the ventricles). Unlike all other types of muscle
cells, (1) cardiac muscle cells branch; (2) cardiac muscles
join together at complex junctions called intercalated disks,
so that they form cellular networks; and (3) each cell contains
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Fig.5.5 Pericardial sinuses.
(a) A blind-ended sac called
the oblique pericardial sinus
is formed from the venous
reflections of the inferior vena
cava and pulmonary veins.
(b) Another sac, the
transverse pericardial sinus, is
formed between the arterial
reflections above and the
venous reflections of the
superior vena cava and
pulmonary veins below
below. © 2006 Elsevier Inc.
All rights reserved. www.
netterimages.com, Frank
Netter
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single centrally located nuclei. A cardiac muscle cell is not
called a fiber. The term cardiac muscle fiber, when used,
refers to a long row of joined cardiac muscle cells.

Like skeletal muscle, cardiac muscle cells are triggered to
contract by Ca?* ions flowing into the cell. Cardiac muscle
cells are joined by complex junctions called intercalated
disks. The disks contain adherens to hold the cells together,

arch of aorta

pulmonary trunk

transverse sinus

left pulmonary veins

oblique sinus

right pulmonary vein

inferior vena cava

transverse sinus

left pulmonary
veins
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and there are gap junctions to allow ions to pass easily
between the cells. The free movement of ions between cells
allows for the direct transmission of an electrical impulse
through an entire network of cardiac muscle cells. This
impulse, in turn, signals all the muscle cells to contract at the
same time. For more details on the electrical properties of the
heart, the reader is referred to Chap. 13.
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Fig. 5.6 Internal anatomy of the heart. The walls of the heart contain
three layers—the superficial epicardium, the middle myocardium com-
posed of cardiac muscle, and the inner endocardium. Note that cardiac
muscle cells contain intercalated disks which enable the cells to commu-

5.4.1 Cardiopulmonary Circulation

In order to best understand the internal anatomy of the heart,
it is desirable to first understand its general function. The
heart has two primary functions—collect oxygen-poor blood
and pump it to the lungs for the release of carbon dioxide in
exchange for oxygen and collect oxygen-rich blood from the
lungs and pump it to all tissues in the body to provide oxygen
in exchange for carbon dioxide.

The four chambers in the heart can be segregated into the
left and the right side, each containing an atrium and a ven-
tricle. The right side is responsible for collecting oxygen-poor
blood and pumping it to the lungs. The left side is responsi-
ble for collecting oxygen-rich blood from the lungs and
pumping it to all tissues in the body. Within each side, the
atria are the sites where blood collects and passes through to
the ventricles and then they contract to eject the final vol-
umes of blood into the ventricles. The ventricle is much
stronger, and it is a site for the pumping of blood out and
away from the heart (Figs. 5.7 and 5.8).

The right ventricle is the site for the collection of ALL
oxygen-poor blood. The large superior and inferior venae
cavae, among other veins, carry oxygen-poor blood from the
upper and lower parts of the body to the right atrium. The
right ventricle pumps the blood out of the heart and through
the pulmonary trunk. The term trunk, when referring to a
vessel, is a convention that indicates an artery that bifurcates.
The pulmonary trunk bifurcates into the left and right pulmo-
nary arteries that enter the lungs. It is important to note that
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nicate and allow direct transmission of electrical impulses from one cell
to another. Martini, Frederic H.; Timmons, Michael J.; Tallitsch, Robert
B., Human Anatomy, 4th, © 2003. Printed and electronically reproduced
by permission of Pearson Education, Inc., New York, New York

the term “artery” is always used for a vessel that carries
blood AWAY from the heart. This is irrespective of the oxy-
gen content of the blood that flows through the vessel.

Once oxygenated, the oxygen-rich blood returns to the
heart from the right and left lung through the right and left
pulmonary vein, respectively (“vein”—a vessel carrying
blood foward the heart). Each pulmonary vein bifurcates
before reaching the heart. Thus, there are typically four pul-
monary veins entering the left atrium. Oxygen-rich blood is
pumped out of the heart by the left ventricle and into the
aortic artery.

Observing the heart from a superior vantage point, the
pulmonary trunk assumes a leftmost anterior location pro-
jecting upward from the base of the heart, the aorta is located
in a central location, and the superior vena cava has the right-
most posterior location.

5.4.2 The Right Atrium

The interior of the right atrium has three anatomically dis-
tinct regions, each a remnant of embryologic development.
The posterior portion of the right atrium has a smooth wall
and is referred to as the sinus venarum (embryologically
derived from the right horn of the sinus venosus). The wall of
the anterior portion of the right atrium is lined by horizontal,
parallel ridges of muscle bundles that resemble the teeth of a
comb, hence the name pectinate muscle (pectin=*“a comb,”
embryologically derived from the primitive right atrium).
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Fig.5.7 Cardiopulmonary
circulation. The four
chambers in the heart can be
segregated into the left and
the right side, each containing
an atrium and a ventricle. The
right side is responsible for
collecting oxygen-poor blood
and pumping it to the lungs.
The left side is responsible for
collecting oxygen-rich blood
from the lungs and pumping it
to the body. An artery is a
vessel that carries blood away
from the heart, while a vein is
a vessel that carries blood
toward the heart. The
pulmonary trunk and arteries
carry blood to the lungs.
Exchange of carbon dioxide
for oxygen occurs in the lung
through the smallest of
vessels, the capillaries.
Oxygenated blood is returned
to the heart through the
pulmonary veins and
collected in the left atrium
atrium. © 2006 Elsevier Inc.
All rights reserved. www.
netterimages.com, Frank
Netter

Fig.5.8 Cardiac circulation.
Blood collected in the right
atrium is pumped into the
right ventricle. Upon
contraction of the right
ventricle, blood passes
through the pulmonary trunk
and arteries to the lungs.
Oxygenated blood returns to
the left atrium via pulmonary
veins. The left atrium pumps
the blood into the left
ventricle. Contraction of the
left ventricle sends the blood
through the aortic artery to all
tissues in the body. The
release of oxygen in exchange
for carbon dioxide occurs
through capillaries in the
tissues. Return of oxygen-
poor blood is through the
superior and inferior vena
cavae which empty into the
right atrium. Note that a
unidirectional flow of blood
through the heart is
accomplished by valves
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Fig.5.9 Internal anatomy of
the right atrium. The interior
of the right atrium has three
anatomically distinct regions:
(1) the posterior portion
(sinus venarum) which has a
smooth wall; (2) the wall of
the anterior portion which is
lined by horizontal, parallel
ridges of muscle referred to as
pectinate; and (3) the atrial
septum septum. © 2006
Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter
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Finally, the interatrial septum is primarily derived from the
embryonic septum primum and septum secundum. For more
details on the embryology of the heart, refer to Chap. 3.

The smooth posterior wall of the right atrium holds the
majority of the named structures of the right atrium. It
receives both the superior and inferior vena cavae and the
coronary sinus. It also contains the fossa ovalis, the sinoatrial
(SA) node, and the AV node.

The inferior border of the right atrium contains the opening
or ostium of the inferior vena cava and the os or ostium of the
coronary sinus (Fig. 5.9). The coronary sinus is located on the
posterior (inferior) side of the heart and receives almost all of
the deoxygenated blood from the vasculature of the heart. The
os of the coronary sinus opens into the right atrium anteriorly/
inferiorly to the orifice of the inferior vena cava. A valve of the
inferior vena cava (Eustachian valve, a fetal remnant) guards
the orifice of the inferior vena cava (Bartolommeo E. Eustachio,
Italian Anatomist, 1520-1574). The valve of the coronary
sinus (Thebesian valve) covers the opening of the coronary
sinus (fetal remnant to prevent backflow, Adam C. Thebesius,
German physician, 1686—1732). Both of these valves vary in
size and presence. These two venous valves insert into a prom-
inent ridge, the Eustachian ridge (sinus septum), that runs
medial-lateral across the inferior border of the atrium and
separates the os of the coronary sinus and inferior vena cava.
For more details on the valves of the heart, refer to Chap. 34.

On the medial side of the right atrium, the interatrial septum
(atrial septum) has an interatrial and an atrioventricular part.

valve of the IVC
(Eustachian)

right auricle

crista terminalis

smooth

pectinate

valve of the coronary sinus
(Thebesian)

The fossa ovalis (a fetal remnant) is found in the interatrial
part of the atrial septum. It appears as a central depression sur-
rounded by a muscular ridge or limbus. The fossa ovalis is
positioned anterior and superior to the ostia of both the inferior
vena cava and the coronary sinus. A tendinous structure, the
tendon of Todaro, crosses the floor of the right atrium. It con-
nects the valve of the inferior vena cava to a portion of the
interventricular septum (between ventricles). More specifi-
cally, the tendon connects to the central fibrous body (the right
fibrous trigone) as a fibrous extension of the membranous por-
tion of the interventricular septum. It courses obliquely within
the Eustachian ridge and separates the fossa ovalis above from
the coronary sinus below. This tendon likely has a structural
role to support the inferior vena cava via the Eustachian valve
and is a useful landmark in approximating the location of the
AV node (conduction system).

To approximate the location of the AV node, found in the
floor of the right atrium and the atrial septum, it is necessary
to form a triangle (triangle of Koch; Walter Koch, German
surgeon, unknown—1880) using the following structures: (1)
the os of the coronary sinus, posteriorly; (2) the right AV
opening, anteriorly; and (3) the tendon of Todaro, posteriorly
(Fig. 5.10).

In the lateral wall and the septum of the smooth portion
of the right atrium are numerous small openings in the
endocardial surface. These openings are the ostia of the
smallest cardiac (Thebesian) veins. These veins function
to drain deoxygenated blood from the myocardium to
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Fig.5.10 Koch’s triangle.
Three landmarks are used to
triangulate (dotted red lines)
the location of the
atrioventricular node
(Taware’s node) of the
conduction system: (1)
coronary sinus, (2)
atrioventricular opening, and
(3) tendon of Todaro

tendon of todaro

valve of the
inferior vena cava

empty into the right atrium which is the collecting site for all
deoxygenated blood (for more details on cardiac vasculature,
see Chap. 8).

In the anterior—superior portion of the right atrium, the
smooth wall of the interior becomes the pectinate portion of
the right atrium. The smooth and pectinate regions are sepa-
rated by a ridge, the crista terminalis (crista="*crest” + “ter-
minal”). The ridge represents the end of the smooth wall and
the beginning of the pectinate wall. It begins at the junction
of the right auricle with the atrium and passes inferiorly over
the “roof” of the atrium. The crista runs inferiorly and paral-
lel to the openings of the superior and inferior vena cavae. As
early as the developing embryo, the crista terminalis sepa-
rates the sinus venosus and the primitive atrium and remains
to separate the smooth and the pectinate portion of the right
atrium in the definitive heart. The crista terminalis on the
internal side results in a groove on the external side of the
atrium called the sulcus terminalis.

The SA node is the “pacemaker” of the conduction system.
The SA node is located between the myocardium and epicar-
dium in the superior portion of the right atrium. The intersec-
tion of three lines indicates the location of the SA node: (1)
the sulcus terminalis, (2) the lateral border of the superior
vena cava, and (3) the superior border of the right auricle
(Fig. 5.11). The name of the SA node is derived from its
location between the sinus venarum and primitive atrium.
The crista terminalis is the division between these two com-
ponents in the fetus and adult. It seems logical that the sulcus
terminalis is a useful landmark for the approximation of the
location of the SA node.

A.J. Weinhaus

atrioventricular opening
(tricuspic valve annulus)

e

os of the cononary sinus

5.4.3 The Right Ventricle

The right ventricle receives blood from the right atrium and
pumps it to the lungs through the pulmonary trunk and arter-
ies. Most of the anterior surface of the heart is formed by the
right ventricle (Fig. 5.12). Abundant, coarse trabeculae car-
neae (“beams of meat”) characterize the walls of the right
ventricle. Trabeculae carneae are analogous to pectinate
muscle of the right atrium and are found in both the right and
left ventricles. The outflow tract, conus arteriosus (‘“‘arterial
cone”), and infundibulum (“funnel”) carry blood out of the
ventricle in an anterior—superior direction and can be quite
variable in structure—smooth walled or highly trabeculated.
A component of the conus arteriosus forms part of the inter-
ventricular septum. This small septum, the infundibular
(conal) septum, separates the left and right ventricular outflow
tracts and is located just inferior to both semilunar valves.
Four distinct muscle bundles, collectively known as the semi-
circular arch, separate the outflow tract from the rest of the
right atrium. These muscle bundles are also known as the
supraventricular crest and the septomarginal trabeculae.

5.4.3.1 Tricuspid Valve

Blood is pumped from the right atrium through the AV orifice
into the right ventricle. When the right ventricle contracts,
blood is prevented from flowing back into the atrium by the
right AV valve or tricuspid (“three cusps”) valve. The valve
consists of the annulus, three valvular leaflets, three papillary
muscles, and three sets of chordae tendineae (Figs. 5.12
and 5.13). The AV orifice is reinforced by the annulus fibro-


http://dx.doi.org/10.1007/978-3-319-19464-6_8

5 Cardiac Anatomy

71

Fig.5.11 Location of the ]
sinoatrial node. Human
cadaver heart demonstrating
that the intersection of three
lines indicates the position of
the sinoatrial node
(pacemaker of the conduction
system) in the smooth muscle
portion of the right atrium: (1)
the sulcus terminalis, (2) the
lateral border of the superior
vena cava, and (3) the
superior border of the right
auricle. Note the muscle fiber
bundles in the wall of the
pectinate portion of right
atrium. /VC inferior vena
cava, SVC superior vena cava

sus of the cardiac skeleton (dense connective tissue).
Medially, the annulus is attached to the membranous inter-
ventricular septum.

The tricuspid valve has three leaflets—anterior (superior),
posterior (inferior), and septal. The anterior leaflet is typically
the largest and extends from the medial border of the ventricu-
lar septum to the anterior free wall. This, in effect, forms a
partial separation between the inflow and outflow tracts of the
right ventricle. The posterior leaflet extends from the lateral
free wall to the posterior portion of the ventricular septum.
The septal leaflet tends to be somewhat oval in shape and
extends from the annulus of the orifice to the medial side of the
interventricular septum (on the inflow side), often including
the membranous part of the septum (see also Chaps. 2 and 7
for other nomenclature describing these leaflets).

Papillary (“nipple”) muscles contract and “tug” down on
chordae tendineae (“tendinous cords”) that are attached to
the leaflets, in order to secure them in place in preparation
for the contraction of the ventricle. This is done to prevent
the prolapse of the leaflets up into the atrium. This is some-
what analogous to the tightening of the sails on a yacht, in
preparation for a big wind. Note that the total surface area of
the cusps of the AV valve is approximately twice that of the

border of SVC

sulcus terminalis

superior border of Right Auricle

respective orifice, so that considerable overlap of the leaflets
occurs when the valves are in the closed position. The leaf-
lets remain relatively close together even during ventricular
filling. The partial approximation of the valve surfaces is
caused by eddy currents that prevail behind the leaflets and
by tension that is exerted by the chordae tendineae and papil-
lary muscle. As the filling of the ventricle reduces, the valve
leaflets float toward each other, but the valve does not close.
The valve is closed by ventricular contractions, and the valve
leaflets, which bulge toward the atrium but do not prolapse,
stay pressed together throughout ventricular contraction.
The junction between two leaflets is called a commissure and
is named by the two adjoining leaflets (anteroseptal,
anteroposterior, and posteroseptal). Each commissure con-
tains a relatively smooth arc of valvular tissue that is delin-
eated by the insertion of the chordae tendineae.

There are three papillary muscles, just as there are three
leaflets or cusps. The anterior papillary muscle is located in
the apex of the right ventricle. This is the largest of the pap-
illary muscles in the right ventricle, and it may have one,
two, or more heads. When this papillary muscle contracts, it
pulls on chordae tendineae that are attached to the margins
of the anterior and posterior leaflets. The posterior papillary
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Fig.5.12 Internal anatomy
of the right ventricle. Coarse
trabeculae carneae
characterize the walls of the
right ventricle. The conus
arteriosus makes up most of
the outflow tract. The right
atrioventricular or tricuspid
valve is made up of three sets
of cusps, chordae tendineae,
and papillary muscles.

© 2006 Elsevier Inc. All
rights reserved. www.
netterimages.com, Frank
Netter
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muscle is small and located in the posterior lateral free wall.
When this papillary muscle contracts, it pulls on chordae
tendineae that are attached to posterior and septal leaflets.
The septal papillary muscle (including the variable papillary
of the conus) arises from the muscular interventricular sep-
tum near the outflow tract (conus arteriosus). This papillary
muscle may consist of a collection of small muscles in close
proximity and has attachments to the anterior and septal
valve leaflets. In addition, chordae tendineae in this region
may extend simply from the myocardium and attach to the
valve leaflets directly without a papillary muscle. The most
affected is the septal leaflet which has restricted mobility
due to extensive chordae tendineae attachment directly to
the myocardium. In addition, there is a variable set of papil-
lary muscles that should be considered. The medial papil-
lary muscle complex is a collection of small papillary
muscles with chordae attachments to septal and anterior
cusps. This complex is located in the uppermost posterior
edge of the septomarginal trabeculae, just inferior to the
junction of the septal and anterior leaflets of the tricuspid
valve, and is superior and distinct from the septal papillary
muscles. An important feature of this complex is that it
serves as an important landmark for identification of the
right bundle branch as it runs posterior to it, deep to the
endocardium [1].

pulmonary
semilunar valve

conus arteriosus
(infundibulum)

posterior
papillary muscle
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band

Near the anterior free wall of the right ventricle is a mus-
cle bundle of variable size, the moderator band, which is
occasionally absent. This muscle bundle extends from the
interventricular septum to the anterior papillary muscle and
contains a primary portion of the right bundle branch of the
conduction system. It seems logical that the anterior papil-
lary muscle, with its remote location away from the septum,
would need special conduction fibers in order for it to con-
tract with the other papillary muscles and convey control of
the valve leaflets equal to the other valve leaflets. The mod-
erator band is a continuation of another muscle bundle, the
septal band (septal trabeculae). Together they are called sep-
tomarginal trabeculae and are components of the semicircu-
lar arch (delineation of the outflow tract).

5.4.3.2 Pulmonary Semilunar Valve

During ventricular systole, blood is pumped from the right
ventricle into the pulmonary trunk and arteries toward the
lungs. When the right ventricle relaxes, in diastole, blood
is prevented from flowing back into the ventricle by the
pulmonary semilunar valve (Figs. 5.12 and 5.13). The
semilunar valve is composed of three symmetric semilu-
nar-shaped cusps. Each cusp looks like a cup composed of
a thin membrane. Each cusp acts like an upside-down
parachute facing into the pulmonary trunk, opening as it
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Fig.5.13 Valves of the heart.
During ventricular systole,
atrioventricular (AV) valves
close in order to prevent the
regurgitation of blood from
the ventricles into the atria.
The right AV valve is the
tricuspid valve; the left is the
bicuspid valve. During
ventricular diastole, the AV
valves open as the ventricles
relax, and the semilunar
valves close. The semilunar
valves prevent the backflow
of blood from the great
arteries into the resting
ventricles. The valve of the
pulmonary trunk is the
pulmonary semilunar valve,
and the aortic artery has the
aortic semilunar valve. To the
right of each figure are human
cadaveric hearts. © 2006
Elsevier Inc. All rights
reserved. www.netterimages.
com, Frank Netter

anterior

4

posterior

fills with blood. This filled space or recess of each cusp is
called the sinus of Valsalva. Upon complete filling, the
three cusps contact each other and block the flow of blood.
Each of the three cusps is attached to an annulus (“ring”)
such that the cusp opens into the lumen, forming a U
shape. The annulus is anchored to both the right ventricu-
lar infundibulum and the pulmonary trunk. The cusps are
named according to their orientation in the body—anterior,
left (septal), and right.

During ventricular systole, as the right ventricle contracts,
the cusps collapse against the arterial wall as blood is flow-
ing past them. When the ventricle rests (diastole), the cusps
meet in the luminal center. There is a small thickening on the
center of the free edge of each cusp, at the point where the
cusps meet. This nodule (of Arantius or Morgagni) ensures
central valve closure (Giulio C. (Aranzi) Arantius, Italian
anatomist and physician, 1530-1589; Giovanni B. Morgagni,
Italian anatomist and pathologist, 1682—-1771). Radiating
from this nodule around the free edge of the cusp is a ridge,
the linea alba (“line” + “white”).

diastole

5.4.4 The Left Atrium

The left atrium (Fig. 5.14) receives oxygenated blood from the
lungs via the left and right pulmonary veins. The pulmonary
veins typically enter the heart as two pairs of veins inserting
posteriorly and laterally into the left atrium (individuals with
3 or 5 pulmonary veins have also been identified).

The left atrium is found midline, posterior to the right
atrium and superior to the left ventricle. Anteriorly, a left atrial
appendage (auricle) extends over the atrioventricular (coro-
nary) sulcus. The walls of the atrial appendage are pectinate,
and the walls of the left atrium are smooth, reflecting their
embryological origin. The atrial appendage is derived from the
primitive right atrium (which was pectinate). The left atrium is
derived from the fetal pulmonary vein as a connection with the
embryonic pulmonary venous plexus. These venous structures
are absorbed into the left atrium, resulting in the posterolateral
connections of the right and left pulmonary veins.

The portion of the interatrial septum on the left atrial side
is derived from the embryonic septum primum. In the left
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Fig.5.14 Internal anatomy
of the left atrium and
ventricle. The left atrium
receives oxygenated blood
from the lungs via the left and
right pulmonary veins. The
pulmonary veins enter the
heart as two pairs of veins
inserting posteriorly and
laterally. Anteriorly, the
pectinate left auricle extends
over the smooth-walled
atrium. Most of the left lateral
surface of the heart is formed
by the left ventricle.
Trabeculae carneae
characterize the walls and the
myocardium is much thicker
than the left ventricle. The
interventricular septum bulges
into the right ventricle,
creating a barrel-shaped left
ventricle. © 2006 Elsevier
Inc. All rights reserved. www.
netterimages.com, Frank
Netter
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atrium, the resulting structure in the adult is called the valve
of the foramen ovale (a sealed valve flap).

5.4.5 The LeftVentricle

The left ventricle receives blood from the left atrium and
pumps it through the aortic artery to all the tissues of the
body (Fig. 5.14). Most of the left lateral surface of the heart
is formed by the left ventricle, also forming part of the infe-
rior and posterior surfaces. As with the right ventricle, abun-

valve of
foramen ovale

smooth walled

- & pulmonary veins

{/

posterior
papillary muscle

dant trabeculae carneae (“beams of meat”) characterize the
walls of the left. However, in contrast to the right ventricle,
the muscular ridges tend to be relatively finer. Also in con-
trast to the right ventricle, the myocardium in the wall of the
left ventricle is much thicker. The interventricular septum
appears from within the left ventricle to bulge into the right
ventricle. This creates a barrel-shaped left ventricle.

5.4.5.1 Bicuspid (Mitral) Valve
Blood is pumped from the left atrium through the left AV orifice
into the left ventricle. When the left ventricle contracts, blood
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Fig.5.15 The mitral valve. The mitral (left atrioventricular or bicuspid)
valve is so named because of its resemblance to a cardinal’s hat, known
as a miter. Left: Photo of Pope John Paul II from the Vatican web site;
Right: © 2006 Elsevier Inc. All rights reserved. www.netterimages.com,
Frank Netter

is prevented from flowing back into the atrium by the left AV
valve or bicuspid (“two cusps”) valve (Figs. 5.13 and 5.14).
The valve consists of the annulus, two leaflets, two papillary
muscles, and two sets of chordae tendineae.

The atrioventricular orifice is partly reinforced by the annu-
lus fibrosus of the cardiac skeleton. The annulus fibrosus sup-
ports the posterior and lateral two-thirds of the annulus. The
remaining medial third is supported by attachment to the left
atrium and by fibrous support to the aortic semilunar valve.

The bicuspid valve typically has two leaflets—anterior
(medial or aortic) and posterior (inferior or mural, “wall”).
The two opposing leaflets of the valve resemble a bishop’s
hat or miter. Thus, the bicuspid valve is often referred to as
the mitral valve (Fig. 5.15).

The anterior leaflet is trapezoidal-shaped. The distance from
its attachment on the annulus to its free edge is longer than the
length of attachment across the annulus. In contrast, the poste-
rior leaflet is relatively narrow, with a very long attachment
distance across the annulus. The distance from annulus to free
edge in the anterior cusp is twice as long as the posterior cusp.
The posterior cusp is so long and narrow that the free edge is
often subdivided into the anterior, central, and posterior cres-
cent shapes. Note that each of these two leaflets may also have
numerous scallops within them (see also Chap. 7).

Papillary muscles, in conjunction with chordae tendineae,
attach to the leaflets in order to secure them in place. This is
done in preparation for the contraction of the ventricle to pre-
vent the prolapse of the leaflets up into the atrium. As with
the other AV valve, the total surface area of the two cusps of
the valve is significantly greater than the area described by
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the orifice. There is considerable overlap of the leaflets when
the valves are in the closed position (Fig. 5.13).

As with the tricuspid valve, the leaflets remain relatively
close together even when the atrium is contracting and the
ventricle is filling. The partial approximation of the valve
surfaces is caused by eddy currents that prevail behind the
leaflets and by tension that is exerted by the chordae tendin-
eae and papillary muscle. In the open position, the leaflets
and commissures are in an oblique plane of orientation that
is roughly parallel to the ventricular septum. The valve is
closed by ventricular contractions. The valve leaflets, which
bulge toward the atrium, stay pressed together throughout
the contraction and do not prolapse. The junctions of the two
leaflets are called the anterolateral and the posteromedial
commissures. The line of apposition of the leaflets during
valvular closure is indicated by a fibrous ridge.

There are commonly two papillary muscles of the left ven-
tricle that extend from the ventricular free wall toward and
perpendicular to the atrioventricular orifice. The anterior pap-
illary muscle is slightly larger than the posterior, and each
papillary muscle consists of a major trunk that often may
elicit multiple heads from which extend the chordae tendin-
eae. The chordae tendineae of each papillary muscle extend
to the two valvular commissures and to the multiple crescent
shapes of the posterior cusp. Thus, each papillary muscle
pulls on chordae from both leaflets. In addition, the posterior
leaflet occasionally has chordae that extend simply from the
ventricular myocardium without a papillary muscle.

5.4.5.2 Aortic Semilunar Valve

During ventricular systole, blood is pumped from the left
ventricle into the aortic artery to all of the tissues of the body.
When the left ventricle relaxes in diastole, blood is prevented
from flowing back into the ventricle by the aortic semilunar
valve (Figs. 5.13 and 5.14). Like the pulmonary semilunar
valve, the aortic valve is composed of three symmetric
semilunar-shaped cusps, and each cusp acts like an upside-
down parachute facing into the aortic artery, opening as it
fills with blood. The filled space or recess of each cusp is
called the sinus of Valsalva (Antonio M. Valsalva, 1666—
1723). Upon complete filling, the three cusps contact each
other and block the flow of blood. Each of the three cusps is
attached to an annulus (“ring”) such that the cusp opens into
the lumen forming a U shape. The cusps are firmly anchored
to the fibrous skeleton within the root of the aorta (Fig. 5.16).
A circular ridge on the innermost aspect of the aortic wall, at
the upper margin of each sinus, is the sinotubular ridge—the
junction of the sinuses and the aorta.

At the sinotubular ridge, the wall of the aorta is thin,
bulges slightly, and is the narrowest portion of the aortic
artery. The cusps are named according to their orientation in
the body—Ileft and right (both facing the pulmonary valve)
and posterior. Within the sinuses of Valsalva, there are open-
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Fig.5.16 The cardiac
skeleton. The cardiac skeleton
consists of a dense connective
tissue that functions to attach
the atrial and ventricular
myocardium, support and
reinforce the openings of the
four valves of the heart, and
electrically separate the
ventricles from the atria.
Courtesy of Jean Magney,
University of Minnesota

Semilunar
valves

Tricuspid
valve

Bicuspid
(mitral)
valve

ings or ostia (ostium=‘“door or mouth™”) into the blood
supply of the heart called coronary arteries. These ostia are
positioned below the sinotubular junction near the center of
the sinuses. Only the two sinuses facing the pulmonary
valve (left and right) have ostia that open into the left and
right coronary arteries, respectively. Coronary arteries carry
oxygenated blood to the myocardium of the heart. During
ventricular diastole, the aortic valve snaps shut as pressure
in the aorta increases. Under such pressure, the walls of the

L/

a. Membranous Interventricular Septum
b. Annulus

c. left Fibrous Trigone
d. right Fibrous Trigone (Central Fibrous Body)

great artery distend, the sinuses fill, and blood is sent under
great pressure through the coronary ostia into the coronary
arteries. The posterior (noncoronary) sinus is in a position
that it abuts the fibrous skeleton and the annuli of both AV
valves (Fig. 5.13).

When the left ventricle contracts, the cusps collapse
against the arterial wall as blood flows past them. When the
ventricle rests (diastole), the cusps meet in the luminal cen-
ter. As with the pulmonary valve, there is a small thickening
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on the center of the free edge of each cusp, at the point where
the cusps meet. This nodule (of Arantius or Morgagni)
ensures central valve closure. Radiating from this nodule
around the free edge of the cusp is a ridge, the linea alba
(“line” + “white”). This valve is exposed to a greater degree
of hemodynamic stress than the pulmonary valve. The aortic
cusps can thicken and the linea alba can become more pro-
nounced. For this and other reasons, the aortic pulmonary
valve is the most likely valve to be surgically repaired or
replaced.

5.5 The Cardiac Skeleton

Passing transversely through the base of the heart is a fibrous
framework or “skeleton” made of dense connective tissue,
not bone as the name might suggest. The purpose of this
tough, immobile scaffold is to (1) provide an attachment for
the atrial and ventricular myocardium, (2) anchor the four
valves of the heart, and (3) electrically insulate the myocar-
dium of the ventricles from the atria (see also Chap. 13).

The supporting framework of the cardiac skeleton
(Figs. 5.13 and 5.16) provides immobile support for the AV
openings during atrial and ventricular contractions and sup-
port for the semilunar valves against the high pressures gen-
erated during and after ventricular contractions. The skeleton
is a formation of four attached rings with the opening for the
aortic semilunar valve in the central position and the other
valve rings attached to it.

The triangular formation between the aortic semilunar
valve and the medial parts of the tricuspid and bicuspid valve
openings is the right fibrous trigone (“triangle”) or the central
fibrous body, the strongest portion of the cardiac skeleton.
The smaller left fibrous trigone is formed between the aortic
semilunar valve and the anterior cusp of the mitral valve.
Continuations of fibroelastic tissue from the right and left
fibrous trigone partially encircle the AV openings to form the
tricuspid and bicuspid annulus or annulus fibrosus. The annuli
serve as attachment sites for the AV valves as well as atrial
and ventricular myocardium. Strong collagenous tissue
passes anteriorly from the right and left fibrous trigones to
encircle and support the aortic and pulmonary semilunar
valve annuli. The membranous interventricular septum is an
inferior extension of the central fibrous body that attaches to
the muscular interventricular septum. The membranous sep-
tum provides support for the medial (right and posterior)
cusps of the aortic semilunar valve and continues superiorly
to form part of the atrial septum. The tendon of Todaro is a
fibrous extension of the membranous septum that is continu-
ous with the valve (Eustachian) of the inferior vena cava. The
AV bundle of conduction fibers from the AV node penetrates
the central fibrous body, passes through the membranous sep-
tum, and splits into left and right bundle branches at the apex
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of the muscular septum (or the junction of the right and
posterior cusps of the aortic semilunar valve).

5.6 TheFetal Heart

By the third month of fetal development, the heart and all
major blood vessels are basically formed, and the blood flow
is generally in the same direction as the adult. However,
there are some major differences between fetal and postnatal
circulation (Fig. 5.17). First, oxygenated blood flows toward
the fetus and into the heart in umbilical veins, and deoxygen-
ated blood flows away from the fetus in umbilical arteries.
Second, the fetus obtains oxygen from the uterus through the
placenta, and the fetal lungs are essentially nonfunctional.
Therefore, fetal circulation has a number of features to direct
most of the blood away from the lungs.

In fetal circulation, oxygenated blood from the placenta
flows through the umbilical cord as the umbilical vein. The
vein passes through the anterior abdominal wall (umbilicus)
and then through the abdomen, into the thorax, and into the
heart. As the umbilical vein travels through the abdomen,
most of the blood is diverted away from entering the liver
(through the ductus venosus) and into the inferior vena cava.
Thus, unlike the adult heart, oxygenated blood mixes with
deoxygenated blood and collects in the right atrium. Because
very little of this blood is required in the lungs, the fetus has
three unique features to ensure that the blood is shunted from
the right (pulmonary) side of the heart to the left (systemic)
side. The first is an oval hole in the interatrial septum called
the foramen ovale (the foramen ovale is not really a hole but
rather a valve composed of two flaps that prevent the regur-
gitation of blood). For more information on this topic, the
reader is referred to Chap. 3.

Before birth, pressure is higher in the right atrium than in
the left because of the large vasculature from the placenta.
The foramen ovale is a passage for blood to flow from the
right atrium into the left.

A second feature of the fetal heart is the ligament of the
inferior vena cava. This ligament is located inferior to the
opening of the vena cava and extends medially to the atrial
septum, passing inferior to the foramen ovale. It is much
more prominent in the fetus than in the adult. It functions in
fetal circulation to direct, in a laminar flow, the blood coming
into the right ventricle toward the foramen ovale of the inter-
atrial septum, so blood can pass into the left atrium.

The third feature of fetal circulation is a way for oxy-
genated blood that has been pumped from the right
atrium to the right ventricle to be diverted from the pul-
monary circulation into the systemic circulation. Despite
the shunt from the right atrium to the left, much of the
oxygenated blood that enters the right atrium gets
pumped into the right ventricle. The ductus arteriosus
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Fig.5.17 Fetal circulation.
The fetal heart has unique
features to shunt blood away
from the relatively
nonfunctional lungs: (1)
foramen ovale, (2) ductus
arteriosus, and (3) valve
(Eustachian) of the inferior
vena cava. © 2006 Elsevier

Inc. All rights reserved. www.

netterimages.com, Frank
Netter

pulmonary trunk

superior vena cava

Foramen ovale

Valve (Eustacian) of IVC

aorta
inferior vena cava

. —t ' X ductus venosus

(“duct of the artery”) is a connection between the left tenth of right ventricular output passes through the
pulmonary artery and the aortic artery. Blood is diverted lungs. The remainder passes from the pulmonary artery
from the pulmonary artery to the aorta so that very little through the ductus arteriosus to the aorta. In the fetus,
blood reaches the immature lungs. Because the pulmo- the diameter of the ductus arteriosus can be as large as
nary vascular resistance of the fetus is large, only one- the aorta.
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Fig.5.18 Chiari network. Left: The sinus venosus incorporates into the
posterior wall of the primitive right atrium. This becomes the sinus
venarum (smooth) portion of the right atrium. A pair of tissue flaps, the
left and right venous valves, develops on either side of connection
between the sinus venarum and the right atrium. The left valve eventu-
ally gives rise to the septum secundum (definitive interatrial septum);
the right valve gives rise to the valve of the inferior vena cava

Shortly after birth, the umbilical cord is cut and the newborn
takes its first breath. Rising concentrations of the hormone
prostaglandin are believed to result in the closure of the ductus
arteriosus (ligamentum arteriosum), and the lungs receive
much more blood. The increase in pressure is translated to
the left atrium. This pressure pushes together the two valve
flaps of the interatrial septum. One of the flaps covers the fora-
men ovale, thus closing it to form the fossa ovalis. This pre-
vents the flow of blood from the right to the left atrium.

5.7  Other Fetal Remnants: Chiari Network
Around 4-5 weeks of fetal development, the sinus venosus
incorporates into the posterior wall of the primitive right
atrium. This becomes the sinus venarum (smooth) portion of
the right atrium. A pair of tissue flaps, the left and right
venous valves, develops on either side of connection between
the sinus venarum and the right atrium.

The left valve eventually becomes part of the septum
secundum (which becomes a portion of the definitive inter-
atrial septum). The right valve remains intact and forms the
valve of the inferior vena cava (Eustachian), the crista termina-
lis, and the valve of the coronary sinus (Thebesian) (Fig. 5.18).

Infrequently, incomplete resorption of the right valve of
the sinus venarum may lead to the presence of a meshwork
of fibrous strands attached to the edges of the Eustachian
valve or Thebesian valve inferiorly and the crista terminalis

(Eustachian), the valve of the coronary sinus (Thebesian), and the crista
terminalis. Incomplete resorption of the right valve of the embryonic
sinus venarum leads to the presence of a meshwork of fibrous strands
attached to the edges of the Eustachian valve or the Thebesian valve
inferiorly and the crista terminalis superiorly. Right: human cadaveric
heart. /VC inferior vena cava, SVC superior vena cava

superiorly. This is called a “Chiari net or network” (Fig. 5.18).
Remnants of the other valve, the left sinus venarum valve,
may be found adherent to the superior portion of the atrial
septum or the fossa ovalis. For more information on this
topic, see Chap. 3.

Other Fetal Remnants: Atrial
Septal Defect

5.8

The first step in the separation of the systemic and pulmo-
nary circulation in the fetal heart is the separation of the
definitive atrium. The adult interatrial septum is formed by
the fusion of two embryonic septa. Note that this embryonic
septum always contains a hole such that right-to-left shunting
of oxygenated blood remains.

Between 3 and 4 weeks of development, the roof of the
atrium becomes depressed and produces a wedge of tissue
called the septum primum (“first partition”) that extends
inferiorly. During the fifth week, this septum reaches the
“floor” of the atrium, thus separating the right and left atria.
Note that a crescent shape forms along its leading edge. This
forms an “arch way” under the septum to function as an
opening for the flow of blood called the ostium primum
(“first mouth opening”). At the end of the sixth week, the
growing edge of the septum primum reduces the ostium pri-
mum to nothing. At the same time, the septum primum
grows perforations near the superior end of the septum that
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left atrium

Fig.5.19 Atrial septal defect
(ASD). Incomplete formation
of the interatrial septum
results in a persistent opening
or defect. After birth, the
pressure in the left atrium is
greater than the right, and
there is modest left-to-right
shunting of blood. The right
atrium will frequently respond
to the continuous increases in
volume. The result is
increased pressure generated
by the right atrium and a
reverse in the flow from the
right to the left atrium. This
results in oxygen-poor blood
in the left atrium, ventricle,
and aortic artery leading to
symptoms of hypoxia.
Modified from VanDeGraaf
KM (ed) (1995) Human
anatomy. Wm. C. Brown
Publishers, Dubuque, p. 557

early stage

coalesce to form a new foramen, the ostium secundum
(“second opening”). Thus, a new channel for right-to-left
blood flow opens before the old one closes. At the same
time, a second crescent-shaped wedge of tissue, the septum
secundum (“second partition”), grows from the roof of the
atrium. It is located adjacent to the septum primum on the
side of the right atrium. Unlike the septum primum, the
secundum is thick and muscular as it grows posteroinferi-
orly. It completely extends to the floor of the right atrium.
The crescent shape at the leading edge leaves a hole in the
inferior portion called the foramen ovale (“oval hole”); this
might be considered the third hole. Throughout the rest of
fetal development, blood shunts from the right to the left
atrium. This shunt closes at birth due to the abrupt dilation

right ventricle

left atrium

Ll
r( R

right atrium

late stage

right ventricle

of the pulmonary vasculature, combined with the loss of
flow through the umbilical vein. The increase in pressure in
the left atrium and the loss of pressure in the right pushes
the flexible septum primum against the septum secundum.
The septum primum covers the foramen ovale as the valve
of the foramen ovale.

There are various mechanisms by which an opening can
persist in the interventricular septum postnatally. This is
referred to as an atrial septal defect (Fig. 5.19; see also
Chap. 37). This abnormality is generally asymptomatic dur-
ing infancy. However, the persistent increase in flow of blood
into the right atrium can lead to hypertrophy of the right
atrium, right ventricle, and the pulmonary trunk. In some
cases, the left-to-right flow of blood between the atria con-
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verts to right-to-left shunt. This causes oxygen-poor blood to
mix with the oxygen-rich blood returning to the left atrium
from the lungs. Oxygen-poor blood is then pumped out of the
heart through the aortic artery and the symptoms of hypoxia
(“low oxygen”) result. Approximately 30 % of normal hearts
have a small potency with a valve-competent foramen ovale.

5.9 Other Fetal Remnants: Ventricular

Atrial Septal Defect

The developmental formation of the interventricular septum
is extremely complex. Simply, the septum forms as the grow-
ing walls of the right and left ventricles become more closely
apposed to one another. The growth of the muscular septum
commences at the inferior end and proceeds superiorly.

Fig.5.20 Ventricular septal
defect. Caused by abnormal
development of the
interventricular septum. This
condition results in massive
left-to-right shunting of
blood. This is associated with
pulmonary hypertension and
deficient closure of
atrioventricular valves after
birth. Emergent surgical
repair of this hole is indicated.
Modified from VanDeGraaf
KM (ed) (1995) Human
anatomy. Wm. C. Brown
Publishers, Dubuque

Septation of the ventricles and formation of the ventricu-
lar outflow tracts must occur in tight coordination.
Ventricular septal defects can occur because of errors in
this complex process. Failure of complete fusion of the
membranous septum growing inferiorly from the superior
portion of the ventricles and the muscular septum results
in one type of ventricular septal defect (Fig. 5.20).
Ventricular septal defects are the most common congenital
heart defect.

Whatever the origin of a ventricular septal defect, the
result is a massive left-to-right shunting of blood due to the
ability of the left ventricle to generate higher pressures than
the right. This is associated with postnatal pulmonary hyper-
tension and deficient closure of AV valves. This type of con-
dition is often referred to, in lay terms, as “baby being born
with a hole in the heart.” Because of extreme hypoxia and
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pulmonary hypertension, there is usually immediate surgical
repair of the defect. For additional information on ventricu-
lar septal defects and their repair, refer to Chap. 37.

5.10 Vasculature of the Heart

The arterial supply to the heart arises from the base of the
aorta as the right and left coronary arteries (running in the
coronary sulcus). The venous drainage is via cardiac veins
that return deoxygenated blood to the right atrium. The coro-
nary arteries arise from the ostia in the left and right sinuses
of the aortic semilunar valve, course within the epicardium,
and encircle the heart in the AV (coronary) and interventricu-
lar sulci (Fig. 5.21).

5.10.1 Right Coronary Artery

The right coronary artery emerges from the aorta into the AV
groove. It descends through the groove, then curves posteri-
orly, and makes a bend at the crux of the heart and continues
downward in the posterior interventricular sulcus. Within
millimeters after emerging from the aorta, the right coronary
artery gives off two branches (Figs. 5.21 and 5.22). The
conus (arteriosus) artery runs to the conus arteriosus (right

Fig.5.21 Vascular supply to
the heart. Arterial supply to
the heart occurs via the right
and left coronary arteries and
their branches. Venous
drainage occurs via cardiac
veins. © 2006 Elsevier Inc.
All rights reserved. www.
netterimages.com, Frank
Netter

posterior
interventricular

right
marginal

anterior

ventricular outflow tract), and the atrial branch to the right
atrium. This atrial branch gives off the SA nodal artery (in
50-73 % of hearts, according to various reports), which runs
along the anterior right atrium to the superior vena cava,
encircling it in a clockwise or counterclockwise direction
before reaching the SA node. The SA nodal artery supplies
the SA node, Bachman’s bundle, crista terminalis, and the
left and right atrial free walls. The right coronary artery con-
tinues in the AV groove and gives off a variable number of
branches to the right atrium and right ventricle. The most
prominent of these is the right marginal branch which runs
down the right margin of the heart supplying this part of the
right ventricle. As the right coronary curves posteriorly and
descends downward on the posterior surface of the heart, it
gives off two to three branches. One is the posterior interven-
tricular (posterior descending) artery that runs in the poste-
rior interventricular sulcus. It is directed toward the apex of
the heart to supply the posterior free wall of the right ventri-
cle. In 85-90 % of hearts, branches of this artery (posterior
septal arteries) supply the posterior one-third of the interven-
tricular septum (Fig. 5.23). The second artery is the AV nodal
artery which branches from the right coronary artery at the
crux of the heart and passes anteriorly along the base of the
atrial septum to supply the AV node (in 50-60 % of hearts),
proximal parts of the bundles (branches) of His, and the parts
of the posterior interventricular septum that surround the
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circumflex

left
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Fig.5.22 Atrial branch of
right coronary artery. This
atrial branch gives off the
sinoatrial (SA) nodal artery
which runs along the anterior
right atrium to the superior
vena cava and encircles it in a
clockwise, or sometimes
counterclockwise, direction
before reaching the SA node.
The nodal artery can also pass
intramurally through the right
atrium to the SA node. The
SA nodal artery supplies the
SA node, Bachman’s bundle,
crista terminalis, and the left
and right atrial free walls
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Fig.5.23 Arterial supply to the interventricular septum. Left: Sites of
coronary artery occlusion, in order of frequency and percentage of
occlusions involving each artery. Right: The right coronary artery sup-
plies the posterior one-third of the interventricular septum, and the left
coronary supplies the anterior two-thirds. The artery to the atrioven-

bundle branches. Another artery crosses the crux into the left
AV groove to supply the diaphragmatic surface of the left
ventricle and the posterior papillary muscle of the bicuspid
valve. The right coronary artery also serves as an important
collateral supply to the anterior side of the heart, left ventri-
cle, and anterior two-thirds of the interventricular septum via
the conus artery and communicating arteries in the interven-
tricular septum (Fig. 5.23). Kugel’s artery, which originates
from either the right or left coronary artery, runs from ante-
rior to posterior through the atrial septum. This artery serves

(1) 40 - 50 %

LEFT
CORONARY ARTERY
anterior
AV nodal artery interventricular
RIGHT artery
CORONARY ARTERY (LAD)

posterior
interventricular artery

tricular node commonly branches off of the posterior interventricular
artery. Occlusions occur most frequently in the anterior interventricular
artery, which is the primary blood supply to the interventricular septum
(and bundle branches within). AV atrioventricular

as an important collateral connection from anterior arteries
to the AV node and posterior arteries.

5.10.2 Left Coronary Artery

The left coronary artery (left main coronary artery) emerges
from the aorta through the ostia of the left aortic cusp within the
sinus of Valsalva (Fig. 5.21). The plane of the semilunar valve is
tilted so that the ostium of the left coronary artery is superior
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and posterior to the right coronary ostium. The left coronary
artery travels from the aorta and passes between the pulmonary
trunk and the left atrial appendage. Under the appendage, the
artery divides (and is thus a very short vessel) into the anterior
interventricular (left anterior descending artery) and the left cir-
cumflex artery. The left coronary artery may be completely
absent, i.e., the anterior interventricular and circumflex arteries
arise independently from the left aortic sinus.

The anterior interventricular artery appears to be a direct
continuation of the left coronary artery which descends into
the anterior interventricular groove. Branches of this artery,
anterior septal perforating arteries, enter the septal myocar-
dium to supply the anterior two-thirds of the interventricular
septum (in about 90 % of hearts) (Fig. 5.23). The first branch,
the first septal perforator, supplies a major portion of the AV
conduction system. In about 80 % of hearts, the second or
third perforator is the longest and strongest of the septal
arteries and is often called the main septal artery. This artery
supplies the middle portion of the interventricular septum.
This artery also sends a branch to the moderator band and the
anterior papillary muscle of the tricuspid valve (right ventricle),
which is reasonable considering that the moderator band is
part of the septomarginal trabeculae of the interventricular
septum. This artery is often called the moderator artery.
Other branches of the anterior interventricular artery extend
laterally through the epicardium to supply adjacent right and
left ventricular free walls. The anterior interventricular artery
also sends a branch to meet the conus artery from the right
coronary to form an important collateral anastomosis called
the circle of Vieussens as well as branches to the anterior free
wall of the left ventricle called diagonal arteries. These are
numbered according to their sequence of origin as first,
second, etc. diagonal arteries. The most distal continuation
of the anterior interventricular artery curves around the apex
and travels superiorly in the posterior interventricular sulcus
to anastomose with the posterior descending from the right
coronary artery. In summary, the anterior interventricular
artery and its branches supply most of the interventricular
septum—the anterior, lateral, and apical wall of the left ven-
tricle; most of the right and left bundle branches; and the
anterior papillary muscle of the bicuspid valve (left ventri-
cle). It also provides collateral circulation to the anterior
right ventricle, the posterior part of the interventricular sep-
tum, and the posterior descending artery.

The circumflex artery branches off of the left coronary
artery and supplies most of the left atrium—the posterior
and lateral free walls of the left ventricle and (with the ante-
rior interventricular artery) the anterior papillary muscle of
the bicuspid valve. The circumflex artery may give off a
variable number of left marginal branches to supply the left
ventricle. The terminal branch is usually the largest of these
branches. More likely, the circumflex artery may continue
through the AV sulcus to supply the posterior wall of the left
ventricle and (with the right coronary artery) the posterior

A.J. Weinhaus

papillary muscle of the bicuspid valve. In 40-50 % of hearts,
the circumflex artery supplies the artery to the SA node.

In 30-60 % of hearts, the left coronary artery may give
off one or more intermediate branches that originate between
the anterior interventricular and circumflex arteries. These
extend diagonally over the left ventricle toward the apex of
the heart and are thus named diagonal or intermediate
arteries.

The anterior interventricular artery is the most commonly
occluded of the coronary arteries (Fig. 5.23). It is the major
blood supply to the interventricular septum and the bundle
branches of the conducting system. It is easy to see why cor-
onary artery disease can lead to impairment or death (infarc-
tion) of the conducting system. The result is a “block™ of
impulse conduction between the atria and the ventricles
known as “right/left bundle branch block.” Furthermore,
branches of the right coronary artery supply both the SA and
AV nodes in at least 50 % of hearts. An occlusion in this
artery could result in necrosis of the SA or AV nodes, thus
preventing or interrupting the conduction of electrical activ-
ity across the heart. For more details on the coronary arteries,
see Chaps. 6 and 8.

5.10.3 Cardiac Veins

An extensive network of intercommunicating veins provides
venous drainage from the heart. The venous drainage of
deoxygenated blood from the rest of the body is returned to
the right atrium, as is the venous drainage of the heart.
Venous drainage of the heart is accomplished through three
separate systems: (1) the cardiac venous tributaries which
converge to form the coronary sinus, (2) the anterior cardiac
(anterior right ventricular) veins, and (3) the smallest cardiac
(Thebesian) venous system (Fig. 5.24).

Most of the myocardium is drained by the cardiac veins
that course parallel to the coronary arteries. These three large
veins (the great, middle, and small cardiac veins) converge to
form the coronary sinus.

On the anterior side of the heart, the anterior interven-
tricular vein lies within the anterior interventricular sulcus
and runs from inferior to superior beside the anterior inter-
ventricular artery (Figs. 5.24 and 5.25). At the base of the
heart, near the bifurcation of the left coronary artery, it turns
and runs within the AV groove as the great cardiac vein
around the left side of the heart to the posterior. In the AV
groove on the posterior side of the heart, the great cardiac
vein becomes the coronary sinus, which then empties into the
right atrium. From the inside of the right atrium, it can be
seen that the coronary sinus opens into the right atrium form-
ing an opening or os that is located anteriorly and inferiorly
to the orifice of the inferior vena cava. There is a valve
(Thebesian valve) that covers the opening of the coronary
sinus to prevent backflow. The great cardiac vein is formed
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Fig.5.24 Venous drainage of
the heart. Three separate
venous systems carry blood to
the right atrium—the
coronary sinus and its
tributaries, the great, middle
and small cardiac veins; the
anterior cardiac veins; and the
smallest (Thebesian) cardiac
veins. © 2006 Elsevier Inc.
All rights reserved. www.
netterimages.com, Frank
Netter
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posterior
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by the confluence of small venous tributaries from the left
and right ventricles and anterior portion of the interventricu-
lar septum. As it ascends toward the coronary sinus, it
receives small venous tributaries from the left atrium and left
ventricle. It also receives a large left marginal vein, which
runs parallel to the left marginal artery.

There are two structures that serve as the boundary
between the termination of the great cardiac vein and the
beginning of the coronary sinus. The first is the valve of
Vieussens, which has the appearance of a typical venous
valve and functions to prevent the backflow of blood from

great cardiac

anterior
interventricular

anterior view

small cardiac

A

the coronary sinus into the great cardiac vein (Raymond
Vieussens, French anatomist, 1641-1715). The second is
the space between the entry points of the oblique vein of
the left atrium (of Marshall) and the posterior (posterio-
lateral) vein of the left ventricle (John Marshall, English
anatomist, 1818-1891). The oblique vein of Marshall
runs superior to inferior along the posterior side of the
left atrium, providing venous drainage of the area. The
posterior vein ascends to the coronary sinus from the
inferior portion of the left ventricle and provides drainage
of the area.

middle cardiac
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Fig.5.25 The great cardiac vein. On the anterior side of the heart, the
anterior interventricular vein lies within the anterior interventricular
sulcus and runs from inferior to superior beside the anterior interven-
tricular artery. At the base of the heart, it changes to the great cardiac
vein as it runs within the atrioventricular groove around the left side of
the heart to the posterior. In the atrioventricular groove on the posterior
side of the heart, the great cardiac vein becomes the coronary sinus and
empties into the right atrium

In addition to the great cardiac vein, the coronary sinus
receives the posterior interventricular (or middle cardiac)
vein (Figs. 5.24 and 5.26). Located on the posterior surface
of the heart, it arises near the posterior aspect of the apex of the
heart and runs from inferior to superior through the posterior
interventricular sulcus. It then joins the coronary sinus within
millimeters of the sinus entering into the right atrium. The
middle cardiac vein is formed from venous confluence of
tributaries that drain the posterior left and right ventricles
and the interventricular septum.

The coronary sinus also receives the highly variable small
cardiac vein. The small cardiac vein arises from the anterior/
lateral/inferior portion of the right ventricle. It ascends and
runs inferior to and roughly parallel with the marginal branch
of the right coronary artery until it reaches the right AV sul-
cus. At this point, it turns and runs horizontally around to the
posterior side of the heart and enters the coronary sinus with
the middle cardiac vein. The small cardiac vein is extremely
small or absent in 60 % of hearts. In about 50 % of hearts, the
small cardiac vein enters the right atrium directly, and it
infrequently drains into the middle cardiac vein.

Typically, about 85 % of the venous drainage of the heart
occurs through the great, middle, and small cardiac veins
through the coronary sinus to the right atrium. This elaborate
system of veins drains the left ventricle, some of the right
ventricle, both atria, and the anterior portion of the interven-
tricular septum.

The second system of venous drainage of the heart involves
the variable and delicate anterior cardiac veins (Figs. 5.24 and
5.27). This system is distinguished from the other cardiac

Fig.5.26 The middle cardiac vein. The middle cardiac vein, located
on the posterior surface of the heart, arises near the posterior aspect of
the apex of the heart and runs from inferior to superior through the
posterior interventricular sulcus before entering the coronary sinus.
The middle cardiac vein is formed from venous confluence of tributar-
ies that drain the posterior left and right ventricles and the interven-
tricular septum

venous system because the anterior cardiac veins do not drain
into the coronary sinus. The two to four anterior cardiac veins
originate and drain the anterior right ventricular wall, travel
superiorly to cross the right AV sulcus, and enter the right
atrium directly. The sulcus is usually packed with adipose tis-
sue. Through this adipose tissue run the anterior cardiac veins,
the right coronary artery, and a branch of the coronary artery,
the right atrial or nodal artery. The anterior cardiac veins
pass over the right coronary artery in close proximity and in
a perpendicular angle. A right marginal vein (when present)
runs parallel with the right marginal artery before entering
the right atrium directly and is usually considered part of the
anterior cardiac venous system.

The third system of venous drainage of the heart is the
smallest cardiac venous system (Fig. 5.27). This system is
composed of a multitude of small intramural (“within the
walls”) intramyocardial veins also called Thebesian veins
(Adam C. Thebesius, German physician, 1686—1732). These
are minute vessels that begin in the capillary beds of the myo-
cardium and open directly into the chambers of the heart.
Although called veins, they are valveless communications
between myocardial capillaries and a chamber of the heart.
Interestingly, ostia of Thebesian veins may be found in all
chambers of the heart, but are most prevalent in the atrial and
ventricular septa. They are more prevalent on the right side
than the left. As much as 17 % of myocardial drainage occurs
through these smallest cardiac veins, with 49 % through the
cardiac veins and coronary sinus and 24 % through anterior
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Fig.5.27 Anterior cardiac
veins. Two to four anterior
cardiac veins originate and
drain the anterior right
ventricular wall. These veins
travel superiorly to cross the
right atrioventricular sulcus
and enter into the right
atrium. These veins are part
of the smallest cardiac venous
system which empties
oxygen-poor blood directly
into the right atrium without
communication with the
coronary sinus

cardiac veins. For additional details on the cardiac venous
system, see Chap. 8.

5.10.4 Myocardial Bridges

The coronary arteries typically course upon the myocardium
or under/within the epicardium of the heart. Frequently, a
portion of an artery deviates from its usual subepicardial
position to follow an intramyocardial (intramural) course,
either by traveling a significant length within the myocar-
dium or beneath an arrangement of muscular slips (“myocar-
dial bridges”). Myocardial bridging is most common in the
middle segment of the anterior interventricular artery [2].
The myocardial fibers that cover or “bridge over” the ante-
rior interventricular artery are direct extensions of the myo-
cardium of the conus arteriosus of the right ventricle and
cross the artery in a perpendicular direction. Myocardial
bridges over the right coronary and the circumflex arteries
are much less common. When present, these bridges are
extensions of the respective atrial myocardium [3]. The prev-
alence of myocardial bridges from various sources is reported
to occur in 5-85 % of hearts when measured from the cadaver
[4—6] and 0.5-16 % when measured from angiography in cath-
eterization labs [4, 5, 7].

Coronary arteries have a tortuous pattern as they run
across the heart. Interestingly, studies employing angiog-
raphy followed by detailed microdissection show that a
coronary artery with a typical tortuous shape takes on a

perfectly straight pattern when it follows an intramyocardial
course [8].

Angiography has also shown that myocardial bridges are
associated with narrowing of the lumen of the coronary artery.
The narrowing appears during systole and disappears during
diastole [2]. The appearance of straight running or systolic
narrowing patterns appears to be an important diagnostic
technique during angiography to discover intramyocardial
segments of coronary arteries [2].

Myocardial bridging is usually a benign condition.
Although there is contrasting evidence, atherosclerosis is
uncommon within a myocardial bridge [4]; bridging might
provide some protection against plaque formation [2].

5.11 Autonomic Innervation of the Heart

The SA node spontaneously produces an impulse for con-
traction of the atrial myocardium, depolarizes the AV node,
and sends an impulse through the bundle fibers to the ven-
tricular myocardium. In addition to the pacemaker activity of
the SA node, the heart is also under autonomic, or involun-
tary, control.

The autonomic nervous system is separated into the
sympathetic and parasympathetic nervous systems. These
two systems send neurons to the same target, but convey
opposite effects. In emergency situations, sympathetic nerves
travel to the heart and innervate the SA and AV nodes in
order to increase the rate and force of contraction. In resting
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situations, parasympathetic nerves that innervate the SA and
AV nodes to slow down the heart rate reduce the force of
contraction, thus saving energy.

Both the sympathetic and parasympathetic nerves are
composed of a two-neuron pathway. These two neurons
meet or synapse somewhere in the middle and form a struc-
ture called a ganglion (“swelling”). Neurons of the sympa-
thetic nervous system emerge from the spinal cord. They
emerge from all eight of the cervical segments and the first
five of the thoracic spinal cord segments. These neurons
travel laterally just centimeters from the spinal cord before
they synapse. All of the neurons to the heart are believed to
synapse in only two places—the middle cervical ganglion
and the cervicothoracic (fused inferior cervical/1st thoracic
or stellate “star-shaped”) ganglion. Multitudes of fibers then
emanate from these ganglia and run to the heart as sympa-
thetic cardiac nerves.

Parasympathetic neurons emerge directly from the brain
as part of the vagus nerve or cranial nerve X. The vagus
nerve and its branches form the parasympathetic part of the
cardiac nerves running toward the heart.

Sympathetic and parasympathetic cardiac nerves inter-
connect. In addition, nerves of the right and left side have
connections. All together, this huge group of connections
forms the cardiac plexuses. The dorsal cardiac plexus is
located posterior to the arch of the aorta near the bifurcation
of the trachea. The ventral plexus is located anterior to the
aorta. Nerves from the cardiac plexuses extend to the atria
and ventricles, SA node, AV node, coronary arteries, and the
great vessels. It is generally believed that there is sympa-
thetic and parasympathetic innervation of the myocardium
that forms a network from the atria to the ventricles. For
more details about the role of the autonomic nervous system
in the physiological control of the heart, refer to Chap. 14.

5.12 Summary
This chapter covered the general internal and external

anatomy of the human heart, its positioning within the tho-
rax, and its basic function. It is important to note that this

A.J. Weinhaus

anatomy can be quite varied and also progressively modi-
fied by pathophysiologic conditions.

References

1. Wenink ACG (1977) The medial papillary complex. Br Heart J
39:1012-1018

2. Kalaria VG, Koradia N, Breall JA (2002) Myocardial bridge: a clinical
review. Catheter Cardiovasc Interv 57:552-556

3.Garg S, Brodison A, Chauhan A (2000) Occlusive systolic
bridging of circumflex artery. Cathet Cardiovasc Diagn 51:
477-478

4.Polacek P (1961) Relation of myocardial bridge and loops on the
coronary arteries to coronary occlusions. Am Heart J 61:44-52

5.Irvin RG (1982) The angiographic prevalence of myocardial bridg-
ing. Chest 81:198-202

6.Noble J, Bourassa MG, Petitclerc R, Dyrda I (1976) Myocardial
bridging and milking effect of left anterior descending artery: nor-
mal variant or obstruction. Am J Cardiol 37:993-999

7. Greenspan M, Iskandrin AS, Catherwood E, Kimbiris D, Bemis CE,
Segal BL (1980) Myocardial bridging of the left anterior descend-
ing artery: evaluation using exercise thallium-201 myocardial scin-
tigraphy. Cathet Cardiovasc Diagn 6:173-180

8.Lachman N, Satyapal KS, Vanker EA (2002) Angiographic mani-
festation and anatomical presence of the intra-mural LAD: surgical
significance. Clin Anat 15:426

Further Reading

Berne RM, Levy MN, Koeppen BM, Stanton BA (eds) (2004)
Physiology, 5th edn. Mosby, St. Louis

Garson A (ed) (1997) The science and practice of pediatric cardiology,
2nd edn. Williams and Wilkins, Baltimore

Goss CM (ed) (1949) Anatomy of the human body: Gray’s anatomy.
Lea and Febiger, Philadelphia

Hurst JW (ed) (1990) Hurst’s the heart. McGraw-Hill, New York

Kumar V, Cotran RS, Robbins SL (eds) (2003) Robbins basic pathol-
ogy, 7th edn. Saunders, Philadelphia

Larson WJ (ed) (1997) Human embryology, 2nd edn. Churchill
Livingstone, New York

Moore KL, Dalley AF (eds) (2006) Clinically oriented anatomy, 5th
edn. Lippincott Williams and Williams, Philadelphia

Netter FH (ed) (2003) Atlas of human anatomy, 3rd edn. ICON
Learning Systems, Teterboro

Stedman TL (ed) (1972) Stedman’s medical dictionary. Williams and

Wilkins, Baltimore


http://dx.doi.org/10.1007/978-3-319-19464-6_14

Alexander J. Hill and Paul A. laizzo

Abstract

The need for appropriate animal models to conduct translational research is vital for
advancements in the diagnosis and treatment of heart disease. The choice of animal model
to be employed must be critically evaluated. In this chapter, we present the comparative
cardiac anatomies of several of the commonly employed animal models for preclinical
research (dog, pig, and sheep). General comparisons focus on several specific anatomical
features: the atria, ventricles, valves, coronary system, lymphatics, and the conduction sys-
tem. Finally, we present novel qualitative and quantitative data obtained from perfusion-
fixed specimens of these commonly used animal models.

Keywords
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6.1 Historical Perspective of Anatomy

and Animal Research

Anatomy is one of the oldest branches of medicine, with his-
torical records dating back at least as far as the third century
BC; animal research dates back equally as far. More specifi-
cally, Aristotle (384-322 Bc) studied comparative animal
anatomy and physiology, and Erasistratus of Ceos (304-258
BC) studied live animal anatomy and physiology [1]. Galen
of Pergamum (129-199 D) is probably the most notable
early anatomist who used animals in research in which he
attempted to understand the normal structure and function of
the body [2]. He continuously stressed the centrality of anat-

A.J. Hill, PhD

Department of Surgery, University of Minnesota,
420 Delaware St. SE, B 172 Mayo, MMC 107,
Minneapolis, MN 55455, USA

Medtronic, 8200 Coral Sea Street NE, Mounds View,
MN 55112, USA

P.A. laizzo, PhD (0<)

Department of Surgery, University of Minnesota,
420 Delaware St. SE, B 172 Mayo, MMC 107,
Minneapolis, MN 55455, USA

e-mail: iaizz001 @umn.edu

© Springer International Publishing Switzerland 2015

omy and made an attempt to dissect every day, as he felt it
was critical to learning [3]. His most notable work was De
Anatomicis Administrationibus (On Anatomical Procedures)
which, when rediscovered in the sixteenth century, renewed
interest in anatomy and scientific methods [2].

The Renaissance was a period of great scientific discov-
ery and included important advances in our understanding of
human and animal anatomy. Andreas Vesalius (1514-1564
AD) was arguably the greatest anatomist of the era [4]. To
teach anatomy, he performed public nonhuman dissections
at the University of Padua and is credited with creating the
field of modern anatomy [2]. His immediate successors at
Padua were Matteo Realdo Colombo (1510-1559 ap) and
Gabriele Falloppio (1523-1562 ap). It was Colombo who, in
great detail, described the pulmonary circulation and both
the atrial and ventricular cavities; Falloppio is credited with
the discovery of the Fallopian tubes among other things [4].
Animal research flourished during this period due to a num-
ber of popular ideas launched by both the Christian Church
and one of the prominent scientific leaders at that time, Rene
Descartes. The Church asserted that animals were under the
dominion of man and, although worthy of respect, could be
used to obtain information if it was for a “higher” purpose [2].
Descartes described humans and other animals as complex
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machines, with the human soul distinguishing man from all
other animals. This beast-machine concept was important for
early animal researchers because if animals had no souls, it
was thought that they could not suffer pain. Interestingly, it
was believed that the reactions of animals were responses of
automata and not pain [2].

The concept of functional biomedical studies can probably
be attributed to another great scientist and anatomist, William
Harvey (1578-1657 ap). He is credited with one of the most
outstanding achievements in science and medicine—a dem-
onstration of the circulation of blood which was documented
in his publication Exercitatio Anatomica De Motu Cordis et
Sanguinis in Animalibus (De Motu Cordis) in 1628. Very
importantly, his work ushered in a new era in science, where
a hypothesis was formulated and then tested through experi-
mentation [4]. Many great anatomists emerged during this
period and made innumerable discoveries; many of these dis-
coveries were named after the individuals who described
them and include several researchers who studied cardiac
anatomy such as the Eustachian valve (Bartolomeo
Eustachio), the Thebesian valve and Thebesian veins
(Thebesius), and the sinus of Valsalva (Antonio Maria
Valsalva). It should be noted that during this time period, in
addition to animal research, dissections on deceased human
bodies were performed, but not to the degree that they are
today. In fact, it is written that, in general, during the post-
Renaissance era, there was a serious lack of human bodies
available for dissection. Oftentimes, bodies were obtained in
a clandestine manner, by grave robbing or using bodies of
executed criminals for dissection. In spite of the lack of bod-
ies, most structures in the human body, including microscopic
ones, were described by various anatomists and surgeons
between the fifteenth and early nineteenth centuries.

Early in the nineteenth century, the first organized opposi-
tion to animal research occurred. In 1876, the Cruelty to
Animals Act was passed in Britain. It was followed in the
United States by the Laboratory Animal Welfare Act of
1966, which was amended in 1970, 1976, and 1985. These
two acts began a new era in how laboratory animals were
treated and utilized in experimental medicine. Importantly,
the necessity of animal research is still great, and therefore
animals continue to be used for a variety of purposes includ-
ing cardiovascular device research.

6.2 Importance of Anatomy

and Preclinical Animal Research

Anatomy remains as quite possibly one of the most impor-
tant branches of medicine. In order to diagnose and treat
medical conditions, normal structure and function must be
known, as it is the basis for defining what is abnormal.
Furthermore, structure typically has a great impact on the
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function of an organ, such as with the heart. For instance, a
stenotic aortic valve will usually cause functional impair-
ment of the left ventricle and lead to further pathologic con-
ditions (e.g., ventricular hypertrophy). Thus, knowledge of
anatomy and pathology is fundamental in understanding not
only how the body is organized but also how the body works
and how disease processes can affect it.

Likewise, preclinical animal research has been at the core
of much of the progress made in medicine. Most, if not all, of
what we know about the human body and biology, in gen-
eral, has been initially made possible through animal
research. A publication by the American Medical Association
in 1989 listed medical advances emanating from animal
research, including studies on AIDS, anesthesia, cardiovas-
cular disease, diabetes, hepatitis, and Parkinson’s disease, to
name only a few [2]. More recently, in the field of
transcatheter-delivered cardiac valves (see Chap. 36), the use
of various animal models for preclinical research has been
essential not only to optimize the device designs but also to
ensure relative safety prior to their use in man. Furthermore,
it has been through animal research that nearly all advances
in veterinary medicine have also been established.

Animal research is still fundamental in developing new
therapies aimed at improving the quality of life for patients
with cardiovascular disease. Specifically, early cardiac
device prototype testing is commonly performed utilizing
animal models, both with and without cardiovascular dis-
ease. More specifically, before any invasively used device (a
class III medical device) can be tested in humans, the Food
and Drug Administration (FDA) requires that sufficient data
be obtained from animal research indicating that the device
functions in the desired and appropriate manner. It is also
critical to subsequently extrapolate that a given device will
be safe when used in humans, that is, it will behave in humans
in a manner similar to its function in the chosen animal mod-
els in which it was tested. More specifically, this extrapola-
tion of animal testing data to the human condition requires
that the animal model(s) chosen for testing possesses similar
anatomy and physiology as that of humans (normal and/or
diseased). Unfortunately, detailed information relating
human cardiac anatomy to that of the most common large
mammalian animal models has been relatively lacking.

The following historical example illustrates how such a
lack of knowledge can have a dramatic effect on the out-
comes of cardiovascular research. During the 1970s and
1980s, dogs were employed as the primary animal model in
numerous studies to identify potential pharmacological ther-
apies for reducing infarct size. However, a detailed under-
standing of the coronary arterial anatomy was lacking or
overlooked at the time; subsequently, it was shown that dogs
have a much more extensive coronary collateral circulation
relative to humans (Fig. 6.1). Thus, even when major
coronary arteries were occluded, reliable and consistent
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Fig.6.1 Drawing of the
coronary arterial circulation
in the: (A) dog, (B) pig, and
(C) human. Notice the
extensive network of coronary
collateralization in the dog
heart, including many arterial
anastomoses. The normal pig
and human hearts have
significantly less
collateralization; each area of
myocardium is usually
supplied by a single coronary
artery. Ao aorta, LAD left
anterior descending artery,
LCx left circumflex artery, PA
pulmonary artery, RCA right
coronary artery

A

myocardial infarcts were difficult to create. This led to false
claims about the efficacy of many drugs in reducing infarct
size which, when subsequently tested in humans, usually did
not produce the same results as those observed in the canine
experiments [5]. Therefore, ischemia studies with human-
sized hearts have shifted to alternative species such as swine,
which are considered to resemble the coronary collateral cir-
culation of humans more precisely [6-9].

6.3  Literature Review of Large
Mammalian Comparative Cardiac

Anatomy

In general, the hearts of large mammals share many similari-
ties, and yet the size, shape, and position of the hearts in the
thoracic cavities can vary considerably between species [10].

91

Typically, the heart is located in the lower ventral part of the
mediastinum in large mammals [11]. Most quadruped mam-
mals tend to have a less pronounced left-sided orientation
and a more ventrally tilted long axis of the heart when com-
pared to humans [11] (Fig. 6.2). Additionally, hearts of most
quadruped mammals tend to be elongated and have a pointed
apex, with the exception of: (1) dogs which tend to have an
ovoid heart with a blunt apex [11], (2) sheep which may have
a somewhat blunt apex [12], and (3) pigs which have a blunt
apex that is oriented medially [12]. Comparatively, human
hearts typically have a trapezoidal shape [13] with a blunt
apex. However, the apices of normal dog, pig, sheep, and
human hearts are all formed entirely by the left ventricles
[12-15] (Fig. 6.3).

It is important to note that differences exist in the heart
weight to body weight ratios reported for large mammals. It
is generally accepted that adult sheep and adult pigs have
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Sternum’

Fig.6.2 Lateral radiograph of sheep thorax showing orientation of the
heart while the animal is standing. The cranial direction is to the left and
ventral to the bottom. The apex of the heart is more ventrally tilted
(down toward the sternum) than is seen in humans, due to the posture of
quadruped mammals. It should be noted, however, that this tilting is
limited due to extensive attachments of the pericardium to the sternum
and diaphragm

Fig.6.3 The anterior aspect
of the dog (A), pig (B), and
sheep (C) hearts. The apex is
formed entirely by the left
ventricle in these hearts. Also
notice the differences in
overall morphology of the
hearts. The dog heart is much
more rounded than the pig
and sheep hearts and has a
blunt apex. The pig heart has
more of a valentine shape
with a somewhat blunt apex
compared to the sheep heart.
The sheep heart is much more
conical in shape and has a
much more pronounced apex
than dog or pig hearts. Also
noteworthy is the presence of
significant amounts of
epicardial fat on the sheep
heart, compared with dog and
pig hearts. LA left atrium, LV
left ventricle, RA right atrium,
RV right ventricle
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smaller heart weight to body weight ratios than those of adult
dogs. More specifically, the adult dog may have as much as
twice the heart weight to body weight ratio (6.9 to 7 g/kg) as
pigs (2.9 to 2.5 g/kg) or sheep (3.0 to 3.1 g/kg) [16, 17], yet
such findings will also likely be breed specific. The normal
adult human heart weight to body weight ratio has been
reported to be 5 g/kg which, on a comparative note, is similar
to that of young pigs (25-30 kg animals) [7].

All large mammalian hearts are enclosed by the pericar-
dium, which creates the pericardial cavity surrounding the
heart. The pericardium is fixed to the great arteries at the base
of the heart and is attached to the sternum and diaphragm in
all mammals, although the degree of these attachments to the
diaphragm varies between species [10, 11]. Specifically, the
attachment to the central tendinous aponeurosis of the dia-
phragm is firm and broad in humans and pigs, the phreno-
pericardial ligament is the only pericardial attachment in
dogs, and the caudal portion of the pericardium is attached
via the strong sternopericardial ligament in sheep [10, 11].

The pericardium consists of three layers—the serous vis-
ceral pericardium (epicardium), the serous parietal pericar-
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dium, and the fibrous pericardium. The serous parietal
pericardium lines the inner surface of the fibrous pericardium,
and the serous visceral pericardium lines the outer surface of
the heart. The pericardial cavity is found between the serous
layers and contains the pericardial fluid. The pericardium is
considered to serve many functions including: (1) preventing
dilatation of the heart, (2) protecting the heart from infection
and adhesion to surrounding tissues, (3) maintaining the heart
in a fixed position in the thorax, and (4) regulating the interrela-
tions between the stroke volumes of the two ventricles [18-20].
However, it should be noted that the pericardium is not essen-
tial for survival, since humans with congenital absence of the
pericardium and pericardiectomized animals or humans can
survive with minimal consequences for many years [18, 21].

Although the basic structure of the pericardium is the
same, there are important differences between species [18,
19, 22]. For instance, pericardial wall thickness increases
with increasing heart size [18]. Humans are the notable
exception to this rule, having a much thicker pericardium
than animals with similar heart sizes [18]. Specifically, the
pericardium of the human heart varies in thickness between
1 and 3.5 mm [20], while the average thickness of the peri-
cardium of various animal species was found to be consider-
ably thinner (sheep hearts, 0.32+0.01 mm; pig hearts,
0.20+£0.01 mm; dog hearts, 0.19+0.01 mm) [19]. Differences
in the amount of pericardial fluid are considered to exist as
well. Holt reported that most dogs have 0.5-2.5 mL of peri-
cardial fluid with some dogs having up to 15 mL, compared
to 20—60 mL in adult human cadaver hearts [18]. For addi-
tional information on the pericardium, see Chap. 9.

The normally formed hearts of large mammals consist of
four chambers—two thin-walled atria and two thicker walled
ventricles. From both anatomical and functional perspec-
tives, the heart is divided into separate right and left halves,
with each half containing one atrium and one ventricle. In
the fully developed heart with no associated pathologies,
deoxygenated blood is contained in the right side of the heart
and kept separate from oxygenated blood, which is on the
left side of the heart. The normal path of blood flow is similar
among all large mammals. Specifically, systemic deoxygen-
ated blood returns to the right atrium via the caudal (inferior
in humans) vena cava and the cranial (superior in humans)
vena cava, subsequently passing into the right ventricle
through the open tricuspid valve. At the same time, oxygen-
ated blood returns from the lungs via the pulmonary veins to
the left atrium and then through the open mitral valve to fill
the left ventricle. After atrial contraction forces the last of the
blood into the ventricles, ventricular contraction ejects blood
through the major arteries arising from each ventricle, spe-
cifically the pulmonary trunk from the right ventricle and the
aorta from the left ventricle. Via the pulmonary arteries,
blood travels to the lungs to be oxygenated, whereas aortic
blood travels through both the coronary arterial system (to
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feed the heart) and to the systemic circulation (to oxygenate
bodily tissue). For additional discussions of flow patterns
and function, see Chaps. 1 and 20.

6.3.1 The Atria
The right and left atria of the adult mammalian heart are
separated by the interatrial septum. They are located at what
is termed “the base” of the heart. The base receives all of the
great vessels and is generally oriented cranially or superi-
orly, although there are reported differences in orientation
among species, which are mostly dependent on the posture
of the animal [13, 14, 23]. During fetal development, blood
is able to pass directly from the right atrium to the left atrium,
effectively bypassing the pulmonary circulation through a
hole in the interatrial wall termed the foramen ovale. The
foramen ovale has a valve-like flap located on the left atrial
side of the interatrial septum, which prevents backflow into
the right atrium during left atrial contraction [24]. At the
time of birth or soon thereafter, the foramen ovale closes and
is marked in the adult heart by a slight depression on the
right atrial side of the interatrial wall termed the fossa ovalis
[14, 24, 25]; it should be noted that it can remain patent in
some individuals, and the rate of patent foramen ovale is
comparable in adult humans and domestic swine at approxi-
mately 10-30 %. As compared to humans, the fossa ovalis is
more posteriorly (caudally) positioned in dogs and sheep
[11], but more deep-set and superior in the pig heart [13].
The sinus venosus, a common separate structure in non-
mammalian hearts, is incorporated into the right atrium and
is marked by the sinoatrial node in large mammals [24, 25].
According to Michaélsson and Ho [11], all the mammals
studied (including dogs, pigs, and sheep) have principally
the same atrial architecture including: the sinus venosus,
crista terminalis, fossa ovalis, Eustachian valve (valve of the
inferior vena cava), and Thebesian valve (valve of the coro-
nary sinus). All large mammalian atria also have an earlike
flap called the auricle or appendage [13, 14, 25], although the
size and shape of the auricles vary considerably between
species [11, 13] (Fig. 6.4). In general, the junction between
the right atrium and the right appendage is wide, whereas the
junction on the left side is much more narrow [13]. Multiple
pectinate muscles are found in both the right and left atrial
appendages and on the lateral wall of the right atrium [11,
13, 14] (Figs. 6.5 and 6.6). Commonly, there is one posterior
(caudal or inferior) and one anterior (cranial or superior)
vena cava, although in some mammals there are two anterior
venae cavae [24], and the location of the ostia of the venae
cavae entering into the atrium varies [11, 13]. Specifically,
the ostia of the inferior and superior vena cavae enter at right
(or nearly right) angles in large mammalian animal models
while entering the atrium nearly in line in humans [13].
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Fig.6.4 Differences in large
mammalian atria. Human:
(left) Right atrial appendage is
generally triangular in shape
and may be larger or smaller
than the left atrial appendage;
(right) Left atrial appendage
is generally tubular in shape.
Canine: (left) Right atrial
appendage is generally
tubular and is larger than or
similar in size to the left atrial
appendage; (right) left atrial
appendage is usually tubular.
Ovine: (left) Right atrial
appendage is generally
half-moon in shape and is
larger than the left atrial
appendage; (right) left atrial
appendage is generally
triangular in shape. Swine:
(left) Right atrial appendage is
usually half-moon in shape
and is generally smaller than
the left atrial appendage;
(right) left atrial appendage is
generally triangular in shape.
Source: www.vhlab.umn.edu/
atlas, Comparative Anatomy
Tutorial

Human

Canine

Ovine
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Fig.6.5 The cranial
(superior) aspect of dog

(A and B), pig (C and D), and
sheep (E and F) hearts.
Images on the left of the
figure (A, C, and E) show
opened right atrial
appendages, while images on
the right (B, D, and F) show
opened left atrial appendages.
White arrows point to
pectinate muscles that line the
right and left atrial
appendages. Notice that the
right and left atrial
appendages of the dog heart
are tubular in nature. In
contrast, the right and left
atrial appendages of the pig
and sheep heart are more
triangular in morphology. LV
left ventricle, RV right
ventricle

Typically, the extent of the inferior vena cava between the
heart and liver is long in domestic animals (>5 cm) and short
in humans (1-3 cm) [11]. The coronary sinus ostium is
normally located in the posterior wall of the right atrium, but
its location can differ slightly between species. Interestingly,
the number of pulmonary veins entering the left atrium also
varies considerably between species; human hearts typically
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have four [13] or occasionally five [15], dog hearts have five
or six [14], and pig hearts have two primary pulmonary veins
[13]. In all large mammalian hearts, the atria are separated
from the ventricles by a layer of fibrous tissue called the car-
diac skeleton, which serves as an important support for the
valves as well as to electrically isolate the atrial myocardium
from the ventricular myocardium [23].
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Fig.6.6 A human heart
opened on the inferior and
superior aspects of the right
ventricle, to show the anterior
and posterior walls. White
arrows point to pectinate
muscles in the right atrial
appendage on the anterior
aspect. RV right ventricle

6.3.2 The Ventricles

The left and right ventricles of the large mammals used for
cardiovascular research essentially contain the same compo-
nents which are also structurally very similar to those in
humans, including: an inlet (inflow) region, an apical region,
and an outlet (outflow) region. The ventricles can be consid-
ered the major ejection/pumping chambers of the heart, and,
as expected, their walls are significantly more muscular in
nature than those of the atria. It should also be noted that the
left ventricular walls are notably more muscular than those
of the right ventricle, due to the fact that the left ventricle
must generate enough pressure to overcome the resistance of
the systemic circulation, which is much greater than the
resistance of the pulmonary circulation (normally more than
4 times greater). The walls of both ventricles near the apex
have interanastomosing muscular ridges and columns termed
the trabeculae carneae which serve to strengthen the walls
and increase the force exerted during contraction [11, 14, 24,
25]. However, large mammalian hearts reportedly do not
have the same degree of trabeculation located in the ventri-
cles as normal adult human hearts, and the trabeculations in
animal hearts are commonly more coarse than those of
human hearts [11, 13] (Figs. 6.7 and 6.8). One can also com-
pare these relative anatomies by carefully studying various
prepared plastinated cardiac specimens of large mammalian
hearts, including humans. Papillary muscles supporting the
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atrioventricular valves are found attached to the walls of the
ventricles. Similar to human anatomy, in the majority of
large mammalian animal hearts, the right ventricle has three
papillary muscles, and the left ventricle has two, although
variations in individuals and species do occur [11]. It should
be noted that, in general, each papillary muscle supplies
chordae tendineae to at least 2 leaflets, ensuring redundancy.
Both ventricles typically have cross-chamber fibrous or mus-
cular bands, which usually contain Purkinje fibers. Within
the right ventricle of most dogs, pigs, and ruminants, a prom-
inent band termed the moderator band is typically present
[11]. However, the origin and insertion of the band, as well
as the composition of the band, differ notably between spe-
cies. For example, in the pig heart, the band originates much
higher on the septal wall compared to the analogous struc-
ture in the human heart [13], and the sheep heart has a similar
moderator band as the pig heart (Figs. 6.6, 6.7, 6.8, and 6.9).
In the dog heart, a branched or single muscular strand extends
across the lumen from the septal wall near, or from the base
of, the anterior papillary muscle [14] (Figs. 6.7, 6.8, 6.10,
and 6.11). However, Truex and Warshaw [26] did not find
any moderator bands in the dog hearts they examined
(n=12), but did observe them in all sheep hearts (n=12) and
all pig hearts (n=12), compared to 56.8 % of the human
hearts they examined (n=>500). Furthermore, they described
three subtypes of moderator bands: a free arching band, a
partially free arching band, and a completely adherent band.
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Fig.6.7 Images showing dog
(A), pig (B), and sheep (C)
hearts that have been opened
along the long axis to show
both ventricular cavities. The
anterior half of the heart is
shown (left ventricle on the
left and right ventricle on the
right). Black arrows point to
ventricular trabeculations
which are large and coarse.
White arrows point to the
moderator band. Notice that a
fibrous, branched moderator
band extends from the
anterior papillary muscle to
the free wall in the canine
heart. In contrast, a muscular,
nonbranched moderator band
extends from the septal wall
to the anterior papillary
muscle in pig and sheep
hearts. Additionally, notice
the presence of fibrous bands
in the left ventricle. LV left
ventricle, PA pulmonary
artery, RV right ventricle

Nevertheless, one must also consider the potential for breed
differences in animals and ethnic variability in humans. It is
interesting to note that while, in general, anatomical text-
books state there is no specific structure named the modera-
tor band in the left ventricle, left ventricular bands similar to
the moderator band of the right ventricle have been described
in the literature. For example, Gerlis et al. found left ven-
tricular bands in 48 % of the hearts of children and in 52 %
of the adult human hearts studied [27] (Fig. 6.8). They also
reported that left ventricular bands were highly prevalent in
sheep, dog, and pig hearts [27] (Fig. 6.7).

6.3.3 The Cardiac Valves

Large mammalian hearts have four cardiac valves with prin-
cipally similar structures and locations. Two atrioventricular
valves are located between each atrium and ventricle on both
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the right and left sides of the heart, and two semilunar valves
lie between the ventricles and the major arteries arising from
their outflow tracts (the pulmonary artery and aorta).
Chordae tendineae connect the fibrous leaflets of both atrio-
ventricular valves to the papillary muscles in each ventricle
and serve to keep the valves from prolapsing into the atria
during ventricular contraction, thereby preventing backflow
of blood into the atria. The semilunar valves—the aortic and
pulmonic—do not have attached chordae tendineae and
close due to pressure gradients developed across them. See
Chap. 34 for more details on valvular structures, function,
and defects.

The valve separating the right atrium from the right ven-
tricle is termed the tricuspid valve because it has three major
cusps—the anterosuperior (anterior), inferior (posterior),
and septal cusps. Typically, there are also three associated
papillary muscles in the right ventricle. Interestingly, the
commissures between the anterosuperior leaflet and the


http://dx.doi.org/10.1007/978-3-319-19464-6_34

98

A.J. Hilland P.A. laizzo

Fig.6.8 Image of a human heart opened on the long axis to show both
ventricular cavities. The left ventricle is on the left and the right ven-
tricle on the right. Black arrows point to ventricular trabeculations,
which are fine and numerous. The white arrow points to the moderator
band, which is thick and muscular. It is different in size, shape, and
location from the animal hearts shown in Fig. 6.7. LV left ventricle, RV
right ventricle

inferior leaflets can be fused in dog hearts [14], giving the
appearance of only two leaflets. Interindividual and interspe-
cies variations in the number of papillary muscles have also
been reported [11]. The valve separating the left atrium from
the left ventricle is termed the mitral or bicuspid valve
because it typically has two cusps, the anterior (aortic) and
the posterior (mural). However, according to Netter [15], the
human mitral valve actually can be considered to have four
cusps, including the two major cusps listed above and two
small commissural cusps or scallops; further publications on
the mitral valve describe large variations in the number of
scallops present in human hearts. Quill et al. studied the rela-
tive frequency of such variations in 38 human hearts and
showed that the commonly described clefts on the posterior
leaflet separating that leaflet into three regions (P1, P2, P3)
were present in the majority of hearts; deviant clefts were
also present in unexpected locations, such as the anterior
leaflet, in some hearts [28]. In large mammalian hearts, two
primary leaflets of the mitral valve are always present, but
variations in the number of scallops exist and can be quite
marked, giving the impression of extra leaflets [11]. A fibrous
continuity between the mitral valve and the aortic valve is
present in humans and most large mammals, extending from
the central fibrous body to the left fibrous trigone [11]
(Fig. 6.12). The length of this fibrous continuity, termed the
intervalvar septum or membranous septum, varies consider-
ably in length in different animals but notably is completely

Fig.6.9 Plastinated hearts of various species. Human: Trabeculae car-
neae in the apex are notably more numerous and finer than in the hearts
of swine, canines, or sheep. Canine: Trabeculae carneae are coarser than
those of humans; compared to swine and sheep hearts, the right ventricle
has greater trabeculation though the left has similar trabeculation com-
pared to these other animals. Ovine: Trabeculae carneae are noticeably
fewer and coarser compared to those in human hearts. Swine: Trabeculae
carneae are noticeably fewer and coarser compared to humans. Source:
www.vhlab.umn.edu/atlas, Comparative Anatomy Tutorial
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Fig.6.10 Drawing of an
opened right ventricular
cavity in dog (A), pig and
sheep (B), and human (C)
hearts. The structure of the
moderator band differs greatly
between these hearts. In the
dog heart, there is a branching
fibrous band that runs from
the anterior papillary muscle
to the free wall of the right
ventricle. In the human heart,
the moderator band is
typically located near the
apex and is thick and
muscular. In the pig and sheep
hearts, the moderator band
originates much higher on the
interventricular septum and
travels to the anterior
papillary muscle. It is not as
thick as in the human heart
but is still muscular in nature.
Also, note that the anterior
papillary muscle in the dog
heart originates on the septal
wall, as opposed to
originating on the free wall of
the human, pig, and sheep
hearts. APM anterior papillary
muscle, /VS interventricular
septum, MB moderator band,
PV pulmonary valve

absent in sheep [29]. There are also differences in the fibrous
ring supporting the mitral valve and in the composition of the
leaflets of the mitral valve between species. For instance,
according to Walmsley, a segment of the ring at the base of
the mural cusp is always present in the human heart, but is
difficult to distinguish in certain breeds of dogs and is incon-
spicuous in the sheep heart [29].

Differences in aortic valve anatomy have also been
reported in the literature. For example, Sands et al. com-
pared aortic valves of human, pig, calf, and sheep hearts
[30], and they reported that interspecies differences in leaf-
let shape exist, but that all species examined had fairly
evenly spaced commissures. Additionally, they found that
variations in leaflet thickness existed; in particular, sheep
aortic valves were described as especially thin and fragile.
They also noted that there was a substantially greater
amount of myocardial tissue supporting the right and left
coronary leaflet bases in the animal hearts relative to
humans [30].

6.3.4 The Coronary System

Mammalian hearts have an intrinsic circulatory system that
originates with two main coronary arteries [11] whose ostia
are located directly behind the aortic valve cusps.
Deoxygenated coronary blood flow returns to the right
atrium via the coronary sinus (into which the coronary veins
drain) and also to the right atrium, the right and left ventri-
cles [24, 31], and the left atrium [32, 33] by Thebesian veins.
According to Michaélsson and Ho [11], differences in perfu-
sion areas exist between large mammalian species as well as
within species (e.g., between breeds); these differences have
also been described in humans. Dogs and sheep typically
have a left coronary type of supply, such that the majority of
the myocardium is supplied via branches arising from the
left coronary artery. In contrast, pigs typically have a bal-
anced supply where the myocardium is supplied equally
from both right and left coronary arteries [11]. Yet, Crick
et al. [13] reported that most of the pig hearts they examined
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Fig.6.11 Images showing the moderator band in the right ventricle of
an ovine heart (A) and canine heart (B). The moderator band in the
sheep is muscular, originating on the septal wall and running to the
anterior papillary muscle. In contrast, the moderator band in the canine
heart appears fibrous. It originates on the septal wall, runs to the anterior
papillary muscle, and continues to the free wall of the right ventricle.
APM anterior papillary muscle, MB moderator band, SW septal wall

(80 %) possessed right coronary dominance. Additionally,
Weaver et al. [34] found that the right coronary artery was
dominant in 78 % of the pigs they studied. Most human
hearts (approximately 90 %) also display right coronary arte-
rial dominance [35].

Another important aspect of the coronary arterial circula-
tion, one that is of great importance in myocardial ischemia
research, is the presence or absence of significant collateral-
ization of the coronary circulation. Normal human hearts
tend to have sparse coronary collateral development, which
is very similar to that seen in normal pig hearts [34]. In con-
trast, it is now widely known that extensive coronary collat-
eral networks can be seen in normal dog hearts [5, 36-39].
Furthermore, Schaper et al. [40] found that the coronary col-
lateral network of dogs was almost exclusively located at the

Aorto-mitral

Fig.6.12 Fibrous continuity between the mitral valve and aortic valve
in a human heart. Source: www.vhlab.umn.edu/atlas, Left ventricle/
Aortic valve/Visible Heart (functional)/Heart0284-2

epicardial surface, while that of pig hearts, when present,
was located subendocardially. They were unable to detect a
significant collateral network in the hearts of sheep (Fig. 6.1).

There are three major venous pathways that drain the
heart—the coronary sinus, anterior cardiac veins, and
Thebesian veins [33, 41]. Drainage from each of these
venous systems is present in human hearts as well as in dog,
pig, and sheep hearts [13, 14, 24, 33]. While the overall
structure of the coronary venous system is similar across
species, interindividual variations are common. Nevertheless,
there is one notable difference in the coronary venous system
between species that warrants mention, that is, the presence
of the left azygos vein draining the left thoracic cavity
directly into the coronary sinus; a left azygos vein is typi-
cally present in both pig [13] and sheep [11] hearts (Fig. 6.13).

6.3.5 The Lymphatic System

In addition to an intrinsic circulatory system, large mamma-
lian hearts have an inherent and substantial lymphatic system
which serves the same general function of the lymphatic sys-
tem in the rest of the body. More specifically, the mammalian
lymphatic system has been described as follows. Hearts have
subepicardial lymphatic capillaries that form continuous
plexuses covering the whole of each ventricle [42].
Furthermore, the lymphatic channels are divided into five
orders, with the first order draining the capillaries and join-
ing to become the second order and so on, until the lymph is
drained from the heart via one large collecting duct of the
fifth order. In general, it has been described that dogs, pigs,
and humans have extensive subepicardial and subendocar-
dial networks with collecting channels directed toward large
ducts in the atrioventricular sulcus that are continuous with
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Fig.6.13 Images showing the left azygos (hemiazygos) vein entering
the coronary sinus in the pig (A) and sheep (B) hearts. The left azygos
vein drains the thoracic cavity directly into the coronary sinus in these
animals, rather than emptying into the superior vena cava via the azy-
gos as seen in dog and human hearts. Notice that it travels between the

the main cardiac lymph duct [43]. Furthermore, it was found
that the lymphatic vessels of the normal heart are distributed
in the same manner as the coronary arteries and follow them
as two main trunks to the base of the heart [44].

6.3.6 The Conduction System

All large mammalian hearts have a very similar conduction
system whose main components are the sinoatrial node,
atrioventricular node, bundle of His, right and left main bun-
dle branches, and Purkinje fibers. Yet, interspecies variations
are well recognized, especially with regard to the finer details
of the arrangement of the transitional and compact compo-
nents of the atrioventricular node [11]. In the mammalian
heart, the sinoatrial node is the normal pacemaker [11, 24,
25] and is situated in roughly the same location in all hearts:
high on the right atrial wall near the junction of the superior
vena cava and the right atrium. Conduction spreads through
the atria to the atrioventricular node (which interestingly is
unique to both birds and mammals) [25] and then to the bun-
dle of His, which is the normal conducting pathway from the
atria to the ventricles, penetrating through the central fibrous
body. The right and left main bundle branches emanate from
the bundle of His and branch further into the Purkinje fibers
which then rapidly spread conduction to the ventricles [11].
The atrioventricular node and bundle of His are typically
located subendocardially in the right atrium within a region
known as the triangle of Koch, which is delineated by the
coronary sinus ostium, the membranous septum, and the sep-
tal/posterior commissure of the tricuspid valve (Fig. 6.14).

left atrial appendage and the pulmonary veins; the oblique vein of
Marshall (oblique vein of the left atrium) travels this path in human and
dog hearts. CS coronary sinus, LAA left atrial appendage, LAZV left
azygos vein, LV left ventricle

The presence of the os cordis has been noted to be present in
the sheep heart, but not in dog, pig, or human hearts.
Specifically, it is a small, fully formed bone that lies deep in
the atrial septum which, in turn, influences the location and
course of the bundle of His in sheep hearts. Other known dif-
ferences in the atrioventricular conduction system between
human, pig, dog, and sheep hearts are illustrated in Table 6.1.
For more details on the conduction system, see Chap. 13.

6.4 Qualitative and Quantitative
Comparisons of Cardiac Anatomy
in Commonly Used Large Mammalian

Cardiovascular Research Models

The following section describes original research conducted
at the University of Minnesota by the authors of this chapter.

6.4.1 Importance for Comparing

the Anatomy of Various Animal Models

Selection of the proper experimental model for use in cardio-
vascular research depends on many factors including: (1)
cost, (2) quality and quantity of data, (3) familiarity with the
model, and/or (4) relevance to the human condition [49].
Typically, a balance as to the relative importance of these
factors is determined when optimizing any experimental pro-
tocol. Yet, one important parameter that is often overlooked
in such a design is the comparative cardiac anatomy of the
model in question relative to that of humans.
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Fig.6.14 The triangle of
Koch in human, dog, sheep,

and pig hearts Triangle
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Even today, there is often considerable debate over which
cardiovascular research model most closely resembles the
human heart anatomically. Surprisingly, in spite of this
debate, the comparative cardiac anatomy of such models as
a specific topic is largely unexplored. Nevertheless, this
question is especially important for biomedical device
design and testing in which the goal is to test a product that
directly interacts with specific anatomical structures.
Furthermore, such comparisons often become even more
complicated due to: (1) the relative orientation and/or posi-
tion of each species’ heart and (2) the various terminologies
used to describe heart anatomy and position (attitudinally
correct anatomy) which can vary between various animal
models and in comparison to humans. In addition, one hopes
to match the cardiac dimensions across species, but this can
be further complicated by both gender and age. For exam-
ple, a 6-7-month-old Yorkshire swine has a typical cardiac
mass between 300 and 400 g, which is similar to that of the
healthy adult human. Finally, genetic heritage influences
expressed cardiac anatomy, and specific descriptors are
often missing in previous reports (i.e., specific breeds of
animals studied).

Thus, the following studies were designed to elucidate the
major similarities and differences between the hearts of several
major large mammalian cardiovascular research models and
then relate these findings to humans. Specifically, qualitative
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and quantitative techniques were employed on post-mortem,
formalin-fixed porcine, ovine, canine, and human hearts.

6.4.2 Methods and Materials

For this study, we obtained fresh hearts of humans (Homo
sapiens; man), pigs (Sus domestica; swine, porcine), dogs
(Canis lupus familiaris; canine), and sheep (Ovis aries;
ovine). Human hearts (n =8) were obtained from the Anatomy
Bequest Program at the University of Minnesota. All human
hearts were previously unfixed and devoid of clinically diag-
nosed heart disease or defect. Swine (Yorkshire cross),
canine (hound cross), and ovine (Polypay cross) (n=10 each)
hearts were obtained from either Research Animal Resources
at the University of Minnesota or the Physiological Research
Laboratories at Medtronic, Inc. These animals were used for
prior research studies that did not alter their anatomy. In
other words, in all cases, care was taken to insure that hearts
were only obtained from individuals and animals in which
cardiac anatomy was not considered to be altered by disease
processes or any prior experimental protocols.

6.4.2.1 Heart Preservation
To preserve the hearts and prepare them for comparative
anatomical study, specimens were all similarly pressure
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Table 6.1 Similarities and differences in the atrioventricular conduction systems of dog, pig, sheep, and human hearts [45-48]

Location of AV node

AV node and bundle of His
junction

Human Located at the base of End of the AV node and the
the atrial septum, beginning of bundle of His
anterior to the coronary | are nearly impossible to
sinus, and just above the | distinguish
tricuspid valve

Pig Lies on the right side of | No explicit information
the crest of the found
ventricular septum and
is lower on the septum
than in humans

Dog Same as in humans Consists of internodal tracts

of myocardial fibers

Sheep Located at the base of Junction is characterized by
the atrial septum, fingerlike projections,
anterior to the coronary | where the two types of
sinus, just above the tissue overlap; size and
tricuspid valve, and at staining qualities of the
the junction of the initial Purkinje cells of the
middle and posterior bundle of His make it easy
one-third of the os to distinguish between the
cordis end of the AV node and the

beginning of the bundle of
His
AV atrioventricular

Length of bundle of His

Total length of the
unbranched portion is

2-3 mm. Penetrating
bundle is 0.25-0.75 mm in
length. Bundle bifurcates
just after emerging from
the central fibrous body

Penetrating bundle is very
short in comparison to
humans

Penetrating bundle is
1-1.5 mm long,
significantly longer than
the human penetrating
bundle

Portion of the bundle
passing through the central
fibrous body is ~1 mm.
Bundle extends 4-6 mm
beyond the central fibrous
body before it bifurcates

Route of bundle of His

Bundle lies just beneath the
membranous septum at the

crest of the interventricular
septum

Climbs to the right side of the
summit of the ventricular
septum, where it enters the
central fibrous body. The
bifurcation occurs more
proximally than in humans

His bundle runs forward and
downward through the fibrous
base of the heart, just beneath
the endocardium. There are at
least three discrete bundle of
His branches of myocardium
that join the atrial end of the
AV node via a proximal His
bundle branch

Unbranched bundle must pass
beneath the os cordis to reach
the right side of the ventricular
septum. The bundle of His then
remains relatively deep within
the confines of the ventricular
myocardium. Branching occurs
more anteriorly in sheep than
in humans

perfusion fixed. Briefly, this consisted of suspending each
heart in a large container of 10 % buffered formalin from
cannulae tied into the following major vessels: the superior
caval vein, the pulmonary trunk, the aorta, and one pulmo-
nary vein. All remaining vessels were sealed, with the excep-
tion of small vents positioned in both the inferior caval vein
and in one of the pulmonary veins. Formalin was gravity fed
down the cannulae from a reservoir chamber positioned
35—40 cm above the fluid level in the suspension chamber.
This system generated a reproducible perfusion pressure
between 45 and 50 mmHg. The hearts were allowed to fix
under these conditions for a minimum of 24 h in order to
allow for adequate penetration of fixative. This method of
fixation was quite reproducible to ensure that the hearts
maintained a similar anatomical configuration.

6.4.2.2 Qualitative Anatomical Assessment

of Perfusion-Fixed Hearts
Several observational assessments, similar to those con-
ducted and previously described by Crick et al. [13], were
completed on each heart. In addition to these assessments, a

6 mm endoscopic camera (Olympus Optical, Tokyo, Japan)
was inserted into each chamber of each heart, with care taken
not to distort any structure to be observed. This allowed for
direct visualization of the internal chambers of the heart
without dissection, hence allowing the anatomical structures
to be examined in a more realistic state. Specific anatomical
features assessed included:
* Qpverall shape of entire heart (conical, valentine, trapezoi-
dal, elliptical, or rounded with blunt apex; Fig. 6.3)
* Overall shape and size of atria and free portions of the
appendages (triangular, half-moon, or tubular)
e Ventricular formation of the apex (right, left, or both
ventricles)
* Number of pulmonary veins (best estimates were made as
some pulmonary veins were dissected close to the atrium)
* Presence or absence of noncardiac coronary sinus tribu-
taries (left azygos vein)
* General shape of:
— Inferior caval vein ostium
— Superior caval vein ostium
— Pulmonic valve
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Fig.6.15 Anterior surface of
a fixed sheep heart and
end-diastolic volumetric
reconstruction of a sheep
heart from magnetic
resonance images. Note that
the apex of the sheep heart is
pointed inferiorly and slightly
anteriorly. LA left atrium, LV
left ventricle, RA right atrium,
RV right ventricle

Tricuspid valve

Aortic valve

— Mitral valve

Coronary sinus ostium

e Presence or absence of the valve of the coronary sinus
ostium (Thebesian valve)

* Presence or absence of the moderator bands of the right
ventricles (if present, the locations of attachment points
were noted)

e Number of papillary muscles found in the right and left
ventricles

» Degree of trabeculation of right and left ventricular endocar-
dium (1-5; 1 =no trabeculations, 5=highly trabeculated)

* Presence or absence of any left ventricular bands (i.e.,
similar structures to the moderator bands of the right
ventricle).

6.4.2.3 Quantitative Anatomical Assessments
of Perfusion-Fixed Hearts

The following quantitative measurements were performed
on each heart by employing a novel 3D technique. Briefly,
a MicroScribe® 3D digitizing arm (3DX, Immersion Corp.,
San Jose, CA, USA), consisting of a touch probe with six
degrees of freedom, was used to gather the 3D data points.
First, each heart was suspended and stabilized within a
rectangular metal frame via sutures placed into the aorta,
the right and left lateral ventricular walls, and the apex.
More specifically, the heart was suspended in the classic
valentine heart position, with the apex pointing toward the
bottom of the frame and base toward the top, for easy com-

parison between hearts. In all cases, attitudinally correct
nomenclature was used to describe structures in a more
meaningful manner (Figs. 6.15 and 6.16; see also Chap. 2).
To allow for the generation of a consistent coordinate axis
system, three small holes for touch probe placement were
drilled into a right angle scribe that was affixed to a corner
of the support structure. This setup allowed for a consistent
reference frame for all subsequent digitizations; each heart
was maintained within the same 3D space, allowing for
precise measurement between all digitized locations.
Furthermore, this overall setup and experimental design
allowed for free movement of the 3DX probe as the refer-
ence frame could be regenerated following each move-
ment, allowing for complete probe access to all desired
aspects of the heart.

For probe initialization, the coordinate axes were set up
using the acquisition software (Inscribe, Immersion Corp.)
on the right angle scribe by digitizing the location of the
three holes that were set up as the origin, a point on the
x-axis, and a point on the y-axis; the software then automati-
cally generated the z-axis. Prior to dissection, eight external
locations were digitized in each heart (Table 6.2) such that
comparisons of the major external dimensions could be per-
formed (Table 6.3). Then, small incisions were made in the
right and left atrial appendages to allow for internal access in
each heart. With the simultaneous use of endoscopic cam-
eras, the touch probe was navigated to specific locations in
each heart such that comparisons of valve dimension, ven-
tricular chamber dimension, and those of the coronary sinus
ostium could be subsequently calculated (Tables 6.2 and
6.3). It should be noted that all orientational terms are in rela-
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Pulmonary Trunk

Interventricular
Sulcus

Fig. 6.16 Anterior surface of a fixed human heart and end-diastolic
volumetric reconstruction of a human heart from magnetic resonance
images. Note that the apex of the human heart is pointed to the left and
slightly anteriorly. LV left ventricle, RAA free portion of right atrial
appendage, RV right ventricle

tion to the reference frame, which closely mimics the orien-
tation of the animal hearts in vivo. However, these terms do
not necessarily describe the exact positions of the human
hearts in vivo. In total, only three measurements from por-
cine heart number 1 needed to be removed due to improper
coordinate axis regeneration. These were (1) posterior base
to whole heart apex, (2) aortic valve mid-left coronary cusp
to left ventricular apex, and (3) aortic valve center to left
ventricular apex.

All calculations were analyzed both as raw data and as nor-
malized data (divided by the given heart weight). Statistical
significance tests were performed using one-way ANOVA
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and Bonferroni post analyses; significance was set at a=0.05.
All values are presented as means + standard deviation.

6.4.3 Results

The average heart weights were 367.3+65.8 g for humans,
274.6+£504 g for pigs, 258.1+36.2 g for dogs, and
353.1+120.7 g for sheep. Human heart weights were signifi-
cantly larger than dog heart weights (p <0.05). The average
age of the human donors was 63.8+19.5 years. Although the
exact age of the animals was not known, all porcine hearts
were from younger rapidly growing animals (<1 years old);
all canine (1-2 years old) and ovine hearts (1-3 years old)
were from mature animals. Six of the human hearts were
obtained from females and 2 were from males. All porcine
and canine hearts were from male animals, while all ovine
hearts were from female animals.

6.4.3.1 Qualitative Comparisons
The human hearts had the largest variation in overall shape
compared to the animal hearts. Three human hearts were
classified as having an elliptical shape, 2 were conical, 2
were rounded with a blunt apex, and 1 was valentine shaped.
The overall defined shapes of the animal hearts were as fol-
lows: 6 ovine hearts were considered conical and 4 were
valentine; 8 porcine hearts were valentine and 2 were trap-
ezoidal; and all 10 canine hearts were elliptical. Nevertheless,
the apexes of the hearts were formed entirely by the left ven-
tricles in all animal hearts and in 5 of the 8 human hearts. In
the other 3 human hearts, the apexes were mostly left but
were considered slightly shifted toward a “joint apex.”
Generally, the free portions of the right atrial appendages
of the human hearts were defined as either triangular (7 of 8)
or tubular on the left (8 of 8). The size of the free portion of
the appendages was variable in the human hearts with 3 hav-
ing larger right appendages, 3 having larger left appendages,
and 2 having similar sized appendages. The free portions of
the right atrial appendages of the ovine hearts were in the
shape of a half-moon (9 of 10) and typically characterized as
triangular on the left (8 of 10). The free portions of the right
atrial appendages were larger than the left in 7 hearts and the
same size as the left in the remaining 3 hearts. The free por-
tions of the right atrial appendages of the porcine hearts were
generally in the shape of a half-moon (9 of 10) and typically
triangular on the left (6 of 10). The left atrial appendage was
larger than the right in 9 hearts and the same size in the
remaining heart. In the canine hearts, the free portions of both
atrial appendages were considered to be tubular in 9 hearts
and triangular in 1 heart. The free portions of the right atrial
appendages were larger than the left in 5 hearts and the same
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Table 6.2 Digitized locations

External locations Description

Base

A.J. Hilland P.A. laizzo

Anterior (anterosuperior) at the origin of the pulmonary trunk

Posterior (posteroinferior) at the junction of the coronary sulcus and the interventricular sulcus
Right lateral at the right atrial/right ventricular junction
Left lateral at the left atrial/left ventricular junction

Apex coronary sinus | At the true apex of the heart (LV)

The entry of the coronary sinus into the right atrium on the posterior aspect of the heart and three evenly spaced
points to the end of the coronary sinus, defined as the junction of the great cardiac vein and the oblique vein of the

left atrium (Marshall)

Internal locations Description

Tricuspid valve Anterior (superior)
Posterior (inferior)
Septal (posterior)
Lateral (anterior)

Center—best approximation

Coronary sinus Superior (posterolateral)

Inferior (anteroseptal)

Lateral (superior)

Septal (inferior)

Thebesian valve leading edge (when present)
Center—best approximation

Pulmonic valve Midpoint on anterior cusp

Midpoint of right cusp
Midpoint of left cusp
Center—best approximation

RV apex mitral valve | Deepest point in the RV apex

Anterior (superior)
Posterior (inferior)

Septal (posterior)

Lateral (anterior)
Center—best approximation

Aortic valve Midpoint of right coronary cusp

Midpoint of left coronary cusp

Midpoint of non-coronary cusp

Right coronary/left coronary commissure tip
Right coronary/non-coronary commissure tip
Left coronary/non-coronary commissure tip
Center—best approximation

LV apex Deepest point in the LV apex

size as the left in the other 5 hearts. The left azygos (hemiazygos)
vein was present as a tributary to the coronary sinus in all
ovine and porcine hearts examined; it was not present in any
of the canine hearts or human hearts. Thebesian valves cover-
ing some aspect of the coronary sinus ostium were present in
all human hearts, but absent in all animal hearts examined.
Moderator bands were present in the right ventricles of all
hearts examined (Figs. 6.7, 6.8, 6.10, and 6.11). However, the
origin and attachment of these bands, as well as their appear-
ance, were varied among species. In the human hearts, the
moderator band typically arose more apically on the septal
wall and attached to the base of the anterior papillary muscle
(APM). Interestingly, the band was a free arc in 6 of the
hearts and a ridge in 2 hearts. In both sheep and pigs, the
moderator bands presented as muscular structures that origi-
nated on or near the septal papillary muscle (SPM), inserted
at the body or head of the APM, and were free arcs in all. In

contrast, the moderator bands of the canine hearts presented
as fibrous networks that originated on the APM or septal wall
and inserted on the free walls of the right ventricles (usually
at multiple sites). Similar to all pig and sheep hearts and 75 %
of the human hearts, the canine moderator band was a free
arching structure across the ventricular cavity. There were
left ventricular bands, similar to the moderator band (com-
posed of or containing what are considered to be conduction
fibers), identified in all but 1 porcine heart and 1 human heart.

All human, ovine, and porcine hearts had one well-defined
APM in the right ventricle. In contrast, 6 canine hearts had 2
APMs and 4 hearts had a single APM. Nine ovine hearts had
a single posterior papillary muscle (PPM) in the right ven-
tricle and 1 heart had 2 PPMs. Six porcine hearts had a single
PPM, 3 hearts had 2 PPMs, and 1 heart had 3 PPMs. Only 1
canine heart had a single PPM, 5 hearts had 2 PPMs, and 4
hearts had 3 PPMs. Three human hearts had a single PPM, 1
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Table 6.3 Calculated measurements

External measurements
Base to apex length

Coronary sinus
Internal measurements

Coronary sinus ostium

Tricuspid valve

Right ventricular inflow

Pulmonic valve

Right ventricular outflow

Mitral valve

Left ventricular inflow

Aortic valve

Left ventricular outflow
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Description

Anterior (anterosuperior) to apex
Posterior (posteroinferior) to apex
Right lateral to apex

Left lateral to apex

Length of the coronary sinus
Description

Superior (posterolateral) to inferior (anteroseptal) diameter
Lateral (inferior) to septal (superior) diameter

Functional ostium—Thebesian valve to septal (superior)
diameter

Anterior (superior) to posterior (inferior) diameter
Septal (posterior) to lateral (anterior) diameter
Anterior (superior) tricuspid valve to apex distance
Posterior (inferior) tricuspid valve to apex distance
Septal (posterior) tricuspid valve to apex distance
Lateral (anterior) tricuspid valve to apex distance
Center tricuspid valve to apex distance

Sinotubular junction diameter
Basal annular diameter

Mid-anterior cusp pulmonic valve to apex distance
Mid-right cusp pulmonic valve to apex distance
Mid-left cusp pulmonic valve to apex distance
Center pulmonic valve to apex distance

Anterior (superior) to posterior (inferior) diameter
Septal (posterior) to lateral (anterior) diameter
Anterior (superior) mitral valve to apex distance
Posterior (inferior) mitral valve to apex distance
Septal (posterior) mitral valve to apex distance
Lateral (anterior) mitral valve to apex distance
Center mitral valve to apex distance

Sinotubular junction diameter
Basal annular diameter

Mid-right coronary cusp aortic valve to apex distance
Mid-left coronary cusp aortic valve to apex distance
Mid-non-coronary cusp aortic valve to apex distance
Center aortic valve to apex distance

heart had 2 PPMs, and 4 hearts had 3 PPMs. Eight ovine
hearts had a single SPM and 2 hearts had 2 SPMs. In con-
trast, 4 canine hearts had a single SPM and 6 hearts had 3 or
more SPMs. Additionally, only 2 porcine hearts had a single
SPM, 4 hearts had 2 SPMs, and 4 hearts had 3 or more SPMs.
Three human hearts had a single SPM, 3 hearts had 2 SPMs,
and 2 hearts had 3 SPMs. All hearts from all species had
other small papillary muscles on the septal wall which were
not fully formed and projected into the right ventricle, as well
as chordae appearing to attach directly to the septal wall.

In the left ventricle, all animal hearts from all species
had a single APM with varying numbers of heads. In con-
trast, 5 human hearts had a single APM, 1 heart had 2
APMs, and 2 hearts had 3 APMs. All porcine and canine
hearts had a single PPM in the left ventricle, while 8 ovine
hearts had a single PPM and 2 hearts had 2 PPMs. Four

human hearts had a single PPM in the left ventricle, and 4
hearts had 2 PPMs.

Generally, the right ventricle and left ventricle apexes of
human hearts were far more trabeculated as compared to
each species of animal hearts. In the right ventricle, the
canine hearts were more trabeculated than those of porcine
and ovine hearts. In contrast, the degree of trabeculation in
the left ventricular apexes was similar across animal hearts.
It was also noted that the epicardia of the ovine hearts were
typically covered in greater amounts of fatty tissue relative
to the canine and porcine hearts.

The shape of the ostia of the superior vena cavae and the
inferior vena cavae was circular in all hearts examined, with
the exception of 1 human heart in which the inferior vena cava
ostium was removed during heart removal. The shape of the
tricuspid valves and mitral valves ranged within species and
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included elliptical, circular, nearly circular, and half-moon.
Similarly, the aortic and pulmonary valves were circular in all
hearts examined. The coronary sinus ostia were elliptical in
the majority of hearts.

Due to cannulation of the hearts for perfusion and dissec-
tion of the pulmonary veins near the left atrium, the number
of pulmonary veins could not be reliably determined in all
hearts. Typically, major ostia were seen within each heart,
but bifurcation patterns were different within and between
species. Oftentimes, the myocardium traveled deep into the
“vein” which was defined by a major ostium, yet the veins
could be bifurcated almost directly at the myocardial/venous
tissue junction into 2 to 4 veins. The canine hearts were the
only exception to this generalization, in which 7 hearts had
greater than 5 pulmonary veins (range 5-8).

6.4.3.2 Quantitative Comparisons
In general, calculated dimensions and heart weights were not
well correlated, with the highest correlations found in ovine
hearts. Therefore, statistical analyses were performed on
both raw measurements and on those normalized to heart
weight values. Statistically significant differences between
the species were found for both raw and normalized data.
Although some overlap of statistically significant differences
existed between the raw and normalized values, oftentimes
statistical significance was not conserved between the two
methods. Therefore, only raw data is presented throughout
the remaining portion of this chapter and in Tables 6.4 and
6.5, with statistically significant differences noted.
Externally, the average anterior (anterosuperior) base to
apex distance was significantly longer in sheep hearts than
canine hearts. The average base to apex distance on the pos-
terior (posteroinferior) and left lateral aspects was signifi-
cantly longer in the human hearts than swine, canine, and
ovine hearts. The average right lateral base to apex distance
was significantly longer in human hearts compared to swine
and canine hearts, and the ovine hearts were also signifi-
cantly longer than the swine hearts. The average external
length of the coronary sinus was significantly longer in the
human hearts compared to the swine, canine, and ovine
hearts (Table 6.4).

Table 6.4 External dimensions (mean=std. dev)

Measurement Human
Anterior (anterosuperior) base to apex 98.7+14.6
distance (mm)

Posterior (posteroinferior) base to apex 87.7+12.4
distance (mm)

Right lateral base to apex distance (mm) | 106.4+10.9
Left lateral base to apex distance (mm) 99.7+9.5
Coronary sinus length 46.5+5.2
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Internally, the average superior (posterolateral) to inferior
(anteroseptal) coronary sinus ostium diameter was signifi-
cantly larger in human hearts compared to swine, canine, and
ovine hearts. The average lateral (inferior) to septal (supe-
rior) diameter was significantly smaller in canine hearts
compared to human, swine, and ovine hearts. As stated ear-
lier, Thebesian valves were present in all human hearts. Due
to this valve, the functional ostium of the coronary sinus (i.e.,
that which was not covered by a Thebesian valve) was
reduced in the superior/inferior dimension in these hearts as
the attachment of the valve was typically in the posterolat-
eral/anteroseptal direction. When taking into account the
Thebesian valve, the average diameter of the functional
ostium of the human hearts was significantly smaller than
that of the swine and ovine hearts (Table 6.5).

The average tricuspid valve diameters were all of similar
size, with the exception of the anterior (superior) to posterior
(inferior) dimension, which was significantly larger in human
hearts than pig hearts. The average right ventricular inflow
tract length was significantly longer in human hearts com-
pared to the animal hearts in all dimensions analyzed. No
significant differences were seen in the average length of the
outflow tracts of the right ventricles, with the exception of
the mid-left cusp to apex dimension, which was significantly
shorter in canine hearts than human hearts. The average
diameter of the sinotubular junction of the pulmonic trunk
was significantly greater in the human hearts as compared to
the animal hearts. No significant differences were observed
in the average diameters of the basal annular ring of the pul-
monic valve (Table 6.5).

No significant differences were observed in the average
diameter of mitral valve in the anterior (superior) to posterior
(inferior) dimension. However, the average diameter of the
mitral valve in the septal (posterior) to lateral (anterior)
dimension was significantly larger in the human hearts as
compared to the animal hearts. The average dimensions of
the inflow tracts of the left ventricle were significantly
shorter in the canine hearts compared to human, swine, and
ovine hearts in all dimensions analyzed. The average diam-
eter of the left ventricular outflow tract was generally longer
in the human hearts than the animal hearts. The average

Swine Canine Ovine
101.2+6.8 93.5+4.1 111.1+16.8 ¢
65.6+4.2 71.3x£29 72.6+7.6 aff®
88.4+4.8 94.3+5.8 103.8+12.7 ape
80.8+5.3 78.6+3.5 87.4+10.2 afd
25.1x£2.7 29.8+6.7 29.9+8.6 afd

Significant differences are noted by the following symbols: ae—human, swine; f—human, canine; 6—human, ovine; 3—swine, canine; e—swine,

ovine; {—canine, ovine
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Table 6.5 Internal dimensions (mean=+std. dev)

Measurement
Coronary sinus ostium

CS Os superior (posterolateral) to inferior (anteroseptal)
diameter (mm)

CS Os lateral (inferior) to septal (superior) diameter (mm)
CS Os functional ostium—Thebesian valve to opposite
edge diameter (mm)

Tricuspid valve

Tricuspid valve anterior (superior) to posterior (inferior)
diameter (mm)

Tricuspid valve septal (posterior) to lateral (anterior)
diameter

RV inflow tract

Tricuspid valve anterior (superior) to RV apex
distance (mm)

Tricuspid valve posterior (inferior) to RV apex
distance (mm)

Tricuspid valve septal (posterior) to RV apex distance (mm)
Tricuspid valve lateral (anterior) to RV apex distance (mm)
Tricuspid valve center to RV apex distance (mm)

Pulmonic valve

Pulmonic valve sinotubular junction diameter (mm)
Pulmonic valve basal annular diameter (mm)

RV outflow tract

Pulmonic valve mid-anterior cusp pulmonic valve to apex
distance (mm)

Pulmonic valve mid-right cusp pulmonic valve to apex
distance (mm)

Pulmonic valve mid-left cusp pulmonic valve to apex
distance (mm)

Pulmonic valve center pulmonic valve to apex
distance (mm)

Mitral valve

Mitral valve anterior (superior) to posterior (inferior)
diameter (mm)

Mitral valve septal (posterior) to lateral (anterior)
diameter (mm)

LV inflow tract

Mitral valve anterior (superior) to LV apex distance (mm)
Mitral valve posterior (inferior) to LV apex distance (mm)
Mitral valve septal (posterior) to LV apex distance (mm)
Mitral valve lateral (anterior) to LV apex distance (mm)
Mitral valve center to LV apex distance (mm)

Aortic valve

Aortic valve sinotubular junction diameter (mm)

Aortic valve basal annular diameter (mm)

LV outflow tract

Aortic valve mid-right coronary cusp to LV apex
distance (mm)

Aortic valve mid-left coronary cusp to LV apex
distance (mm)

Aortic valve mid-non-coronary cusp to LV apex
distance (mm)

Aortic valve center to LV apex distance (mm)

Human

12.3+4.2

15.7+2.4
8.1+29

43.0+3.1

37.7+7.2

86.9x12.9

78.9+19.9

77.4x14.0
83.7+21.0
73.1+19.2

28.1+3.8
31.1+£3.2

86.9+14.7

93.9+15.0

87.9x13.6

90.4+16.7

37.9+4.6

32.5+5.6

83.7+18.0
78.2+18.2
80.7+15.7
77.4+173
69.5+16.2

26.4+3.0
30.0+2.6

89.9+18.6

89.7+£18.6

92.7+20.1

90.8+18.3

Swine

7.7+1.4

16.4+2.9
NA

37.2+4.2

30.3+5.5

72.0+4.7

55.5+3.3

61.8+4.3
61.6+4.9
51.8+£2.7

18.7+1.6
25.6+2.0

93.3+6.2

85.4+5.9

79.0£4.7

85.6+6.5

31.0+3.9

23.7£2.7

76.8+£6.3
68.2+5.5
70.6+6.1
72.1+£5.3
62.0£5.9

21.4+2.3
25.1+£3.2

72.5+£6.2

77.1£5.5

73.8+£6.2

75.9+5.8

Canine

5.0£1.0

9.8+2.2
NA

38.8+3.0

29.5+4.6

65.3+4.1

49.3+3.6

55.5+4.8
55.7+3.8
45.7+4.5

18.3+3.3
255+2.9

84.8+5.0

76.7x4.1

69.4+4.3

77.9+4.3

31.3+4.6

22.0+4.9

63.1+£6.0
60.0+5.8
65.2+5.8
59.4+4.8
52.1+4.9

16.8+£2.7
232+4.1

65.2+5.8

67.1+6.1

67.1+x7.1

63.7+6.6
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Ovine

8.1+3.2 ap®

18.3+5.0 PS¢
NA a5

399+38

36.0+£9.4

66.1+15.9 ap@
51.9+11.1 ap®

59.5+10.1 ap®
58.7+16.7 ap®
50.4+9.8 ap@

22.8+5.7 afd
29.8+6.8

90.4+16.0
82.4+21.1
79.2+9.7 B

81.4+11.3

36.9+7.4

25.8+6.3 af0

75.7+13.5
67.4+11.6 B
702+13.4 B
7211328
62.3+11.3 B

20.4%3.8 af0d
28.9+5.4 B¢

76.2+13.3 af
773£14.5p
73.0+11.9 afd

75.2+12.8 pO

Significant differences are noted by the following symbols: «—human, swine; f—human, canine; 0—human, ovine; d—swine, canine; e—swine,

ovine; {—canine, ovine
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human dimensions were significantly longer than the swine
and canine hearts in the mid-right cusp dimension, signifi-
cantly longer than the canine hearts in the mid-left dimen-
sion, significantly longer than all hearts in the non-coronary
dimension, and significantly longer than the canine and
ovine hearts from the center of the aortic valve. The average
diameter of the sinotubular junction of the aorta was signifi-
cantly larger in the human hearts than all animal hearts.
Additionally, the average diameter of the swine hearts was
significantly longer than the canine hearts at this location.
Finally, the average diameter of the basal annulus of the
aortic valve was significantly larger in human and ovine
hearts than canine hearts (Table 6.5).

6.4.4 Discussion and Consideration
of Previous Studies on Comparative
Anatomy

In the present study, we examined the gross morphology of
the hearts of humans, pigs, dogs, and sheep and compared
them both qualitatively and quantitatively. To the authors’
knowledge, this is the first study specifically aimed at eluci-
dating both qualitative and quantitative similarities and/or dif-
ferences in the cardiac anatomy of these commonly employed
species for cardiovascular research. These presented findings
should be seen as a unique initial database on the overall
shape of hearts, appendages, and valves, the presence or
absence of specific anatomical features, and quantitative
dimensions, which were measured in nondissected pressure-
fixed, end-diastolic volume hearts. These comparisons dem-
onstrate that important anatomical differences exist between
hearts isolated from humans, pigs, dogs, and sheep. Hopefully,
these results can be used by future investigators as an aid in
making critical choices as to which animal model would be
best for their specific biomedical/cardiovascular research.

A sizeable quantity of literature has been published on
many qualitative aspects of large mammalian cardiac anat-
omy. However, much of this research is very general (i.e., all
mammalian hearts have a right and left atrial appendage)
[11, 13, 14, 25] or very specific (i.e., comparative cardiac
anatomy of the cardiac foramen ovale) [50], and, impor-
tantly, most research is not done in a truly comparative fash-
ion. Furthermore, much of this literature does not provide
information useful for those specifically performing cardio-
vascular research with the hope of translating such results to
relevant human research.

There are specific examples of anatomical structure that
we studied in these comparative analyses that have been
described somewhat differently in the previous literature.
Crick et al. [13] reported that the shape of the porcine heart
was valentine; we observed this shape in 8 of 10 hearts. They
also reported a trapezoidal shape of the human hearts they
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examined. Greater variability was seen in the observed shape
of our human hearts with no general trend seen. The forma-
tion of the apex of the heart entirely by the left ventricle has
also been previously reported for all animals examined in this
study [12-14]; this is also the case for most of the human
hearts in this study and is widely reported in literature and
textbooks. The presence of a moderator band in the right ven-
tricle in all hearts examined has also been previously noted
[11, 13, 51]. However, Truex and Warshaw [26], while finding
a moderator band in the right ventricle of all sheep and pigs
studied, failed to find such a band in the canine hearts they
examined and only found a band in 56.8 % of human hearts.
This discrepancy was likely due to definition and to the differ-
ent morphology presented by the band in these animals.
Interestingly, we observed left ventricular bands in nearly all
of the hearts examined (7 human, 9 swine, 10 canine, and 10
ovine). Gerlis et al. [27] reported that they found left ventricu-
lar bands in 100 % of ovine hearts (n=42), 100 % of canine
hearts (n=12), and 86 % of porcine hearts they examined
(n=36), but only in 52 % of adult hearts examined (n=50).
Joudinaud and colleagues [51] cataloged the papillary mus-
cles of the swine heart in 2006, classifying them based on the
leaflets they supported. They defined them as anteroposterior
(APM in this study), anteroseptal (SPM in this study), and
posteroseptal (PPM in this study). They found, on average,
1.1 anteroposterior papillary muscles, 2.4 posteroseptal papil-
lary muscles, and 1.8 anteroseptal papillary muscles. These
findings are similar to our observations of an average of 1
APMs, 1.9 PPMs, and 2.1 SPMs, with a slightly different
weighting toward more SPMs than PPMs in our study com-
pared to their research. While a specific report on the number
of papillary muscles in the ventricles of other hearts could not
be found, it has been reported that human, canine, porcine,
and ovine hearts typically have three papillary muscles (APM,
PPM, and SPM) in the right ventricle and two (APM and
PPM) in the left ventricle [11]. While our findings are similar
for the left ventricle, we found a much greater variability in
the number of papillary muscles in the right ventricle of all
species examined, with some canine hearts having as many as
6 right ventricular papillary muscles.

Relative to recent interest in the development of access
and closure devices for the atrium or means for occluding the
left atrial appendage in patients with atrial fibrillation, it
should be noted that some of our qualitative findings were
different from what has been previously reported. For exam-
ple, Crick et al. [13] reported that the right atrial appendages
of the swine hearts typically had a tubular shape, while we
found that the right atrial appendages were shaped more like
a half-moon. Also, they reported that the right and left atrial
appendages of swine hearts were of similar size; we found
that the left atrial appendages were larger in 90 % of the
hearts examined. This discrepancy could be related to the
breed differences; Crick et al. did not provide the specific
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breed of the animals used in their study. Interestingly, they
reported that the right atrial appendages of the human hearts
were “appreciably” larger than the left, a finding which is
similar to our findings in 3 of the § hearts examined. It should
be noted that we believe the authors of that study were refer-
ring to the free portion of the right appendage for compari-
son, as it is believed that the atrial appendage of the right
atrium technically includes all pectinate portions of the
atrium arising from the terminal crest [52]. However, the
authors reference that the appendage on the right side con-
sists of pectinate muscles and that these pectinate muscles
“surround entirely the parietal margin of the vestibule of the
tricuspid valve.” If the definition is used to describe the right
atrial appendage, one would find that only in rare cases (most
likely pathological) would the left atrial appendage be larger
than the right as the pectinate muscles of the left atrium are
nearly always contained within the free portion.

As mentioned previously, there has been a lack of pub-
lished information comparing canine, porcine, and ovine
hearts quantitatively. Yet, Lev et al. [53] eloquently described
methods to study the congenitally malformed heart quantita-
tively in 2D in 1961 and followed with an excellent paper on
the anatomy of the normal human child heart in 1963 [54].
These methods were applied to the swine heart in a publica-
tion by Eckner et al. [55]. More specifically, they measured
the inflow and outflow tracts of the swine right and left ven-
tricle using methods as described by Lev et al. in 1961. From
27 porcine hearts weighing in the range of 200-300 g, they
found the length of the right ventricular inflow tract to be
5.4+0.4 cm, the length of the right ventricular outflow tract
to be 8.6+0.5 cm, the length of the left ventricular inflow
tract to be 7.6+0.4 cm, and the length of the left ventricular
outflow tract to be 7.4+0.4. In the present study, we found
the length of the right ventricular inflow tract to be
5.6+0.3 cm, the right ventricular outflow tract to be
7.9+0.5 cm, the length of the left ventricular inflow tract to
be 6.8+0.6 cm, and the length of the left ventricular outflow
tract to be 7.3+0.6 cm. Overall, the measurements from the
two studies are similar; however, the right ventricular out-
flow tract and left ventricular inflow tract were noticeably
shorter in the hearts examined in this study compared to
those of Eckner et al. It should be noted that the methods
described by Lev et al. and used by Eckner et al. were slightly
ambiguous regarding their definitions of the measurement
end points. For instance, the right ventricular inflow tract
measurement was described as “the length of the inflow tract
of the right ventricle is measured from a point at the tricuspid
annulus in the center of the posterior wall to the apex” [53].
Thus, depending on one’s interpretation of the location of
this point, significantly varied measurements could be
obtained. In spite of this, the measurement locations in the
present study were selected so that they were as close as pos-
sible to as those measured by Eckner et al. Similarly, another

m

group of investigators, Alvarez et al. [56], applied similar
assessment methods to the right ventricles of 75 porcine
hearts. They found the length of the right ventricular inflow
tract was on average 5.9+0.8 cm, and the outflow tract was
8.4+1.0 cm. Interestingly, the outflow tract length was again
longer than that measured in the current study, while the
inflow tract length was similar among all three studies. While
the breed of swine used by Eckner et al. was not reported,
Alvarez et al. used hearts obtained from the Europa breed.
The hearts used in the present study were from Yorkshire
cross animals; this variation in breed may explain the differ-
ences in measured dimensions.

In contrast to the lack of publications examining the gross
dimensions of the hearts, there have been publications con-
cerned with the dimensions of the cardiac valves, mostly
focused on the aortic and mitral valves. The sheep is the most
common model used in experimental models of mitral regur-
gitation, and, due to this, there are numerous studies examin-
ing both the normal and pathological anatomy of the mitral
valve (see also Chap. 27). Yet, many of these studies do not
provide comparable measurements. However, in 1997,
Gorman et al. published a study of 6 sheep, demonstrating
that the end-diastolic anterior—posterior dimension was
26.6 mm and the end-diastolic commissure—commissure
dimension was 35.4 mm [57]. In 2002, Timek et al. reported,
in a study of 6 sheep instrumented with radiopaque markers,
that the end-diastolic anterior—posterior dimension of the
mitral valve was 2.6+0.3 cm and the end-diastolic commis-
sure—commissure dimension was 3.6 +0.4 cm [58]. While the
nomenclature used between these studies and the data we
presented is slightly different, these reported measurements
are very similar overall: our measurements were
25.8+6.3 mm septal-lateral (anterior—posterior) and
36.9+7.4 mm anterior—posterior (superior—inferior or com-
missure—commissure). Tsakiris et al. [59] reported that the
average early diastolic anterior—posterior dimension of 5
canine hearts was 2.1+0.2 cm, similar to our findings of
22.0+4.9 mm. Chandraratna and Aronow [60] reported a
mean maximal diastolic anterior—posterior diameter of
2.2+0.2 cm and end-systolic anterior—posterior diameter of
1.8+0.2 cm from 23 normal human subjects studied with
echocardiography. Nordblom and Bech-Hanssen [61]
reported a mean end-diastolic anterior—posterior dimension
of 2.9+0.4, mean end-systolic anterior—posterior dimension
of 3.3+0.3 cm, and mean end-diastolic commissure—com-
missure dimension of 3.7+0.4 cm in 38 normal human sub-
jects. These two publications show the wide variation of
reported results in the literature. Reporting on all of the mitral
publications is beyond the scope of this paper; however, it
should be noted that our results were more similar to the pub-
lication by Nordblom than that of Chandraratna. Added con-
siderations in comparing anatomical studies that one needs to
keep in mind are that differing methodologies may slightly
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skew data or that newer methodologies may provide more
accurate measurements. For example, this could be due to
changes in the definition of the dimensions measured and
also to higher resolution offered by newer ultrasound tech-
nology which provides important in vivo measurements.

Regarding the aortic valve, Sands et al. published the only
available quantitative study examining the aortic valves of
multiple hearts, including 10 swine, 9 ovine, 9 bovine, and 7
humans [30]. Interestingly, in their investigations, aortic valve
diameters were measured via passing an obturator through
fresh hearts until a snug fit was determined. They reported the
average annulus diameters of 26.4+3.2 mm in human hearts,
26.6+ 1.8 mm in pig hearts, and 25.8 +0.3 mm in sheep hearts.
It may be assumed that, by annulus, they were actually refer-
ring to the basal portion of the annulus. For the in vitro data
on perfusion-fixed hearts we provided above, larger average
basal annular diameters in human hearts (30.0+2.6 mm) and
in sheep hearts (28.9+5.4 mm) were observed, and slightly
smaller average diameters in pig hearts (25.1+3.2 mm) were
found. More recently, Lansac and colleagues published a
sonometric study of 8 ovine aortic valves and ascending aor-
tas, in which they reported average basal annular diameters of
20.7+0.4 mm and commissure diameters of 14.1+0.2 mm,
which are both smaller than our reported diameters [62]. Sim
and colleagues [63] published a comparison of 12 human and
12 swine aortic valves in which they reported mean diameters
of 2.6+0.1 cm for human hearts (n=12) and 2.2+0.3 cm for
swine hearts, both which are smaller than that observed in our
studies. Interestingly, Swanson and Clark [64] published a
study of 5 normal human aortic valves in 1974, using silicone
casts of aortic valves prepared at various pressures
(0-120 mmHg). Regardless of the pressure used, on average,
the basal annulus in their study was smaller than that observed
in this study. Finally, in support of the fact that sheep are the
most commonly used animal model for aortic valve studies,
we found that the average basal annulus diameters were most
similar between sheep and human hearts. However, we noted
that the sinotubular junction diameters were significantly
smaller in all animals studied as compared to the human
hearts. This could have implications for selection of an animal
model for newer technologies such as transcatheter-delivered
aortic valves, as some technology engages the sinotubular
junction for fixation of the device.

Publications on the valves on the right side of the heart are
scarce, especially the pulmonic valve, and none were found
with comparable measurements. The tricuspid valve has
been quantitatively studied in sheep, canines, and humans,
although like mitral valve studies, similar measurements to
this study are not evident in many publications. Jouan and
colleagues [65] studied the tricuspid annulus of 7 sheep and
showed that during the cardiac cycle the minimum diameter
(approximately perpendicular to the septum) changed from
17.8+1.9to 21.2+2.0 mm and maximum diameter (approxi-
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mately parallel to the septum) changed from 36.4+2.4 to
40.1£2.6 mm. While this report does not specifically give
orientational references for these numbers, the minimum
diameter is described as perpendicular to the septum and
therefore is much smaller than that observed in this study.
The maximum diameter, however, is similar to the anterior—
posterior (superior—inferior) diameter of this study. In 2007,
Anwar and colleagues reported the average tricuspid annular
diameter of 100 normal patients to be 4.0+0.7 cm [66].
Again, no orientational references were given to this diame-
ter, but rather it appears to be the maximal diameter, which
most likely correlates to the anterior—posterior (superior—
inferior) diameter of this study with similar values observed.

The dimensions analyzed in the perfusion-fixed hearts we
provided above can also be used to illustrate some differ-
ences in gross morphology. Interestingly, the average right
ventricular inflow tract of the human hearts examined in this
study was significantly longer than that of the other hearts
examined, although the outflow tracts of the right ventricles
were relatively the same length among all hearts. This has
direct applicability to right ventricular apical pacemaker lead
design, in which the designs intended ultimately for human
hearts are studied in any of the animal species examined in
this study—the lead length to reach the right ventricular apex
from the tricuspid valve in the animal species is on average
1-2 cm shorter than in human hearts. The rest of the implant
anatomy would also need to be considered for complete
analysis. Another interesting finding was the significantly
smaller diameter of the coronary sinus ostia in canine hearts
compared to the other hearts examined. Coupled with the
external measured length of the coronary sinus, which was
significantly longer in human hearts than other hearts, impli-
cations for animal model selection in biomedical device
research become obvious. Similar to the right ventricular
apical lead length mentioned above, coronary venous-
delivered left ventricular pacing lead lengths may need to be
shortened for animal work. Furthermore, when choosing an
animal model to simulate coronary sinus access similar to
humans with Thebesian valves, the canine model becomes
an obvious choice due to the similarity in size. Maric et al.
[67] examined the diameter of the coronary sinus ostium in
humans and dogs; they found the diameter to be 8.4+2.6 mm
in humans and 6.5+ 1.3 mm in dogs. Unfortunately, Maric
does not mention which diameter was measured (superior/
inferior or lateral/septal).

6.5 Summary

Cardiac research is an important field that will continue to
thrive for many years. It is critical that the appropriate animal
models are employed to perform well-designed translational
research prior to human clinical trials. In this chapter, we
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presented a unique set of comparative information relative to
cardiac anatomy of several large mammalian models com-
monly used for such laboratory testing: the pig, dog, and
sheep. Important difference and similarities exist that may
impact research results relative to either device testing or
pharmacological therapeutic trials. The novel research data
presented here from our laboratory were specifically
designed to systematically compare the anatomical features
of these animal models to humans, both qualitatively and
quantitatively. The techniques employed were unique in that
they allowed study of nondissected hearts, providing mea-
surements from realistic geometric configurations. We
observed that specific differences in the cardiac anatomy
exist between the species, for hearts isolated and pressure
perfusion fixed with similar weights, and that these differ-
ences may be useful in choosing an animal model for certain
types of biomedical research. It is likely as CT and MRI
methodologies continue to advance that more specific struc-
tural comparisons can be performed on functioning hearts,
yet details about animal age, weight, health status, and/or
breed will need to be well described in order to make such
data sets of higher value.
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Detailed Anatomical and Functional
Features of the Cardiac Valves

Michael G. Bateman, Jason L. Quill, Alexander J. Hill,
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Abstract

The use of high-resolution noninvasive imaging in modern cardiac clinics to collect detailed
images of valve function has dramatically accelerated the understanding of functional
human heart anatomy. In the healthy human, the cardiac valves determine the passage of
blood through the heart. The atrioventricular valves open during diastole to allow the filling
of the ventricles and close during systole (ventricular contraction), directing blood through
the semilunar valves to the body; these valves, in turn, close during diastole to prevent the
flow of blood back into the ventricle. By presenting a comprehensive review of the histol-
ogy, functional anatomy, and morphology of the cardiac valves, this chapter promotes an
understanding of the valve features that is required for valvar repair or replacement via
either surgical or minimally invasive (transcatheter) means.

Keywords
Atrioventricular valve ¢ Semilunar valve ¢ Mitral valve * Tricuspid valve ® Aortic valve ¢
Pulmonary valve * Imaging

knowledge is required for directing translational research,

Abbreviations

APM
(superoposterior)
PPM
(inferoanterior)

Anterior papillary muscle complex

Posterior papillary muscle complex

including initiating preclinical investigations, assessing the
feasibility of clinical trials, and performing first-in-man pro-
cedures. There are two atrioventricular valves in the human
heart, namely, the tricuspid and mitral valves. Likewise, there
are two arterial valves in the human heart, specifically the
pulmonary and aortic valves. All valves are complex struc-
tures whose normal anatomical structure can vary greatly

7.1 Introduction

among individuals and/or also become modified by disease
processes. In this review, we discuss the anatomy, pathology,
and issues related to transcatheter and surgical repairs of the

A critical understanding of cardiac anatomy is essential for
design engineers and clinicians with the intent of developing
and/or employing improved or novel technologies or thera-
pies for treating an impaired cardiac valve. Likewise, such
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atrioventricular and arterial valves in a translational manner.

The high prevalence of aortic valvar pathologies in the
burgeoning elderly population, coupled with poor clinical
outcomes for patients who go untreated, has resulted in pro-
lific spending in the research and development of more
effective and less traumatic therapies. The accelerated devel-
opment of therapies designed to treat the arterial valves has
been guided by anatomical information gathered from high-
resolution imaging technologies, which in turn have focused
attention on the need for complete understanding of arterial
valvar clinical anatomies.
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7.2  The Cardiac Skeleton

Before describing the specific anatomies of the cardiac
valves, it is important to understand the anatomical frame-
work that holds these valves in position and thus conse-
quently the relationships of each valve to one another [1].
Figure 7.1 shows an anatomical plate of a human heart with
the atria and great arteries removed, highlighting the close
proximity of all four cardiac valves to each other.
Traditionally, the four valves of the heart have been described
as being supported by a fibrous framework or cardiac skele-
ton made of dense connective tissue passing transversely
through the base of the heart between the atria and the ven-
tricles. As described by Wilcox, Cooke, and Anderson [1]
and by Bateman et al. [2], the strongest part of the skeleton is
the area of fibrous continuity between the leaflets of the
mitral and aortic valves. This fibrous strap, thickened at both
its ends by the fibrous trigones, anchors the aortic-mitral val-
var unit within the base of the left ventricle (Fig. 7.2). The
coronet-like support of the aortic valvar leaflets extends
antero-cranially from the region of fibrous continuity and is
often considered to represent an aortic valvar annulus, but
there are no anatomical structures supporting the semilunar
hinges of the aortic valvar leaflets (Fig. 7.3) [2]. The right
fibrous trigone is itself continuous with the membranous part
of the ventricular septum and is an integral part of the aortic
coronet (Fig. 7.2). The trigone and membranous septum
together are usually described as the central fibrous body.

Pulmonary
Valve

Mitral
Valve

Tricuspid
Valve

Coronary sinus
Ostium

Fig.7.1 An anatomical plate of a human heart with the atria and great
arteries removed showing the relationship between the four valves at
the base of the heart. Note the fibrous connection between the leaflets of
the mitral valve creating a double orifice valve

The smaller left fibrous trigone is formed at the leftward end
of this zone of fibrous continuity [4]. Inconstant cords of
fibrous tissue then extend from the margins of the fibrous
continuity between the aortic and mitral valve to support the
mural (anterior) leaflet of the mitral valve.
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Fig. 7.2 Dissection of the cardiac skeleton showing the aortic valve
(center), the mitral valve annulus (below right), and the fibrous sections
of the tricuspid valve (to the /eft). The original image for this figure was
kindly provided by Professor Robert H. Anderson. It was initially pub-
lished in “Cardiac Anatomy” [3] and has been modified for this review.
Professor Anderson retains the copyright of the initial image
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Fig.7.3 Dissection of the cardiac skeleton with the atria and great ves-
sels removed showing the coronet shape of the aortic annulus and the
mitral valve. The original image for this figure was kindly provided by
Professor Robert H. Anderson. It was initially published in “Cardiac
Anatomy” [3] and has been modified for this review. Professor
Anderson retains the copyright of the initial image
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However, the extent of the skeleton is often greatly exag-
gerated. The so-called annular components of the atrioven-
tricular valves then extend inferiorly and posteriorly from
the central fibrous body and the left fibrous trigone, respec-
tively (Fig. 7.3) [2]. It is the exception rather than the rule,
however, for these fibrous cords to extend throughout the full
circumference of the left and right atrioventricular junctions.
The annuluses of the atrioventricular valves, as such, are bet-
ter formed in the mitral as opposed to the tricuspid junction.
In the mitral junction, it is normal to find segments of the
valvar leaflets hinged from the fibroadipose tissue of the
atrioventricular junction, rather than from a firm fibrous
annulus [5]. In the tricuspid junction, the valvar leaflets are
normally hinged from fibroadipose tissue [6]. The annuluses,
as part of the atrioventricular junctions and rarely being
complete fibrous rings, are highly dynamic and change dra-
matically in shape and size throughout the cardiac cycle
from systole to diastole [1, 2]. It is also the fibroadipose tis-
sue of the junctions that provides the greatest part of the
insulation between the atrial and ventricular muscular
masses, with the atrioventricular bundle of the conduction
system being the only structure in the normal heart that
crosses the insulating plane. The bundle penetrates through
the atrioventricular component of the membranous septum.

The leaflets of the pulmonary valve have no direct fibrous
support other than that provided by the valvar sinuses. The
basal components of each leaflet are supported by the right
ventricular infundibulum. It is this unique positioning of the
pulmonary root away from the other valvar structures that
makes possible its surgical removal during the Ross proce-
dure, while the presence of the supporting skirt of infundibu-
lar musculature facilitates its use as an autograft to replace
the aortic valve [7].

7.3  The Atrioventricular Valves
In the most basic anatomical sense, the atrioventricular
valves are made up of three main components:

e Valve leaflets attached to the respective annulus

e Tendinous cords attaching the leaflets to the ventricular
myocardium

e Papillary muscles providing the anchoring points for the
tendinous cords to the ventricular wall

The leaflets of the atrioventricular valves can be thought
as forming a skirt that hangs from the annulus; leaflets are
divided into a series of sections that constitute the distinct
leaflets of each valve. Due to the extent of variations between
individuals with regard to leaflet morphologies, there has
been much debate relative to nomenclature on the number of
leaflets of both the mitral and tricuspid valves [8-10].
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Traditionally, the division of the leaflets has been determined
by the presence of commissures which can be described as
the peripheral attachment of a break in the skirt [1].

The leaflets themselves are attached to the ventricles via
the sub-valvar apparatus of each valve. In general, each
apparatus consists of the tendinous cords and the papillary
muscle complexes of each valve. The tendinous cords are
usually categorized by (1) those that support the free edges
of the valves, (2) those that support the rough zones (the
region between the free edge and each annulus), and/or (3)
those that attach to the leaflets near to the annulus. Typically,
the cords supporting the free edges of the leaflets are known
as fan cords due to the presence of multiple fenestrations.
Those that attach to the rough zone of the leaflets are distin-
guished by their larger size and are commonly defined as
strut cords. Finally, those that attach near the annulus are
known as basal cords. The strut cords are of specific impor-
tance, as they bear the highest mechanical loads during sys-
tole [11]. Furthermore, the number and distribution of the
tendinous cords across a given valve are critical to its func-
tion; it is well documented that dysfunction of these struc-
tures can lead to prolapse of the valves [12—14]. In general,
the cords attach to the heads of the papillary muscles, which
themselves play an important role in the function of each
valve by contracting during systole to cushion the valve clo-
sure and help prevent the valve from prolapsing into the
atrium.

7.3.1 Atrioventricular Valve Function

During systole, when the ventricles are contracting, the sub-
valvar apparatus of each valve prevents the leaflets from pro-
lapsing into the atria and additionally aids in ventricular
ejection by effectively drawing the apex of the ventricle
toward the basal ring. Additionally, it has also been shown
that the sub-valvar apparatus plays a crucial role during dias-
tole, while the ventricle is filling, by moderating wall ten-
sions and improving the efficiency of the ventricular
myocardium [15, 16]. During systole in normal/healthy car-
diac function, the valve leaflets, which bulge toward the
atrium, can be considered to stay pressed together through-
out the contraction and therefore do not prolapse. During
diastole, when the ventricles are relaxing and the chambers
are filling through the open atrioventricular valves, eddy cur-
rents that form behind the leaflets and tension in the sub-
valvar apparatus keep the leaflets close together.

Figures 7.4 and 7.5 show image sequences obtained
employing Visible Heart® methodologies, as described in
Chap. 41. These sequences display the normal cardiac func-
tion of the mitral and tricuspid valves, respectively [17, 18];
the images were obtained from the atria (above the valve)
and from the ventricular apexes (below the valve).
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Fig.7.4 Internal videoscopic
images of the mitral valve
from above (a, b) and below
(¢, d) during systole (a, ¢) and
diastole (b, d) obtained
employing Visible Heart®
methodologies

Fig.7.5 Internal videoscopic
images of the tricuspid valve
from above (a, b) and below
(¢, d) during systole (a, ¢) and
diastole (b, d) obtained
employing Visible Heart®
methodologies

Dysfunction of the atrioventricular valves is usually char-
acterized by one of two symptoms: (1) failure of a valve to
successfully close or (2) failure of a valve to successfully
open. Dysfunction of the valves during systole (i.e., failure
of the valve to successfully close) is known as valvar incom-

petence and results in the regurgitation of blood back in a
retrograde direction though the atrioventricular junction.
Such dysfunction results in a decrease in cardiac output and
also increases the pressure within the atria during systole
(potentially causing atrial dilation and/or eventually atrial
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fibrillation). Dysfunction of the valves in diastole (failure of
the valve to fully open and allow blood to fill the expanding
ventricles) is termed stenosis. This decrease in effective ori-
fice area of the open valve is often due to stiffening or calci-
fication of the valve leaflets.

7.4  The Semilunar Valves

A healthy semilunar valve is composed of three valve leaf-
lets, each attached to its respective sinus. These valves lie
between the ventricular outflow tracts and the arterial trunks,
the main arteries carrying blood away from the heart. This
elegant structure is much simpler than that of the atrioven-
tricular valves described previously, in that the semilunar
valve leaflets do not require a tension apparatus to maintain
competency. When closed, the three leaflets of each valve
coapt along zones of apposition, or commissures, which are
fibrous zones some distance from the free edge of the leaf-
lets. At the center of the valve where all three leaflets coapt,
a distinct fibrous nodule can be found. The valve leaflet mar-
gins are attached to the arterial wall in the shape of a half-
moon, hence the semilunar moniker. Normally, the regions
of the valves where the commissures meet the arterial wall
are considerably higher than the seats of the leaflets, thereby
giving the valve a crown-like shape. These three points, par-
ticularly in the aortic valve, are used to define the sinotubular
junctions (Fig. 7.6). Although we have discussed the posi-
tioning of the valves in the heart by referring to their respec-
tive annuluses, many anatomists contest the idea that there
are single defined annuluses for both the pulmonary and aor-
tic valves [19]. Interestingly, there is a defined annulus where
the respective arteries are attached to the ventricular outflow
tract; however, due to the crown-like structure of the valve,
the hemodynamic junction of the valves spans this annulus.
This structural shape results in part of the arterial wall being
considered a ventricular structure (in a hemodynamic sense)
and, in turn, part of the ventricular wall an arterial structure.

Fig.7.6 Idealized three-
dimensional arrangement of
the semilunar valve (this
diagram represents an aortic
root). The model contains
three circular rings with the
leaflets suspended within the
root in crown-like fashion.
The cartoon is reproduced
with kind permission of
Professor Robert H. Anderson
who retains the intellectual
copyright in the original

Just distal to the valves are the arterial sinuses that are rep-
resented by dilations of the artery positioned above each
leaflet and additionally house the coronary artery ostium.
The sinus also provides a recess for the valve leaflets to
retract into, allowing for unrestricted flow from the ventricle
to the artery. Finally, the virtual ring, upon which many
annular measurements are based and which defines the basal
plane of aortic valve, is defined by the three anatomical
anchors at the nadir of each aortic leaflet [20]. These features
are illustrated by the diagram in Fig. 7.6. The position and
definition of the valve annulus is often contested by different
medical specialists, and a recent questionnaire highlighted
the current lack of consensus between physicians regarding
the optimal means of describing the semilunar valve anat-
omy [21]. As such, it is important to be precise in the defini-
tion of exactly what is being measured when documenting
the size and shape of the semilunar valve annuluses.

7.4.1 The Functioning of the Semilunar

Valves

When a semilunar valve is functioning correctly, the leaflets
are pushed into the sinus during myocardial contraction (sys-
tole) to allow blood to leave the ventricles. As the myocar-
dium relaxes and the pressure within the ventricle drops
below the pressure distal to the valve in the arterial system
(the aorta or pulmonary artery), the valve snaps shut. This
usually happens soon after ventricular systole but before the
heart has completely relaxed, so that during diastole, when
the chambers are filling through the atrioventricular valves,
the leaflets of the semilunar valves remain tightly closed. A
positive pressure difference between the aorta and the coro-
nary sinus, which lies within the right atrium, allows for the
flow of blood through the coronary vasculature. Thus, it
should be noted that the heart muscle is perfused with blood
when the semilunar valves are closed and the cardiac myo-
cytes are relaxing.

Sinutubular junction

Coronet of aortic
leaflet attachment

Anatomical ventriculo-
arterial junction

| Virtual annulus defined

image. Special
acknowledgment goes to

> 2 by the basal attachments

Gemma Price as the artist [7]

- = of the valvar leaflets
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Fig.7.7 Internal videoscopic
images of the pulmonary
valve from above (a, b) and
below (¢, d) during systole (a,
¢) and diastole (b, d) obtained
employing Visible Heart®
methodologies

Fig.7.8 Internal videoscopic
images of the aortic valve
from above (a, b) and below
(¢, d) during systole (a, ¢) and
diastole (b, d) obtained
employing Visible Heart®
methodologies

Figures 7.7 and 7.8 show image sequences of the func-
tional movements of the pulmonary and aortic valves,
respectively; these images were obtained from reanimated
human hearts employing Visible Heart® methodologies [17,

18]. The images include views of semilunar valves from
above (i.e., from videoscopes within the pulmonary artery
and the aorta) and from below (with videoscopes within the
right and left ventricular outflow tracts).
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In general, dysfunction of the semilunar valves is usually
characterized by one of two symptoms: failure of the valves
to successfully close or failure of the valves to successfully
open. Dysfunction of the valves during systole, i.e., failure of
the valve to successfully open, is defined as stenosis of the
valve. This pathology is characterized by reduction in the
effective orifice area of the valve (the size of the opening that
allows blood to pass), which in turn forces the ventricles to
work harder to move blood to the body or lungs. Dysfunction
of the semilunar valves during diastole, when the ventricles
are relaxing, results in regurgitation; this occurs when blood
is allowed back into the ventricle from the arterial system,
overloading the ventricles and potentially causing chronic
heart failure.

7.5 Valve Histologies

Interestingly, the atrioventricular valves share very similar
leaflet histology. The atrial sides of the leaflets consist of
spongy tissue (lamina spongiosa) comprised of fibrocytes,
histiocytes, and collagen fibers [22]. It is these collagen
fibers that are considered to supply the mechanical strength
required of the atrioventricular valves. The ventricular
sides consist of fibrous tissue (lamina fibrosa), and both
these layers are surrounded by endothelial cells.
Additionally, the valve leaflets have been shown to incor-
porate both primary sensory and autonomic innervation. In
general, it is considered that the anterior leaflet of the mitral
valve has twice the innervation of the posterior leaflet [23].
These nerves are typically situated in the lamina spongiosa
and extend over the proximal and medial portions of the
leaflet [22]. Fibroblasts [24], smooth muscle cells [25, 26],
and myocardial cells [27] are also commonly located within
the leaflet tissue.

Cells within the leaflets have been shown to elicit two
types of contractile activity: (1) a brief contraction or twitch
at the beginning of each heartbeat (reflecting contraction of
myocytes in the leaflet in communication with, and excited
by, atrial muscle) which has relaxed by mid-systole and
whose contractile activity is eliminated with p-receptor
blockade, and (2) sustained tonic contractions (or tone) dur-
ing isovolumic relaxation, which has been shown to be
insensitive to B-blockade, but doubled by stimulation of the
neurally rich region of aortic-mitral continuity [28]. These
contractile activities within the leaflets are hypothesized to
aid in the maintenance of anterior leaflet shape. This, in turn,
could help prevent mechanical shock to the leaflets upon
valve closure and also aid in optimizing the leaflet shape for
funneling blood into the left ventricular outflow tract [28].

The tendinous cords are composed of a collagen core,
surrounded by elastin fibers interwoven in layers of loose
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collagen. Similar to the valve leaflets, they also have an
outer layer of endothelial cells, but it is the collagen cores
that support the greatest degree of mechanical load during
systole and allow for the wavy configuration during dias-
tole. The elastin fibers are normally arranged in parallel
fashion relative to the collagen fibers, and as the cords are
stretched during systole, the elastin fibers are also
stretched, straightening the collagen. It is hypothesized
that it is this composite configuration of elastin and colla-
gen that provides a smooth mechanism for the transmis-
sion of cordal forces from the leaflets to the papillary
muscles. Additionally, during diastole, the stretched elas-
tin fibers likely help to restore the wavy configuration of
the primary collagen cores. The relative amount of colla-
gen and elastin within the given chordae varies according
to their relative types, as does the relative amount of con-
tained DNA and their degree of vascularization. Normally
the vascularization of the tendinous cords is located
between their collagen cores and the elastin fibers and is
further considered to supply nutrients to the leaflets. It has
been reported that a higher DNA content within both the
anterior and posterior marginal chordae relates to inher-
ently higher rates of collagen syntheses in order to prevent
mechanical deterioration compared with other types of
chordae [13].

The papillary muscles can be considered part of the
ventricular myocardium and hence are composed of aggre-
gated myocytes. The cells exhibit complex junctions,
called intercalated discs, allowing multiple cells to form
long cellular networks. Within the papillary muscles, these
muscle fibers run parallel to each other along the length of
the muscle to increase contractile force and efficiency. The
papillary muscles are extensively innervated and have
complex vascular systems in order to maintain coordi-
nated contractions with the continuum of the ventricular
myocardium [29].

It was Gross who first drew attention to the specific histo-
logical structures of the arterial valves, his account then
being endorsed by others such as Misfeld and colleagues
[22, 30]. Each leaflet of the semilunar valve was described to
have a fibrous core, or fibrosa, with an endothelial lining
containing delicate sheets of elastin on its arterial and ven-
tricular aspects. This so-called fibrous “backbone” is repre-
sented by a dense collagenous layer, which gives way to a
much looser structure, or spongiosa, toward the ventricular
aspects of the leaflet cusps. The zone of apposition of the
leaflets consists of an abrupt thickening of the fibrous layer
made up of closely packed vertically directed fibers and
builds at the central portion of the free edge, creating a node
termed the nodulus Arantii [22, 30]. Figure 7.9 displays a
cross section of an aortic valve leaflet displaying the varying
tissue types [31].
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Fig.7.9 Histologic features
of the aortic valvar complex
showing the anatomic
ventriculoarterial junction.
Also note that the basal
attachment of the aortic
valvar leaflets to the
ventricular myocardium is
proximal relative to the
anatomic junction. Image

is reproduced with
permission from Piazza N
et al. (2008) [31]

Endothelial
lining

Spongiosa

Left ventricle

Fig.7.10 An artist’s
rendition of the healthy mitral
and tricuspid valves clearly
showing the annuluses,
leaflets, tendinous cords, and
papillary muscles

7.6 The Mitral Valve
The left atrioventricular valve, or mitral valve, named by
Andreas Vesalius due to its structural resemblance to the car-
dinal’s mitre, is situated in the left atrioventricular junction
and modulates the flow of blood between the left atrium and
ventricle. Commonly, the valve consists of an annulus, two
leaflets, two papillary muscle complexes, and two sets of
tendinous cords, as seen in Fig. 7.10.

In 1976 Carpentier described the mitral valve as consist-
ing of two apposing leaflets—a posterior leaflet with three

scallops and an anterior leaflet with one scallop. Each region
of the leaflets is designated an alphanumerical label to distin-
guish it from the rest of the valve (Fig. 7.11) [32]. However,
when one considers these structures relative to the landmarks
of the body (i.e., in an attitudinally correct nomenclature),
the leaflets are located in posteroinferior and anterosuperior
positions. Confusion regarding positional nomenclature can
be avoided when adopting the more traditional approach sug-
gested by Vesalius for distinguishing between the leaflets and
recognizing that they are aortic and mural in their locations
[33]; in this chapter, we will use such nomenclature. The
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Fig.7.11 Nomenclature of Anterior Commissures
the mitral valve leaflets.
The left diagram shows P
Carpentier’s 1976 NS
nomenclature, while the
i . Inferior
right depicts the modern Superior y
attitudinally correct Mural
nomenclatures
Posterior MITRAL VALVE : aalieis
Pulmonary
Aorta
Valve
Aortic Valve

Fig.7.12 Trigones and the aorto-mitral fibrous continuity within a sec-
tioned human heart. In this case, the cardiac skeleton is being viewed
from the apex of the heart. The anterior cardiac surface appears in the
upper part of this image, whereas the posterior surface is below. Image
is reproduced with permission from Anderson RH et al. (2006) [33]

junctions of the two leaflets are commonly referred to as the
anterolateral and the posteromedial commissures; however,
they are more accurately described as superior and inferior.
The line of apposition of the leaflets during valve closure is
known as the fibrous ridge. The simplicity and practicality of
Carpentier’s anatomic description of the mitral leaflets led to
its widespread use after being introduced in 1976 [32]; yet,
while this description depicts a majority of mitral valve anat-
omies, there can be wide variability in the number of scallops
within each leaflet and their relative positions [34].

In general, the aortic leaflet is found to be attached to
approximately one-third of the annulus circumference and is
supported by the aorto-mitral fibrous continuity, which ter-
minates in the left and right fibrous trigones (Fig. 7.12). The
mural leaflet is attached to the remaining two-thirds of the
annulus and also to the fibrous extensions that continue from
the trigones around the mitral valve. However, the lengths of
these extensions can be highly variable. Furthermore, a
fibrous-fatty tissue surrounds the valve in areas where the
cardiac skeleton is not present. The mitral annulus is a highly
dynamic feature of the heart, changing dramatically in shape
and size throughout the cardiac cycle. It is often described as

Tricuspid Valve

Fig. 7.13 3D reconstruction of the annuluses of the mitral (red) and
tricuspid (blue) valves in Mimics® (Materialise, Leuven, Belgium)
from CT scans of a human heart in vivo. The image also shows the loca-
tion of the virtual rings formed by joining together the basal attach-
ments of the leaflets of the aortic and pulmonary valves

Table 7.1 Data on the mitral valve annulus measured via CT [36] and
3D echocardiography [37, 38]

Measured anatomical feature Data Sample size

Systolic annular area [36, 37] 9.12+1.71 cm> |n=84
9.49+1.25cm> |n=13

Septal-lateral (A2-P2) diameter 2.38+0.40 cm n=84

[36, 37] (considered the short axis | 3.00+0.45 cm n=13

of the valve)

Commissure-commissure diameter |4.10+0.48 cm n=84

[36, 37] (considered the long axis 3.42+0.40 cm n=13

of the valve)

Annulus height during systole [38] |8.1+1.7 mm n=24

being saddle-shaped with the highest point of the saddle, the
saddlehorn, being found at the midpoint of the area of aortic-
to-mitral valvar continuity [35] (Figs. 7.4 and 7.13). Both
Delgado and Veronisi and their colleagues reported a series
of annular dimensions that were recorded using echocar-
diography in healthy patients; these data are summarized in
Table 7.1 [36-38].

In general, the sub-valvar apparatus of the mitral valve
consists of two adjacent papillary muscle complexes—the
superoposterior (anterior or APM) and the inferoanterior
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Fig.7.14 Several representative examples of the enormous variation in anatomy with regard to the papillary muscle heads associated with the
mitral sub-valvar apparatus from four different human hearts taken using Visible Heart® methodologies [40]

Table 7.2 Data on the chordal lengths of the mitral sub-valvar appara-
tus measured in vivo via 3D echocardiography [41] and post mortem
[42, 43]

Measured anatomical feature Data Sample size
APM tethering length in systole [41] |3.54+0.82cm |n=120
PPM tethering length in systole [41] |3.76+0.78 cm |n=120
Anterior leaflet insertion length [42] | 1.81£0.49 cm | n=50
Posterior leaflet insertion length [42] | 1.18+£0.26 cm | n=50

Ratio of chordal origins to 1:5 n=18
insertions [43]

APM superoposterior (anterior) papillary muscle
PPM inferoanterior (posterior) papillary muscle

(posterior or PPM)—with their attached tendinous cords
which, in turn, insert onto the ventricular surfaces of each of
the two valve leaflets [33]. In other words, the superoposterior
papillary muscle complex is not solely associated with the
aortic leaflet, but rather both the leaflets; likewise, the infero-
anterior papillary muscle complex is not solely associated
with the mural leaflet. It is important to note that the mor-
phologies of the papillary muscle complexes are highly vari-
able [36]. Some have proposed a complicated alphanumeric
classification to account for the number of heads within each
muscle and the number of attachments with the ventricular
walls [39]. Even this complex code can be deemed as an over-
simplification, as both papillary complexes can exhibit enor-
mous anatomic variation [40]. For example, Fig. 7.14 displays
images of the sub-valvar apparatus of the mitral valve taken
from human hearts in the Visible Heart® library [40].

The tendinous cords are typically classified by their num-
ber and length and quantified by one of two measurement
techniques —tethering length and insertion length. Tethering
length is defined as the distance from the papillary head to the
saddlehorn of the mitral annulus. Insertion length is defined
as the length of the cords from their origin at the papillary
head to their insertion into the leaflet tissue. Anatomical
dimensions obtained from patients with no reported mitral
regurgitation or other valvar pathologies were reported by
Sonne et al. and Lam et al. and are summarized in Table 7.2

[41, 42]. Yet, it should be emphasized that, as with other ana-
tomical studies, these data do not account for all anatomical
variations. For example, it has also been reported that the
cordal attachments to the mural leaflet may extend simply
from the ventricular myocardium to the leaflet without a pap-
illary muscle attachment. Furthermore, it is well known that
the tendinous cords themselves may elicit highly variably
anatomies, and various subpopulations of chordae have been
classified by both function [43] and type [44]. Figure 7.15
shows examples of these identified variations in the types of
chordae, including posterior marginal chordae, commissural
chordae, anterior strut chordae, anterior marginal chordae,
basal posterior chordae, and posterior intermediate chordae.

7.7 TheTricuspid Valve
The right atrioventricular valve, or tricuspid valve, is situated
within the right atrioventricular junction and modulates the
flow of blood between the right atrium and right ventricle.
This valve is typically defined by three leaflets suspended
from the muscular atrioventricular junction and connected to
the ventricular wall via three distinct papillary muscle com-
plexes (as seen in Fig. 7.10). When defined using attitudi-
nally correct nomenclature, these leaflets are located in
septal, anterosuperior (traditionally anterior), and inferior
(traditionally posterior) positions (Figs. 7.16 and 7.17) [45].
The anterosuperior leaflet is the largest of the three and
extends from the medial border of the ventricular septum to
the acute margin of the atrioventricular junction (Fig. 7.15).
The leaflet is hinged from the undersurface of the supraven-
tricular crest and provides a curtain between the inflow and
outflow tracts of the right ventricle. The inferior leaflet is
hinged from the diaphragmatic aspect of the atrioventricular
junction. The septal leaflet is then hinged from the ventricu-
lar border of the triangle of Koch, with the hinge crossing the
right-sided aspect of the membranous septum, dividing it
into atrioventricular and ventriculoarterial components [46].
The septal leaflet is often cleft as it crosses the membranous
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Fig 7.15 Dissections of a human mitral valve (leff) and tricuspid valve (right), each labeled with attitudinally correct nomenclature. Note the
dramatic differences between the two valves, including their respective sub-valvar apparatuses

Fig.7.16 Nomenclature of
the tricuspid valve leaflets.
The left diagram shows

Carpentier’s 1976 Anterosuperior
nomenclature, the right
depicts the modern
attitudinally correct Septal
nomenclatures
Inferior

TRICUSPID VALVE

Fig.7.17 Relative positions
of the three leaflets of the
tricuspid valve positioned
septally, anterosuperiorly, and
inferior or murally. Note the leaflet
location of the membranous ¢
septum as indicated by the {" ,
double-headed arrow. In this 4 \
human heart, the anterior /, g J
papillary muscle (asterisk) is
attached to the midpoint of
the anterosuperior leaflet.
Image is reproduced with
permission from Martinez
RM et al. (2006) [45]
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septum. When viewed in closed position, the trifoliate zones
of apposition between the leaflets extend to their peripheral
ends. It is these ends that are typically considered to repre-
sent the valvar commissures, which can be named as being
anteroseptal, anteroinferior, and infero-septal [2].

To date, the morphology of the tricuspid valve has
received less attention than the mitral valve; hence, thorough
anatomical studies are limited. The tricuspid annulus is
known to have a non-planar three-dimensional shape, similar
to the mitral valve annulus (Fig. 7.13). Further, it has been
described as changing its shape dramatically throughout the
course of the cardiac cycle. These changes in annular geom-
etry during systole, from a more circular shape to an ellipti-
cal shape, result in overall reduction of annular sizes by up to
40 % [47]. As the heart contracts, the annulus reaches its
minimum size during isovolumetric relaxation and its maxi-
mum during isovolumetric contraction [35]. Data relating to
the tricuspid annulus can be seen in Table 7.3 [37, 48-50].

As with the mitral valve, the leaflets of the tricuspid valve
are complimented by a sub-valvar apparatus consisting of
papillary muscle complexes that work to tether the valve
leaflets via tendinous cords to prevent valve prolapse during
ventricular contraction (systole). The three main papillary
muscle complexes have grossly dissimilar morphology,
albeit very characteristic (Fig. 7.18). The zone of apposition
between the septal and anterosuperior leaflets is supported
by the medial papillary muscle complex, also known as the

Table 7.3 Data on the mitral valve annulus measured in vivo via 3D
echocardiography [37] and post mortem [48-50]

Measured anatomical feature Data Sample size
Systolic annular area [37] 10.75+1.81 cm? n=13

Post mortem orifice area [48] 10.60+ 3.40 cm n=160
Systolic septo-medial 3.31+0.32 cm n=13
dimension [37]

Systolic anterior-posterior 3.79+0.43 cm n=13
dimension [37]

Postmortem annular 11.10+1.10 cm n=50
circumference [49, 50] 11.30+£0.50 cm n=24

papillary muscle of the conus, or the muscle of Lancisi [45,
51]. It arises from the posteroinferior limb of the septal band,
or septomarginal trabeculation, although in some individuals
the muscle is replaced by a series of smaller muscles or even
by cords arising directly from the septal band. The anterior is
typically the largest papillary muscle complex and supports
the zone of apposition between the anterosuperior and infe-
rior leaflets, but often inserts into the midportion of the anter-
osuperior leaflet. The muscle itself is usually in direct
continuity with the moderator band [46]. This latter structure
is one of a series of septoparietal trabeculations that arise
from the anterior margin of the septal band. The smaller infe-
rior muscle complex supports the zone of apposition between
the inferior and septal leaflets. The septal leaflet is then sup-
ported in addition by multiple cords arising directly from the
septum itself. This is a differentiating feature between the
tricuspid and mitral valves, the leaflets of the latter valve
lacking any septal attachments.

Figure 7.18 displays videoscopic images of the sub-valvar
apparatus of the tricuspid valve taken from reanimated
human hearts utilizing Visible Heart® methodologies, as
described in Chap. 41. Such images emphasize the large ana-
tomical variations that can exist from heart to heart (unpub-
lished data).

Previously, Silver et al. reported the common insertion
length of the tendinous cords of the tricuspid valve for
healthy human hearts, which was defined as the distance
from the origin of the papillary muscles to their correspond-
ing insertion points on the valve leaflets (Table 7.4) [49].
These measurements were completed on 50 formalin-fixed
human hearts; it should be noted that these data may have

Table 7.4 Data on the chordal lengths of the tricuspid sub-valvar
apparatus measured post mortem [49]

Measured anatomical feature Data (cm) Sample size
Septal leaflet insertion length [49] 1.50+0.87 n=50
Anterior leaflet insertion length [49] 1.53+0.69 n=50
Posterior leaflet insertion length [49] 1.37+0.64 n=50

Fig.7.18 Several representative examples of the septal (left), inferior (center), and anterior (right) papillary muscle complexes associated with
the tricuspid sub-valvar apparatus taken using Visible Heart® methodologies (unpublished data)
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specific limitations when compared to the modern imaging
techniques, e.g., those used to measure the tethering length
of the mitral cords mentioned earlier in the chapter. As such,
we suggest that future detailed assessments of the tricuspid
sub-valvar apparatus employing modern imaging techniques
could greatly benefit the field.

7.8 The Aortic Valve

As previously mentioned, due to its location in the center of
the heart between the mitral valve and the tricuspid valve, the
aortic valve is considered as the “centerpiece” of the heart
and is often the most important cardiac valve with respect to
normal cardiac function [31]. An artist's rendition of the

opened aortic root showing the features of the aortic valve
can be seen in Fig. 7.20.

7.8.1 The Aortic Root

The aortic root contains three circular rings and one crown-
like ring (Fig. 7.6) [19]. The connection of the leaflets to the
arterial wall mimics the shape of a crown, whose base forms
a virtual ring known as the basal plane of the valve. This plane
represents the inlet from the left ventricular outflow tract into
the aortic root. The top of the crown can be considered as a

Fig.7.19 The aortic leaflets
have been removed from this
human aortic root specimen.
One can then observe the
locations of the three defined
aortic rings, i.e., relative to
the crown-like hinges of the
leaflets. A-M aortic-mitral, VA
ventriculoarterial [7]. Image
was modified from an original
figure provided by Professor
Robert H. Anderson;
Professor Anderson retains
the intellectual copyright of
the original image

 Left
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true ring, the sinotubular junction, defined by the sinus ridge
and the related sites of attachment of the peripheral zones of
apposition, between the aortic valve leaflets [31]. Hence the
sinotubular junction dictates the transition from the aortic root
into the ascending aorta. The semilunar hinges then cross
another defined “ring” known as the anatomic ventriculoarte-
rial junction. This overall anatomic arrangement was illus-
trated previously in Fig. 7.6, but can be readily observed when
the aortic root is opened linearly as seen in Fig. 7.19.

The normal aortic root elicits a relatively consistent shape
between patients, but can vary dramatically in size (Table 7.5)
[29, 52]. Kunzelman et al. demonstrated a definable mathe-
matical relationship between root diameter and clinically

Table 7.5 Data on the aortic valve annulus, sinus of Valsalva, and
sinotubular junction measured using multislice computed tomography

Measured anatomical feature Data (mm) | Sample size
Maximum aortic annular diameter 26.9+2.8 | n=25
[52, 29] 264+2.8 |n=150
Minimum aortic annular diameter 21.4+£2.8 | n=25
[52,29] 240+£2.6 |n=150
Sinus of Valsalva mean diameter [29] 32.3+39 |n=150
Sinus of Valsalva height above the basal | 17.2+2.7 ' n=150
plane [29]

Sinotubular junction mean diameter [29] |28.1+3.1 |n=150
Sinotubular junction height above basal |20.3+3.1 |n=150
plane [29]

Sinutubular
junction

Right
coronary

—

Virtual Am@ﬂug
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measurable leaflet dimensions [53]. In general, the diameter
at the level of the sinotubular junction typically exceeds that
at the level of the basal plane by a factor of 1:1.6 [53, 54].
The valvar complex is a dynamic structure with its geometric
parameters changing continuously throughout the phases of
the cardiac cycle and relative to the associated changes in
pressure that will occur within the aortic root [55]. For exam-
ple, from diastole to systole, the relative change in diameter
at the level of the sinotubular junction and at the ventriculo-
arterial junction has been noted to increase by ~12 % and
decrease by ~16 %, respectively [56-58]. Additionally, the
orientation of the left ventricular outflow tract and the aortic
root (i.e., the angle between the two) is known to vary from
patient to patient. It is also understood that this angle
becomes more acute with age. Middelhof et al. reported that
hearts from individuals aged >60 years exhibited angles
between 90° and 120°, whereas individuals aged <20 years
presented with angles between 135° and 180° [59].

It is important to note that one of the most critical func-
tions of the aortic root is to facilitate coronary artery perfu-
sion during ventricular diastole. This is achieved by directing
3-5 % of the circulating blood through both the left and right
coronary arteries while the aortic valve itself is closed. In
general, the orifices of the coronary arteries arise within the
two anterior sinuses of Valsalva, usually positioned just
below the sinotubular junctions [54, 60, 61]. However, it is
not unusual to find these arteries positioned superior relative
to the sinotubular junction. Cavalcanti et al. reported the

Aordc V@H@

Pulmonary Valve™

mean distance measured from the orifice of the left coronary
artery to the basal attachments of the corresponding leaflets
was 12.6+2.61 mm, and for the right coronary artery, it was
13.2+2.64 mm in 51 normal postmortem hearts [62].
Variations in coronary arterial origin, nonetheless, can occur
with some of these configurations posing as risk factors in
sudden cardiac death [63, 64]. It should also be recalled that
it is the location of these coronary arteries that dictates the
naming of the aortic valve leaflets/cusps—the left coronary,
the right coronary, and the nonadjacent (or non-coronary).

7.8.2 The Aortic Leaflets

As noted above, the leaflets of the aortic valve are named for
the branching coronary arteries that feed the left and right
sides of the heart (Fig. 7.20). More specifically, both the
right and left leaflets attach to the aortic root in the predomi-
nantly muscular region of the left ventricular outflow tract,
whereas the nonadjacent leaflet is chiefly attached to the
fibrous region above the membranous septum (Fig. 7.19).
This fibrous continuity connects the aortic valve to the ante-
rior (aortic) leaflet of the mitral valve, forming the aortic-
mitral curtain. The zone of apposition of the right leaflet to
the nonadjacent leaflet is positioned above the membranous
part of the ventricular septum. The zone of apposition of the
nonadjacent leaflet with the left coronary aortic leaflet is
adjacent to the anterior wall of the left atrium. The left leaflet

Fig.7.20 Artist’s rendition of the healthy aortic and pulmonary valves clearly showing the leaflets, sinuses, outflow tracts, and arterial trunks
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then continues toward the right leaflet, again achieving sup-
port from the muscular part of the ventricular septum. As
previously mentioned, the zones of apposition themselves
ascend as they extend to be attached peripherally at the sino-
tubular junction; below each peripheral attachment, there is
a fibrous interleaflet triangle that forms part of the ventricu-
lar outflow tract [65].

It should be noted that variations may exist in all dimen-
sions of individual leaflets, including: (1) height, (2) width,
(3) surface area, and (4) volume of their supporting sinuses
of Valsalva [31]. Vollebergh et al. reported that the average
widths (measured between the peripheral zones of attach-
ment along the sinus ridge) for the right, the nonadjacent,
and the left coronary leaflets were 25.9, 25.5, and 25.0 mm
respectively, in an investigation of 200 normal hearts [66]. It
was also described that the average heights (measured from
the base of the center of the leaflet to their free edges) for the
right coronary, nonadjacent, and left coronary cusps were
14.1, 14.1, and 14.2 mm, respectively. Such variations in the
leaflet dimensions of healthy valves highlight the need to
focus on the anatomy and function of each leaflet when
developing prosthesis for either the surgical or transcatheter
treatment of aortic valve pathologies.

7.9  The Pulmonary Valve

Due to its relative location within the infundibular muscula-
ture (at the distal portion of the right ventricular outflow
tract), the pulmonary valve is considered, in an anatomical
sense, a more simple valvar structure than the aortic

Fig.7.21 Nomenclature for
the individual leaflets of the
aortic and pulmonary valves.
The traditional naming system
is displayed to the left and the
updated attitudinally correct
nomenclature to the right

Left

129

valve (Fig. 7.20). The left and the right leaflets of the aortic
valve face lie adjacent to the pulmonary trunk, and this rela-
tive anatomic orientation has been used to name the
pulmonary valve leaflets: the right and left facing leaflets and
the nonfacing leaflet (Fig 7.21) [1]. Anatomically, the com-
missure of both the right and left leaflets is supported by the
supraventricular crest of the right ventricle, which separates
the pulmonary valve from the tricuspid valve. Further, the
opposite edge of the valve (i.e., the nonfacing leaflet is sup-
ported by the anterior wall of the infundibulum) is, in gen-
eral, the most anterior part of the heart [1].

Pulmonary valve replacement is considered to be less
challenging than aortic valve replacement due to the lower
pressure gradient across the valve and the relative ease of
access to the valve annulus. The ease of complete valve
removal from the cardiac base has led to the use of an auto-
graft replacement for the aortic valve in some congenital
heart patients. Even so, information on the valve is less abun-
dant and reports on variations in valve dimensions are less
comprehensive. Capps et al. report the mean diameter of the
valve as 25.4+3.2 mm in a study comparing the size of the
aortic and pulmonary valve to the overall body surface area
(Table 7.6) [67]. It should be noted that these measurements
were taken on valves removed postmortem using a Hegar
dilator without annular dilation. By the authors’ admission,

Table 7.6 Postmortem mean pulmonary and aortic diameters

(previously Anterior)
Non-Facing

Measured anatomical feature Data (mm) Sample size
Mean annular diameter [28] 25.4+3.2 n=3997
Mean aortic annular diameter [28] 22.4+2.7 n=3370
Pulmonary
Valve
Right
Right Coronary
Artery Ostium

Left Coronary Right
Artery Ostium Coronary
Left
Coronary Non-Adjacent

(previously Non-Coronary)
Aortic Valve
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this sizing presents limitations regarding the material proper-
ties of the pulmonary annulus differing significantly from the
aortic [67]. As such, these measurements should be used as a
rough guideline. The alternate methodology explains the dif-
ference in aortic measurements reported here from those
measured at end systole in vivo by Schultz et al. and Tops
et al. [20, 68], as shown in Table 7.5.

7.10 Valve Co-location with Other Cardiac
Structures

When performing cardiac valve surgeries and/or contem-
plating novel percutaneous approaches to valvar repairs, it
is vital to have a strong anatomical appreciation of the asso-
ciated structures, i.e., those cardiac structures that surround
the valves. The anatomical features surrounding the mitral
and tricuspid valves are displayed in Figs 7.22 and 7.23.
The position and course of the coronary vasculature is key
to the clinical anatomy of both the mitral and tricuspid
valves. The great coronary vein, continuing as the coronary
sinus, circles the mural leaflet of the mitral valve [35, 69].
The circumflex artery, having branched from the main stem
of the left coronary artery, courses in concert with the
venous channel, usually running much closer to the hinge of
the mural leaflet. In the majority of individuals with domi-
nance of the right coronary artery, the circumflex artery
does not extend through the full length of the left side of the

Fig.7.22 Graphic
representation of the
co-location of the mitral valve
to the coronary sinus, the left
circumflex artery, and the
aortic valve

Non-Coronary
Leaflet of
Aortic Valve

Left Ventricu Iar_/

Outflow Tract

inferior atrioventricular groove [35]. In the minority of indi-
viduals with left coronary arterial dominance, in contrast,
the artery is directly related to the entirety of the mural leaf-
let, usually continuing into the floor of the triangle of Koch,
where it gives rise to the artery supplying the atrioventricu-
lar node. In many individuals, the circumflex artery crosses
underneath the coronary sinus at variable distances [33, 35,
69-71]. Both arterial and venous structures, therefore, are at
risk when surgical procedures are performed on the mural
leaflet of the mitral valve. Such considerations are particu-
larly relevant when employing complex reconstructive
techniques [35]. The proximity of the aortic valve is of
importance when considering surgical procedures to the
aortic leaflet of the mitral valve (Fig. 7.22). The interleaflet
triangle between the left coronary and non-coronary (non-
adjacent) aortic leaflets is directly related to the saddlehorn
of the mitral valvar annulus. This feature should be remem-
bered if sutures are to be placed to either side of the saddle-
horn to prevent damage to the aortic valvar leaflets [35].
The tricuspid valve is bordered within the atrioventricular
junction by the right coronary artery, but is less related to
venous structures, the small cardiac vein being a relatively
insignificant structure [7].

The atrioventricular node and its zones of transitional
cells are closely related to the septal hinge of the tricuspid
valve, with the slow pathway into the node being a con-
stituent part of the vestibular atrial myocardium in this
region. At the apex of the triangle of Koch [7, 35], the spe-

Atrium
Aortic Leaflet
of Mitral Valve

Coronary Sinus

Circumflex Artery

Mural Leaflet of
Mitral Valve
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Fig.7.23 Graphic
representation of the
relationship between the
cardiac conduction system
(i.e., the location of the
atrioventricular node within
the triangle of Koch) and the
tricuspid valve when viewed
from the right atrium

cialized cardiomyocytes of the atrioventricular node bun-
dle themselves together and pierce the central fibrous body
to become the penetrating atrioventricular bundle, or the
bundle of His (Fig. 7.23). Although closely related again to
the hinge of the septal leaflet of the tricuspid valve, and at
potential risk whenever surgery is performed within the
right atrium or through the tricuspid valve, the atrioven-
tricular node should be sufficiently distant not to pose a
threat to those operating on the mitral valve. The bundle of
His, having passed through the membranous septum,
divides on the crest of the muscular ventricular septum into
the left and right bundle branches. These components are at
greater risk during procedures on the aortic rather than the
atrioventricular valves.

The most important anatomical structure related to the
pulmonary root is the first perforating branch of the anterior
interventricular artery; this artery is avoided during the Ross
procedure. Note should also be taken of anomalous coronary
arteries either coursing between the arterial roots or extend-
ing across the right ventricular infundibulum. Being located
in the most anterior aspect of the heart, the pulmonary root is
also directly adjacent to the sternum; thus, sternal compres-
sion may alter the performance of any prosthesis placed in
the pulmonary annulus [4].

The anatomical orientation of the aortic valve is consid-
ered much more challenging; thus, the remainder of this
section will focus on this valve. One of the most important
and complex structures in proximity to the aortic valve is
the cardiac conduction system. As mentioned previously,
the atrioventricular node is located within the triangle of
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Koch, situating the atrioventricular node in close proxim-
ity to the subaortic region of the left ventricular outflow
tract, helping to explain why the treatment of pathologies
involving the aortic valve may lead to either a complete
heart block or to an intraventricular conduction abnormal-
ity [31]. Further, as the atrioventricular conduction axis
reaches the crest of the muscular ventricular septum, it
then branches, with the left bundle branch cascading down
the left ventricular septal surface, as illustrated so ele-
gantly by Tawara over a century ago [72] (Fig 7.24).Thus,
it is important that this anatomical relationship be consid-
ered when planning the repair and/or replacement of the
aortic valve, as the interaction of a specific percutaneous
prosthesis or the errant placement of sutures during surgi-
cal valve implantation can induce adverse effects on the
conduction system and result in the patient requiring car-
diac rhythm management.

In addition to the conduction system, an intimate knowl-
edge of the aortic valve’s proximity to both the coronary
arteries and the mitral valve helps to minimize procedural
complications.

In particular, the main stem of the left coronary artery can
be remarkably short, bifurcating into the left anterior
descending and circumflex arteries in close proximity to the
root [4]. In the instance of transcatheter valve deployment,
the prosthesis typically will crush the leaflets of the native
valve against the aortic wall. Consequently, the combination
of a relatively low-lying coronary artery ostium and a large,
heavily calcified native aortic leaflet can lead to obstruction
of the flow into the coronary arteries [31].
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Fig.7.24 Tawara’s
anatomical diagram of the left
bundle branch showing the
conduction system exiting
from the base of the aortic
valve between the
nonadjacent and right
coronary leaflets. It then
branches out and descends
along the septal endocardial
surfaces of the left ventricular
myocardium [9, 25]

7.11  Common Clinical Imaging

of the Cardiac Valves

Due to its relatively high availability, ease of use, and mini-
mal side effects to the patient, the standard 2D cross-sectional
Doppler echocardiogram is considered as the most common
imaging modality applied to assess the relative function and
anatomical position of the cardiac valves [43, 73]. Clinically,
both the mitral and tricuspid valves are commonly imaged
via the parasternal long-axis view, allowing the echocardiog-
rapher to assess the following valve criteria [73]:

* Size and shape of the annulus

* Mobility of the leaflets, in particular, whether they pro-
lapse or show flail or restricted motion (assessment will
also include exclusion of thickening calcification, myxo-
matous degeneration, clefts, fusions along zones of appo-
sition, perforations, vegetations, or abnormal shelves or
membranes)

e Length and thickness of the tendinous cords and whether
they are fused or ruptured

* Number, structure, and function of the papillary muscles

¢ Whether the function of the left ventricle is normal, is
globally deranged, or shows evidence of regional abnor-
malities of motion of the walls

Examples of standard 2D cross-sectional Doppler echo-
cardiograms of the mitral and tricuspid valve can be seen in
Fig. 7.25.

Tas Wl

| Membranous septum

The aortic valve can be readily viewed with echo from the
apical, parasternal long-axis, and suprasternal views,
whereas the pulmonary valve is usually imaged from the
parasternal long-axis view (Fig. 7.26), allowing the echocar-
diographer to assess the following valve criteria [73]:

e Relative size and shape of the annulus.

e Number and mobility of the leaflets, in particular whether
they show restricted motions. This assessment will also
include exclusion of thickening calcification, fusions
along zones of appositions, and/or leaflet damage.

For a comprehensive description of the echocardiographic
techniques used to image and assess both healthy and diseased
atrioventricular valves, the readers are referred to the Textbook
of Clinical Echocardiography by Otto [74] and recommenda-
tions for clinical evaluation of stenosis by Baumgartner et al.
[75] and regurgitation by Zoghbi et al. [76].

7.12 Summary

The atrioventricular and semilunar valves are highly complex
anatomical structures. Their overall function and/or subse-
quent dysfunction can be due to abnormalities or failures
within any of their respective subcomponents. Today, the
detailed assessment of their anatomy and function, to deter-
mine optimal treatments approaches, provides critical informa-
tion required by cardiologists, internationalists, and/or cardiac
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Fig. 7.25 Common echocardiographic parasternal long-axis and api-
cal sections which show the leaflets of the mitral and tricuspid valves.
The sub-valvar apparatus can clearly be seen tethering the leaflets to the
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ventricular free wall. AO aorta, LA left atrium, LV left ventricle, RA
right atrium, RV right ventricle

Fig. 7.26 Parasternal long-axis section through the aortic root (left
panel) shows the closed aortic valve, while the short-axis section shows
all three leaflets of the valve. AO aorta, LA left atrium, LV left ventricle,

surgeons. Further, it is the detailed understanding of the valve
features that will aid in the development and deployment of
future clinical therapies, e.g., valvar repairs or replacement via
either surgical or minimally invasive (transcatheter) means.
Although the anatomies of each valve type are similar, it
should be noted that unique pathological changes can affect
each valve resulting in differing approaches to disease assess-
ment and treatment. Ultimately, a detailed understanding of
the atrioventricular and semilunar valve anatomy will aid phy-
sicians and engineers alike in the development and deploy-
ment of future clinical therapies for the treatment of congenital
and degenerative diseases affecting these valves. Furthermore,
the use of common anatomical descriptions of these anatomi-

RA right atrium, RV right ventricle, RVOT right ventricular outflow
tract, PV pulmonary valve, TV tricuspid valve

cal structures (defined as attitudinally correct anatomy) by
anatomists, clinicians, and medical device designers is recom-
mended for the successful and expedient communication of
ideas and information in the modern world of medicine.
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Abstract

Even as recent as several hundred years ago, the general function of the coronary vascular
system was largely unknown. Today, it is well established that the coronary system is a
highly variable network of both arteries supplying and veins draining the myocardium of
oxygenated and deoxygenated blood, respectively. Due to recent advances in therapeutic
technologies, the coronary vascular system has been utilized as a conduit in a variety of
biomedical applications, e.g., cardiac resynchronization therapy. Additionally, symptomatic
diseases such as coronary artery disease can be alleviated with stenting or coronary artery
bypass grafts. It is well accepted that a comprehensive understanding of the geometric ana-
tomical characteristics of the coronary system will allow for future medical devices to be
engineered to more successfully deliver novel therapies to a greater variety of cardiac

patients.
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8.1 Introduction
While anatomical studies of the heart began centuries ago,
Herophilus (c. 335—c. 280 BC) was the first to observe and
record differences between coronary arteries and veins,
including the discovery that arteries were much thicker than
veins; veins, in contrast to arteries, collapsed when emptied
of blood [1]. More than a thousand years later, in 1628 AD,
William Harvey, court physician to King James I and King
Charles I, published “On the motion of the heart and blood in
animals,” the first accurate description of the circulatory sys-
tem [2]. Subsequently, in 1689, Scaramucci conjectured that
the contraction of the heart displaced blood from deeper
coronary vessels into coronary veins [3]. However, the exact
details of coronary blood flows were not well understood
until the technology capable of measuring arterial and venous
flows was more recently developed [3].

Today, it is known that the coronary system is comprised
of arteries, arterioles, capillaries, and cardiac venules and
veins. The coronary arteries originate with right and left
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Fig.8.1 The supply and
drainage configuration of the
coronary arterial and venous
systems [28]. Reproduced
with permission of Springer
in the format Educational/
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Fig.8.2 Red and blue
plastics were injected into the
arterial and venous systems of
this heart, respectively. The
rest of the myocardial tissue
was “corroded” away with
digestive enzymes, thus only
the extensive coronary
system remains. The heart is
viewed from the
diaphragmatic surface.
Figure courtesy of Alexander
Hill (Medtronic, Inc.)
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main coronary arteries which exit the ascending aorta just
above the aortic valve. These two branches subdivide and
course over the surface of the heart (epicardium) as they
traverse away from the aorta. These arteries arborize into
progressively smaller branches that progress inward to pen-
etrate the epicardium and supply blood to the transmural
myocardium. These coronary arteries branch into arteri-
oles, which then branch into innumerable capillaries that
ultimately deliver oxygenated blood to all of the heart’s

Vein

cells. Blood continues through these capillary beds to begin
the return back into the cardiac chambers via various drain-
age routes illustrated in Fig. 8.1. The majority of capillaries
drain into venules, which then empty into the coronary
venous system. The coronary veins can be categorized into
two subgroups: the greater and smaller cardiac venous sys-
tem. A corrosion cast of a human heart reveals the complex-
ity and extensiveness of the coronary vascular system in
Fig. 8.2.
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Coronary blood flow is critical in supporting cardiac
function. If disease states or acute events occur that obstruct
coronary flow, consequences are commonly detrimental and
sometimes fatal. For example, changes in electrocardio-
grams can be recorded within beats when there is inadequate
blood flow delivered to a given region of the heart. Whenever
coronary blood flow falls below what is required to meet
metabolic needs, the myocardium is considered ischemic;
the pumping capability of the heart is impaired, and there are
associated changes in electrical activity (e.g., increased risk
of fibrillation). Prolonged ischemia can lead to myocardial
infarction, commonly called a heart attack, which can cause
irreversible myocardial cell death. Coronary artery disease,
which is associated with obstruction of arterial blood flow, is
the most common type of heart disease and currently the
leading cause of death in the USA in both males and females
[4]. For more details on cardiac oxygen and nutrient delivery
and its association with ischemia, refer to Chap. 21.

8.2  Coronary Arteries

8.2.1 Coronary Arteries: Anatomical

Description
Oxygenated blood is pumped into the aorta from the left ven-

tricle. Located just above the aortic valve are the ostia of the
left and right coronary arteries, which are situated in the left

Anterior View

Circumflex Artery,
Left Circumflex

Left Coranary Artery Main
Left Main »

Right

Left Anterior Descending Artery
Left Anterior Interventricular

Fig. 8.3 Anterior (left) and posterior (right) views of the 3D recon-
structed coronary arteries and ventricular tissue of a perfusion-fixed
human heart generated from a contrast-CT scan. The atria have been
removed for better visualization of the coronary arteries. Some of the

and right sinuses of Valsalva, respectively. In general, coro-
nary arteries traverse the surface of the heart and are encased
in varying amounts of epicardial fat. However, some branch
arteries course directly into the myocardium [4]. Figure 8.3
shows the anatomy and nomenclature of the coronary artery
system. Note that there is a high degree of variability in the
human heart. (See Coronary Tutorial on the Atlas of Human
Cardiac Anatomy; www.vhlab.umn.edu/atlas.)
Traditionally, some of the coronary arterial names were
based on the heart oriented in the valentine position. This
chapter refers to nomenclatures based on the heart’s orienta-
tion in the chest cavity. See Chap. 2 for details on the clinical
importance of using attitudinally correct descriptions.

8.2.2 The Left Coronary Artery and Its
Branches

The left coronary artery and its branches supply the majority
of oxygenated blood to the ventricular myocardium and addi-
tionally to the left atrium, left atrial appendage, pulmonary
artery, and aortic root [5, 6]. The left coronary artery main,
also called the left main for short, typically originates at the
left sinus of Valsalva and courses in the left anterior direction.
After approximately 1-2 cm, the left main bifurcates into the
left anterior descending artery and the circumflex artery, at a
location between the left atrial appendage and the pulmonary
trunk [7]. Some individuals possess a third artery that

Posterior View

Circumfiex Artery

Left Coranary Artery Main
Left Main

Left Circumflex Artery
vy

arteries have varying nomenclatures present in the literature. The names
highlighted in red are common in the literature, but are considered to be
attitudinally incorrect
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branches off the left main called the intermediate artery. This
vessel usually supplies the left margin of the heart [7, 8].

8.2.2.1 Left Anterior Descending Artery
and Its Branches

The left anterior descending artery, also known as the ante-
rior interventricular artery, originates at the end of the left
main at an angle close to 180°. The vessel curves around the
pulmonary artery trunk and continues anteriorly down the
interventricular septum to the apex of the heart. The left
anterior descending artery typically branches into the diago-
nal arteries, deep septal perforators, and the left descending
septal artery. Although there is a high amount of variation in
the course of the diagonal arteries, they typically branch off
at an angle and supply the free wall of the left ventricle. The
deep septal perforators commonly branch at 90° angles into
the interventricular septum. These arteries characteristically
supply the anterior two-thirds of the septum, and can also
have high degrees of variation. Finally, the left descending
septal artery is an important vessel that supplies blood to the
moderator band and anterior papillary muscle [7].

8.2.2.2 Circumflex Artery and Its Branches

The circumflex artery, also referred to as the left circumflex
artery, stems from the left main and courses along the left
atrioventricular groove. The circumflex artery gives rise to
small arterial branches that supply the aortic root and myo-
cardium near the atrioventricular groove. In patients who are
right dominant, the circumflex artery terminates into the left
obtuse artery. The left obtuse artery courses down the left
margin of the heart towards the apex. In patients who are left
dominant (approximately one-tenth of individuals), the cir-
cumflex continues along the atrioventricular groove until it
terminates at the cardiac crux, where it branches into the
artery that supplies the atrioventricular node [9, 10] and the
inferior interventricular artery, traditionally known as the
posterior interventricular artery [7].

8.2.3 The Right Coronary Artery and Its
Branches

The right coronary artery originates in the right sinus of
Valsalva and courses along the atrioventricular groove along
the epicardial surface adjacent to the tricuspid valve annulus.
The infundibular artery, also known as the conal artery, conus
artery, and third coronary artery, can also originate directly
from the right sinus of Valsalva or as a branch of the right
coronary artery. In three-fifths of the population, the next
branch of the right coronary artery is the artery to the sinus
node [7, 8]. This artery branches off the circumflex artery in
the remaining two-fifths of the population [7, 8]. The right
marginal artery is typically the largest branch of the right
coronary artery. This major artery supplies the free wall of the
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right ventricle [7, 10]. In most individuals, the right coronary
artery becomes the inferior interventricular artery when it
reaches the diaphragmatic surface of the heart. Note that the
right coronary artery does not typically taper in diameter until
it gives rise to the inferior interventricular artery [4]. The infe-
rior interventricular artery runs toward the apex of the left
ventricle and supplies the diaphragmatic surface of the heart.

8.2.4 Abnormal Coronary Artery Anatomy

Many anomalies of the coronary artery system are associated
with the origin of the major arteries. The most common ostium
abnormality happens when the left and/or right coronary
artery originates at an opposite sinus, which has been found in
0.03-0.1 % of patients [7, 11]. There have also been reports of
the presence of a single coronary artery that supplies the entire
heart [7, 12, 13]. There is evidence that both of these abnor-
malities may increase the risk of sudden death [7, 12—14]. The
right coronary artery has also been reported to originate out-
side of the sinuses of Valsalva including branching from the
brachiocephalic artery, the aorta, or the pulmonary trunk [7].
The risk of these anomalies is dependent on the subsequent
course of the artery. For example, an artery that courses
between the aortic and pulmonary roots has a higher chance of
compression [7, 15, 16]. A left coronary artery originating at
the pulmonary trunk, also known as Bland-White-Garland
Syndrome, is a more rare (1 in 300,000) and more dangerous
anomaly [7, 17] that can cause decreased blood flow and typi-
cally requires surgical treatment [7, 18, 19]. Figure 8.4 sum-
marizes examples of coronary ostia abnormalities.

Another known anatomical abnormality relative to this vas-
culature is the presence of coronary arterial fistulas. These are
defined as a direct connection between a coronary artery and a
cardiac chamber, superior vena cava, coronary sinus, pulmo-
nary artery, or pulmonary vein [7, 19, 20]. The most common
fistula sites are located in the right ventricle [7, 21]. It has been
reported that these fistulas are benign for approximately half
of the patients; the remaining half of patients have reported
endocarditis, myocardial ischemia, ruptured aneurysm, and/or
heart failure associated with their anomaly [7, 22].

There have also been reports of duplication of the major
arteries. The anterior descending artery is the most com-
monly duplicated artery with an occurrence rate of approxi-
mately 1 % [7, 23]. Most coronary artery duplications do not
cause clinical complications; however, it is important to be
aware of such duplications during surgical interventions.

8.2.5 Coronary Arteries: Disease
Coronary arterial functional anatomy changes throughout a

person’s lifespan; in the elderly, coronary arteries typically
become more tortuous, their inner diameters expand, and
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Fig.8.4 Examples of abnormal
coronary arterial origins. The
anomalous origins outside the
aortic sinuses include the
brachiocephalic artery, the
ascending aorta, and the
pulmonary trunk. LCA left

2 L)

artery

Anomalous origin in left aortic sinus

.

(7 ot

Anomalous origin outside of the aortic sinuses

more calcific deposits can be observed [24]. While these
changes are common with aging, certain disease states can
significantly increase flow restrictions to the point of causing
detrimental damage, myocardial ischemia, and/or death.
More specifically, coronary artery disease is generally defined
as the gradual narrowing of the lumen of the coronary arteries
due to atherosclerosis. An example of an artery with calcifi-
cations is shown in Fig. 8.5. Atherosclerosis is a condition
that involves thickening of the arterial walls via cholesterol
and fat deposits that build up along the endoluminal surface
of the arteries. With severe disease, these plaques may
become calcified, increase in size, and eventually cause sig-
nificant stenosis; a stenotic vessel has an increased vascular
resistance relative to that of healthy vessels. A steady decrease
in arterial cross-sectional area can eventually lead to com-
plete blockage of the artery. As a result, oxygen and nutrient
supply to the myocardium decreases below the level of
demand, i.e., during exercise and during rest (when more
extreme). As the disease progresses, the myocardium down-
stream from the occluded artery becomes ischemic.
Eventually, myocardial infarction may occur if the coronary
artery disease is not detected and treated in a timely manner.
See Chap. 21 for additional descriptions of cardiac ischemia.

coronary artery, RCA right \_‘___/ 2=
coronary artery, CFX circumflex \\ ,/‘5 \ /

CFX
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Solitary coronary artery

Myocardial ischemia not only impairs the electrical and
mechanical function of the heart, but also commonly results
in intense, debilitating chest pain known as angina pectoris.
However, anginal pain can often be absent in individuals
with coronary artery disease (or in individuals with early dis-
ease stages) at rest, but induced during physical exertion or
with emotional excitement. Such situations are associated
with an increase in sympathetic tone that increases myocar-
dial oxygen consumption (and subsequently ischemia) when
blood flow cannot keep up with myocardial metabolic needs.
To date, typical treatment for angina resulting from coronary
artery disease includes initial pharmacological approaches,
such as the administration of: (1) coronary vasodilator drugs
(e.g., nitroglycerin); (2) nitrates to reduce myocardial
demand by dilating systemic veins, thus reducing preloads;
or (3) p-blockers (e.g., propranolol).

8.3  Cardiac Capillaries

Capillaries are the smallest blood vessels in the human body
and branch numerous times to ensure that every myocyte lies
within a short distance (microns) of at least one of these
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Fig.8.5 This histologic view
of an anterior arterial branch
shows a layer of plaque that
makes the interior lumen of
the artery irregular.
Additionally, this figure
shows that this particular
arterial branch was not
completely encased by
epicardial fat, but was
partially surrounded by
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branches. Via diffusion, nutrients and metabolic end prod-
ucts move between the capillary vessels and the surround-
ings of the myocytes through the interstitial fluid. Subsequent
movement of these molecules into a cell is accomplished by
both diffusion and mediated transport. Nevertheless, as with
all organs, blood flow through the capillaries within the heart
can be considered passive and occurs because coronary arte-
rial pressure is higher than venous pressure. Although capil-
laries are a very important part of the coronary system, their
current use for device therapies is relatively nonexistent due
to their small diameters (i.e., size of a red blood cell).

8.4 Coronary Veins

Coronary venous flow occurs during diastole and systole,
and the coronary venous system drains the myocardium of
oxygen-depleted blood.

8.4.1 Coronary Veins: Anatomical Description

The relative size of the coronary venous system dominates
the arterial system; there are at least twice as many veins as
arteries in human myocardial tissue [25, 26]. In general,

veins are considered to be low-resistance conduits to the
heart and can alter their capacity to maintain venous pressure
[27]. As previously mentioned, the coronary veins are con-
sidered to be primarily organized into two subgroups—the
greater and smaller cardiac venous system. The greater car-
diac venous system is comprised of the coronary sinus and
its tributaries, as well as the anterior cardiac veins, atrial
veins, and the veins of the ventricular septum [28, 29]. The
smaller cardiac venous system, also known as the Thebesian
vessels, is comprised of the arterioluminal vessels and veno-
luminal vessels [28-30].

8.4.1.1 The Greater Cardiac Venous System

The greater cardiac venous system, also referred to as the
major cardiac venous system, delivers the majority of deoxy-
genated blood from the outer layers of the myocardium to the
chambers of the heart. These veins are responsible for approx-
imately three-quarters of the myocardial drainage [31].
Similar to some of the major coronary arteries, there are sev-
eral nomenclatures present in the literature for many of the
major veins in the greater cardiac venous system. This chap-
ter refers to the attitudinally correct venous names, although
some of these names are currently less common in the litera-
ture and in practice. (See Coronary Tutorial on the Atlas of
Human Cardiac Anatomy; www.vhlab.umn.edu/atlas.)
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Fig.8.6 3D reconstruction of
the coronary veins and cardiac
tissue from a contrast-CT of a
perfusion-fixed human heart
[28]. This is a left lateral view
of the coronary sinus and its
major tributaries. Some of
these veins have varying
nomenclatures present in the
literature. The names
highlighted in red are
common in the literature, but
are considered to be
attitudinally

incorrect. Reproduced with
permission of Springer in the
format Educational/
Instructional Program via
Copyright Clearance Center
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Coronary Sinus

The coronary sinus serves as the primary collector of cardiac
venous blood [32-34], and is located in the atrioventricular
groove on the diaphragmatic surface of the heart [6, 30, 31,
35-38]. Movie 8.1, found in the online supplemental material,
shows a representative coronary sinus. The coronary sinus is
the largest cardiac vein in terms of diameter. Many major car-
diac veins, including the great cardiac vein, the inferior veins
of the left ventricle, the oblique vein of the left atrium, the
middle cardiac vein, and the small cardiac vein, generally feed
into the coronary sinus [6, 28, 30-32, 35,37, 39-42]. Figure 8.6
summarizes the anatomy and commonly used nomenclatures
of the major coronary sinus tributaries. Various landmarks
have been described as the location of the coronary sinus ori-
gin, including where the oblique vein of the left atrium meets
the great cardiac vein and at the valve of Vieussens [28, 31,
32]. The coronary sinus empties directly into the right atrium
near the juncture of the interventricular and coronary grooves
(also known as the crux cordis area) [31, 39, 43], located on
the inferior region of the right atrial septum between the infe-
rior vena cava and tricuspid valve [6, 32, 35, 40, 44]. The atrial
orifice can be partially covered by a Thebesian valve as dem-
onstrated in Fig. 8.7, although the anatomy of this valve is
highly variable [30-32, 34-36, 38, 39, 42-48].

Anterior Interventricular Vein and Great Cardiac Vein

The anterior interventricular vein courses between the left
and right ventricle on the anterior side of the heart. It typi-
cally begins around the apex and ends as it reaches the

Great Cardiac Vein
Anterior Interventricular Vein
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atrioventricular groove. The great cardiac vein, the longest
venous vessel of the heart, consists of the anterior interven-
tricular vein and its continuation along the atrioventricular
groove [28, 31, 46, 49, 50]. The great cardiac vein is com-
monly joined by numerous venous contributors from the
interventricular septum, anterior aspects of both ventricles,
and the apical region [6, 30-32, 37, 49, 51]. As the great
cardiac vein courses around the inferior atrioventricular
sulcus, it is also joined by venous drainage from the left
atrium, including the oblique vein of the left atrium [30].
The lateral veins and left inferior veins from the left ven-
tricle also flow into the great cardiac vein [30, 43]. As the
great cardiac vein follows the left atrioventricular groove
around the left side of the heart, the great cardiac vein is
considered to be in close proximity to the anterolateral
commissure of the mitral valve [38]. The great cardiac vein
commonly continues until it merges with the coronary
sinus described earlier [31, 43, 46, 50]. The great cardiac
vein typically enters the coronary sinus at an approximate
angle of 180° [49, 52].

Lateral Veins

The lateral veins, also known as the left marginal veins or the
obtuse marginal veins, typically course along the left side of
the heart and drain the left ventricular myocardium into the
great cardiac vein or coronary sinus [31, 49]. They are com-
monly located in an inferior position at an obtuse angle of the
heart [53] and parallel the course of the left marginal branch
of the left coronary artery [49].



144

J.H.Spencer et al.

Fig.8.7 Internal view of the
coronary sinus orifice with a
Thebesian valve and
surrounding right atrial wall
from within an isolated
functioning human heart
[28]. Reproduced with
permission of Springer in the
format Educational/
Instructional Program via
Copyright Clearance Center

Inferior Veins

The inferior veins of the left ventricle, previously known as
the posterior veins of the left ventricle, typically originate
from the lateral and inferior aspects of the left ventricle and
course between the great cardiac vein and middle cardiac
vein [31, 41, 51, 52]. The vessels generally drain into the
coronary sinus. Similar to the lateral veins, the anatomy of
the inferior veins is also highly variable [28].

Middle Cardiac Vein

The middle cardiac vein, also referred to as the posterior
interventricular vein or more correctly, the inferior interven-
tricular vein, is a major coronary vein that typically origi-
nates near the apex and usually ascends in or very near to the
posterior interventricular sulcus [6, 28, 30, 31, 41, 45, 51, 52,
54]. The middle cardiac vein drains into the coronary sinus or
directly into the right atrium [28]. The middle cardiac vein is
also one of the most consistently present coronary veins [28].

Small Cardiac Vein

The small cardiac vein, also known as the right cardiac vein
[6], commonly drains the inferior and lateral wall of the right
ventricle. A small vein in comparison to the previously men-
tioned veins, the small cardiac vein originates in the inferior
part of the right coronary sulcus and courses the base of the
right ventricle, paralleling the right coronary artery [31].
This vein typically empties into the coronary sinus, but
sometimes drains into the middle cardiac vein or directly
into the right atrium. The small cardiac vein is not always
present in the human cardiac venous system [31, 55].

Oblique Vein of the Left Atrium

The oblique vein of the left atrium, also referred to as
Marshall’s vein since it was first reported by John Marshall,
delivers deoxygenated blood from the lateral and inferior

regions of the left atrium to the atrioventricular groove [28].
As mentioned earlier, the termination of this vein is an ana-
tomical landmark for the origin of the coronary sinus and the
end of the great cardiac vein.

Right Marginal Vein

The right marginal vein, also known as the vein of Galen,
typically originates at or is superior to the cardiac apex and
then courses along the free wall of the right ventricle towards
the right atrium. The right marginal vein has highly variable
anatomy [29]. The vessel has been cited to drain into the
small cardiac vein, the middle cardiac vein, or the right
atrium directly [28, 31, 56, 57].

Anterior Cardiac Veins

The anterior cardiac veins, also known as the minor cardiac
veins, the accessory cardiac veins, and the unnamed veins of
Vieussens [29, 56], return deoxygenated blood from the right
ventricle directly to the right atrium. These vessels typically
course along the right margin of the heart [31]. There are
usually one to three major anterior cardiac veins present on
the human heart [29, 56].

Atrial Veins

The atrial veins deliver deoxygenated blood from the atrial
tissues back to the cavities of the atrial chambers. The left
atrial veins consist of three categories based on the region of
the atrium that they drain—the posterolateral veins, the pos-
terosuperior veins, and the septal veins [29, 31]. The postero-
lateral veins, which include the oblique vein of the left
atrium, course along the left atrial posteroinferior and lateral
walls and then drain into the coronary sinus. The posterosu-
perior veins of the left atrium are present in approximately
three-fourths of individuals. These vessels drain the postero-
superior region between the pulmonary veins and empty
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Fig.8.8 Drawing of the
relative coronary systems
present within a section
through a wall of the heart
[28]. The arterio-luminal and
veno-luminal vessels of the
smaller cardiac system drain
directly into the chambers of
the heart, Reproduced with
permission of Springer in the

Endocardium

Arterio-luminal
Vessels

format Educational/
Instructional Program via
Copyright Clearance Center

Veno-luminal
Vessels

directly into the left atrium or pulmonary veins [31]. The left
atrial septal veins, which can be further categorized into the
anteroseptal veins and posteroseptal veins, typically drain
directly into the right atrium. Anteroseptal veins have been
found in almost all human hearts, while posteroseptal veins
have been found in approximately one-third [31]. The right
atrial veins are located in the intramural region of the right
atrial wall and empty directly into the chamber [28, 29].

8.4.1.2 The Smaller Cardiac Venous System

The veins of the smaller cardiac venous system, also referred
to as the Thebesian vessels, minor cardiac venous system,
and lesser cardiac venous system, are typically smaller than
0.5 mm in diameter and originate from the endocardial lay-
ers of the myocardium [28, 29]. These vessels are responsi-
ble for draining approximately one-fourth of the
deoxygenated blood used up by myocardium and drain
directly into their respective heart chambers [31]. The major-
ity of these small veins are present in the atria, although
more Thebesian veins have been found in the right ventricle
relative to the left ventricle [28, 58].

The main smaller cardiac veins consist of the arterio-
luminal and veno-luminal vessels [31], as displayed in
Fig. 8.8. The arterio-luminal vessels originate from coronary
arterioles or capillaries and empty directly into their respec-
tive heart chamber. Similarly, the veno-luminal vessels origi-
nate in coronary capillaries and venules, and then empty into
their respective heart chamber. The vessels that drain straight
from the capillaries to the heart chamber are also referred to
as Thebesian vessels [58, 59].

8.4.1.3 Coronary Veins:Valves
The role of venous valves, in general, is to prevent retro-
grade blood flow. Such valves in the heart are often present
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at the ostia to the coronary sinus [30-32, 34-36, 39—-48], the
lateral veins [46, 60], the inferior veins [31], and the middle
cardiac vein [30, 31, 43, 61, 62]. A predominant valve can
also be identified at the delineation between the coronary
sinus and the great cardiac vein [43—49, 52]. Venous valves
within the major left ventricular veins have been observed to
be comparable in number of valves per vein except in the left
marginal vein, which has fewer valves per vein [63]. These
valves are most prevalent at the ostia to smaller contributor
veins [63]. An example of a valve covering a venous con-
tributor ostia is shown in Fig. 8.9 and in Movie 8.2 in the
online supplemental material.

Abnormal Venous Anatomy

The human coronary venous anatomy is highly variable
across patient populations. There have been reports of ana-
tomic abnormalities associated with the cardiac veins.
Fortunately, most abnormalities of the venous system do not
cause clinical complications. The most common reported
coronary venous abnormality is a persistent left superior
caval vein, where the veins on the left superior side of the
body drain into a left superior caval vein and then directly
into the coronary sinus [28]. The persistent left superior
caval vein on its own is a non-threatening anatomical varia-
tion, but it has been associated with other congenital cardiac
malfunctions. Specifically, the abnormality is present in
0.3 % of patients with normal hearts and in 4.5 % of patients
with congenital heart disease [64, 65].

Occlusion of the coronary sinus orifice is another reported
anomaly of the coronary venous system. This abnormality is
extremely rare, but is well reported [66—68]. In these patients,
the major cardiac veins are instead drained through the superior
vena cava. As aresult, therapies requiring access to the coronary
sinus ostium must be delivered into the superior vena cava [28].
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Fig.8.9 A view of a venous
valve located at the orifice of
an inferior vein of the left
ventricle. The image was
obtained using a fiberscope in
the coronary sinus of a
reanimated human

heart. Reproduced with
permission of Springer in the
format Educational/
Instructional Program via
Copyright Clearance Center

Similar to the coronary arteries, some of the major cardiac
veins have also been reported to be duplicated [29]. For exam-
ple, the anterior interventricular vein has been observed to be
duplicated in 3 % of patients. In these cases, two large veins
run parallel ~1 mm apart along the anterior interventricular
groove and merge to become one vessel at the atrioventricular
groove [49]. The coronary sinus has also been reported to be
duplicated with the one coronary sinus in its normal location
and the other coronary sinus located intramurally [28, 69].

8.4.2 Coronary Veins: Disease

Cardiac veins are less likely to develop clinically significant
disease states such as atherosclerosis. This is probably due to
the inherently lower pressure within the venous portion of
coronary circulation and the higher distensibility of the walls
of the cardiac veins. When diseases such as heart failure
induce myocardial remodeling, the venous system adapts to
maintain both blood volume and venous pressure. However,
it is generally accepted that the coronary venous system is
not affected by atherosclerotic disease, and its “dense mesh-
work with numerous interconnections” allows blood to
return to the heart via numerous pathways [70].

8.5 Microanatomy of Coronary Arteries

and Veins

In general, vessels are composed of three layers, which vary
in thickness depending on both vessel type and their relative
size [71, 72]. These layers are the tunica intima, tunica
media, and tunica adventitia, and can be seen in Fig. 8.10.
The tunica intima is comprised of endothelium, subendothe-
lial connective tissue, and an internal elastic lamina [29, 72].
The endothelium of vessels entering the heart is continuous

with the heart’s endothelium. In veins, the tunica intima and
tunica media are less distinct than in arteries, e.g., the venous
tunica intima is difficult to distinguish at low power magnifi-
cation. Concentric layers of smooth muscle, along with col-
lagenic and elastic fibers, make up the tunica media [71, 72].
The tunica media for a vein is much smaller than for an
artery of similar size, as can be seen in Fig. 8.11 [72]. The
tunica adventitia is composed of longitudinally arranged col-
lagen fibers [72]. In contrast, the tunica adventitia is typi-
cally much larger in veins than in arteries.

8.6 Anastomoses and Collaterals

Connections between arteries that supply or veins that drain
the same regions, known as anastomoses, provide alternate
routes for blood to reach (via arteries) or leave (via veins) the
same cardiac region. While numerous anastomoses have
been observed on the epicardial surface of the heart, even
more are considered present within the myocardium [5].
During fetal development, anastomoses are somewhat prom-
inent; after birth, these channels decrease in both size and
functionality [5].

In the general population, anterior interventricular and
middle cardiac veins typically have the same origin and ter-
mination and follow the same course, while veins between
the interventricular sulci are highly variable in number, size,
course, and occurrence of anastomoses [31]. In addition, in
general, coronary veins have a higher occurrence of anasto-
moses than coronary arteries [31], resulting in a highly inter-
connected venous network [6, 26, 70]. More specifically, the
apical region of the heart will typically elicit the greatest
density of venous anastomoses [66, 73].

Interestingly, in hearts with atherosclerotic damage, small
anastomoses develop into larger, more efficient collaterals
due to hypertrophic remodeling [5]. Such collaterals may
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Fig.8.10 View of coronary

venous wall at 20x

magnification. To the left are

adipose cells and the far right

is the vein lumen. The layers

of the tunica adventitia and -
tunica media comprising the
venous wall can be seen. The
tunica intima cannot be
observed at this magnification
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Fig.8.11 This figure shows
the relative differences
between coronary arteries and
veins. To the left is a coronary
vein with a very thin venous
wall. Both the tunica media
and adventitia can be
observed. The tunica intima
cannot be observed at this
magnification (10x). To the
right, the coronary artery is
significantly thicker in both
the tunica media and
adventitia layers. Epicardial
fat encases both of these
vessels

Vein Lumen

help to protect against ischemia by continuing to allow blood
to flow to a given region of the heart when an original arterial
route becomes obstructed [39, 73]. Collaterals protect against
hypoxia and ischemia by continuing to supply oxygenated
blood to a specific region of myocardium [5, 74]. While col-
laterals increase in size and number with age, whether this
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increase is related to atherosclerosis is considered unknown
[74, 75]. Nevertheless, large and significant collaterals can
often be observed near an infarcted area, which may indicate
a slow remodeling process [39, 76]. However, in severe
stages of coronary artery disease, even extensive collaterals
will not allow certain regions of the myocardium to be ade-
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quately perfused. To treat coronary artery disease patients,
either the arterial branch can be reopened by coronary angio-
plasty and/or stenting, or a new pathway can be created via
coronary artery bypass grafting. If such an obstruction is an
acute event, collaterals will not have sufficient time to
develop to adequately protect a given heart region from myo-
cardial tissue damage.

Assessment and Visualization
of the Coronary System

8.7

Catheterization of the heart is an invasive but commonly
employed procedure for visualization of the heart’s coronary
arteries, chambers, valves, and/or great vessels. It can also be
used to assess: (1) pressures in the heart and blood vessels;
(2) function, cardiac output, and diastolic properties of the
left ventricle; (3) relative flow of blood through the heart and
coronary vessels; (4) regional oxygen content of the blood
(e.g., aortic and within the coronary sinus); (5) status of the
electrical conduction properties of the heart; and/or (6) septal
or valvular defects.

Basic catheterization techniques involve inserting a
long, flexible, radio-opaque catheter into a peripheral vein
(for right heart catheterization) or a peripheral artery (for
the left heart) under fluoroscopy (continuous X-ray obser-
vation). Commonly, during this invasive procedure, a radio-
opaque contrast medium is injected into a cardiac vessel or
chamber. The procedure may specifically be used to visual-
ize the anatomical features of the coronary arteries, coro-
nary veins, aorta, pulmonary blood vessels, and/or
ventricles. Such investigations may provide pertinent clini-
cal information about structural abnormalities in blood ves-
sels that may be restricting flow (such as those caused by
atherosclerotic plaque), abnormal ventricular blood vol-
umes, inappropriate myocardial wall thickness, and/or
altered wall motion. A sample venogram from an isolated
heart preparation can be seen in Movie 8.3 in the online
supplemental material; the catheter was inserted into the
coronary sinus to block off antegrade flow, and then con-
trast was injected retrograde such that the coronary venous
tree was more easily observable. Furthermore, this map of
the coronary veins can be used as an aid in the placement of
a pacing lead in the coronary veins.

To date, coronary angiography has been the primary visu-
alization modality used clinically. However, multiple con-
trast injections can potentially be acutely deleterious to
patients such as those with compromised cardiac output [77].
More recently, traditional coronary angiography methods
have developed. Digital subtraction angiography has been
observed to allow examination of venous occlusions and ana-
tomical variants [78]. Rotational angiography has been
shown to provide similar visualization of the coronary arter-
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ies as traditional methods, but with significantly less contrast
volumes that need to be injected and less radiation exposure
[79, 80].

Improving the quality of cardiac visualization allows for
better planning of access to the coronary system during inter-
vention and, therefore, decreased patient risk [81]. For exam-
ple, in coronary artery bypass surgery, planning where
sutures should be fixed is essential to avoid suturing to a rigid
calcified arterial wall [7]. Several visualization modalities
have recently been used and developed to enhance visualiza-
tion of the coronary system. For instance, prior to lead
implantation, tissue Doppler imaging can be utilized to iden-
tify the target implant region for a transvenous pacing lead
[82, 83]. Additionally, noncontact electrical mapping (see
Chap. 32) could be used to identify electrically viable target
regions [84].

There have also been recent advances in intravascular
imaging during interventions in the coronary system.
Intravascular ultrasound (IVUS) is a catheterization method
that utilizes ultrasound to identify plaques in vivo unde-
tected by traditionally angiography and to guide coronary
stent implantation [85, 86]. Also, IVUS has been used to
assess coronary arterial wall elasticity, as this parameter
has been associated with an increased risk for heart attack
[87, 88]. Another current intravascular visualization
method is optical coherence tomography (OCT). OCT gen-
erates infrared light and processes the reflections into
in vivo images that can be used in the verification of
implanted stents [87, 89]. Currently, OCT provides higher
image resolution than IVUS, but it has more limited pene-
tration in the vasculature [87, 89]. Photonic spectroscopy
via catheterization, including near-infrared spectroscopy
(NIRS) and Raman spectroscopy (RS) can also be applied
within the vasculature to assess the chemical composition
of plaque [87, 90, 91].

In addition to intravascular techniques, there are several
noninvasive visualization methods available to assess the
coronary system. With coronary artery disease being the
highest cause of death, there is a benefit to screen asymp-
tomatic patients at risk for heart attacks without requiring
an invasive procedure [92]. Noninvasive imaging also pre-
vents rare but reported adverse events associated with inva-
sive catheterization [93]. The noninvasive methods also
provide imaging of the surrounding structures and can
identify clinically relevant anatomical anomalies that are
not detectable with traditional coronary angiography meth-
ods [94]. Clinical computed tomography, both electron
beam computed tomography (EBCT) and multidetector
computed tomography (MDCT), can identify and quantify
the atherosclerotic plaques in the coronary arteries, provid-
ing insight into the individual’s risk for heart attack [92—
94]. More recently, the use of prospective ECG gating has
been incorporated with CT imaging to minimize radiation
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dose [95, 96]. Coronary magnetic resonance angiography
(MRA) is another method that can noninvasively image the
coronary arteries without exposure to radiation [93].
Coronary MRA can also assess cardiac function when com-
bined with other magnetic resonance imaging methods [93,
97]. However, coronary MRA has a lower temporal resolu-
tion when compared to CT and traditional angiography
methods [93]. Positron emission tomography (PET) and
single-photon emission computed tomography (SPECT)
are additional noninvasive methods to visualize the coro-
nary arteries, but are less common due to their relatively
high costs [98, 99].

8.8  Medical Devices and the Coronary
System
8.8.1 Devices and the Coronary Arteries

Intricate medical devices are required for performing
interventional procedures with the coronary arteries. For
example, percutaneous transluminal coronary angioplasty
is a procedure during which a balloon catheter is intro-
duced into the narrowed portion of the coronary artery
lumen and inflated to reopen the artery to allow the return
of normal blood flow. Recently, balloons coated with drugs
have been developed for the unique delivery of agents dur-
ing procedures. Relative to these procedures, oftentimes
coronary stents are also placed such that restenosis of the
artery is significantly delayed. A stent is a device com-
prised of wire mesh that provides scaffolding to support
the wall of the artery and keep its lumen open and free
from the buildup of plaque. A picture of a balloon angio-
plasty catheter and a coronary stent are shown in Fig. 8.12.
Movie 8.4 demonstrates a stent deployment in the coro-
nary arterial system of a reanimated human heart (see
online supplementary material).

Balloon angioplasty and coronary stents have prevented
numerous patients from having to undergo immediate coro-
nary artery bypass graft surgery, which can be costly and
painful. More recently, such stents have been produced with
a variety of drug coatings in further attempts to minimize or
eliminate the possibility of restenosis. Common drugs used
to coat stents include sirolimus (also known as rapamycin),
paclitaxel, zotarolimus, everolimus, and biolimus [86].
Drugs like sirolimus work by stopping cell growth; they also
stop scar tissue from forming within arteries that have been
opened. In addition, the use of biodegradable polymers and
scaffolds for stents has been recently introduced to reduce
stent thrombosis, improve imaging, and facilitate additional
procedures in the same location [86, 100, 101].

While these drug-eluting stents have been a great
improvement over angioplasty [102], it is generally consid-
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Stent delivery system in place

Stent expands as balloon inflates

Catheter removed, stent implanted

Fig.8.12 An illustration of the stenting procedure. The balloon cathe-
ter with a mounted collapsed stent is placed in the artery at the target
location. The balloon is inflated to open the artery and deploy the stent.
Finally, the catheter is removed and the stent is left behind

ered that success rates could be further improved via new
techniques. Several methods have been developed to suc-
cessfully stent a coronary bifurcation [103], some of which
are illustrated in Fig. 8.13. For example, the STAR (subinti-
mal tracking and reentry) technique utilizes a small wire to
dissect into the obstruction [104]. Additionally, several
novel devices have recently been developed, e.g., radiofre-
quency signals can warn the user when the wire tip is too
close to the vessel wall to prevent perforation, and can also
be pulsed to facilitate passage through a coronary artery
obstruction [105]. Another catheter design pulses the face of
the obstruction to create a path into the obstruction [105].
Transmyocardial laser revascularization uses laser energy to
create small conduits from oxygen-low areas of the heart
directly to oxygen-rich blood in the left ventricular chamber
to improve myocardial perfusion and angina symptoms
[106, 107]. Additionally, techniques to open a stent to allow
flow through a cover side branch are also becoming common
practice, e.g., the provisional technique (see Device and
Coronary Tutorials on the Atlas of Human Cardiac Anatomys;
www.vhlab.umn.edu/atlas).
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A.V Stenting

B. Y Stenting

J.H.Spencer et al.

C. Kissing Stents

D. T Stenting

E. Culottes

F. Crush

Fig. 8.13 Coronary bifurcation stenting techniques. (A) V stenting
technique: a stent is deployed in each of the branching arteries. (B) Y
stenting technique: a stent is deployed in each of the branching arteries.
Next, a stent crimped over two balloons is deployed proximally in the
parent branch. The balloons are inflated to deploy the proximal stent.
The distal end of each balloon is positioned in each stented daughter
branch during inflation. (C) Simultaneous kissing balloon technique:
two stents are deployed by inflating both balloons simultaneously at the

8.8.2 Devices and the Coronary Veins

The coronary venous system has been utilized in a variety of
ways to enhance cardiac therapies due to the venous sys-
tem’s “dense meshwork with numerous interconnections”
and its relative immunity to atherosclerotic disease [63]. For
example, local electrograms recorded from the coronary
venous system can be recorded to indicate various arrhyth-
mias and potential ablation target sites for left-sided acces-
sory pathways [34, 108, 109]. Additionally, defibrillation
coils implanted within the coronary venous system and, in
particular, the middle cardiac or anterior interventricular
veins can lower subsequent defibrillation thresholds signifi-
cantly [110, 111]. These lower thresholds are likely attribut-
able to more efficient transfer of the defibrillation current
through the heart [110]. Furthermore, from the coronary
venous system, the coronary flow reserve can be determined
[34] and coronary perfusion during percutaneous translumi-
nal angioplasty of coronary arteries can be monitored [112].
(See Coronary Tutorial on the Atlas of Human Cardiac
Anatomy; www.vhlab.umn.edu/atlas.)

Because the coronary venous system is not prone to the
effects of atherosclerotic disease, it is considered that it may
also serve as an effective conduit for drug delivery or even as

same pressure. (D) T stenting technique: the main branch is stented
first. Next, angioplasty is performed on the side branch to create an
opening in the first stent and a second stent is placed in the side branch.
(E) Culottes technique: similar to the T stenting technique, except that
the proximal end of the second stent is positioned in the main branch.
(F) Crush technique: the first stent is deployed in the side branch. The
main branch is then stented, which “crushes” the proximal end of the
first stent against the wall of the main branch

a potential avenue for coronary artery bypass. For example,
for decades, the distribution of cardioplegia through the cor-
onary sinus has been proven to be safe and effective in myo-
cardial protection, and even superior to the traditional
method of antegrade cardioplegia, especially in patients
with coronary artery disease [34, 113]. More recently, resto-
ration of coronary blood flow prior to an acute myocardial
infarction can significantly reduce infarct size and improve
myocardial function. Additionally, the administration of
recombinant tissue-type plasminogen through the coronary
venous system was shown to result in both shorter recovery
times and significant reduction in infarct size when com-
pared to intravenous administration [114]. The coronary
venous system also can be employed to deliver cell therapies
directly to the myocardium as a potential treatment for heart
failure [115]. In one case study, it was demonstrated that a
catheter-based system allowed arterialization of a cardiac
vein to bypass a totally occluded left anterior descending
coronary artery [116].

In the past decade, the coronary venous system has also
been used as a site for pacing lead implantation to allow for
cardiac resynchronization therapy (CRT). CRT involves pac-
ing at least two ventricular sites (typically one in the right
and one in the left ventricle) in order to minimize the required
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time for total ventricular activation and thus improve cardiac
synchrony in certain patients with heart failure eliciting ven-
tricular dyssynchrony [117, 118]. More specifically, implan-
tation of pacing leads via the coronary venous system is
currently the most popular approach for left ventricular pac-
ing and is accomplished by a transvenous approach [119]. It
should also be noted that several studies have reported the
beneficial results of pacing from the lateral or inferolateral
region of the left ventricle [83, 119-124]; either the lateral
vein or inferior vein of the left ventricle are considered opti-
mal implant sites [117, 125, 126]. It should be qualified that,
to date, response rates to CRT in general are still considered
suboptimal with a typical success rate of around two-thirds
[127, 128]. An example of a pacing lead implant in the coro-
nary venous system is shown in Movie 8.5 in the online sup-
plemental material. Transvenously placing the pacing lead is
considered less invasive and allows for greater patient com-
fort [129]. For additional information on cardiac pacing, see
Chap. 30.

The coronary sinus and great cardiac vein have specifi-
cally been used for a number of cardiac therapies. For exam-
ple, the coronary sinus has been used as a means to deliver
ablation therapy [130-133]. For example, an ablation cathe-
ter can be placed within the coronary sinus to treat atrial
fibrillation in the left atrium. In another therapy, it has been
reported that a reducer stent can be deployed within the coro-
nary sinus to relieve chronic angina symptoms [134]. The
reducer stent decreases the diameter of the vein to increase
pressure in the coronary arteries, which then can increase
blood flow to ischemic areas of the heart. This can reduce the
patient’s angina, and is considered as a last resort when other
approaches have failed. Finally, several groups have
described the deployment of mitral valve annuloplasty
devices within the coronary sinus and/or great cardiac vein
which surrounds the mitral valve annulus, in attempts to
reduce mitral regurgitation [135, 136].

Lead extraction from the coronary venous system, if
required, can be particularly difficult due to thin venous
walls [137], but may be necessary in the event of an infec-
tion, complication, phrenic nerve stimulation, high pacing
threshold, and/or lead dislodgement [138]. Leads that are
implanted in the coronary venous system also tend to be
smaller in diameter and therefore have a higher risk of
damage to the lead during extraction [139]. Unlike non-CS
leads, the majority of these leads can be extracted with
simple traction [139, 140]. Leads that have been implanted
for a longer period of time are more likely to require more
complex tools for extraction, such as locking stylets and/or
laser sheaths [140]. Also, the extraction of active fixation
leads from the coronary venous system have been reported
to be more challenging regardless of implant duration
[139, 141, 142]. For additional details on lead extraction,
see Chap. 30.
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8.9 Notable Engineering Parameters
and Design Criteria Associated

with the Coronary System

When designing and testing the devices used in the interven-
tional procedures which utilize the coronary system (see
Sect. 8.8), a thorough understanding of the geometric param-
eters of this vasculature is considered critical. The main pur-
pose of the following text is to summarize, at a basic level,
the important anatomical parameters that one needs to con-
sider when designing interventional devices and/or associ-
ated delivery procedures related to the coronary system.
From an engineering perspective, the development of any
medical device requires knowledge and application of sev-
eral important parameters; this is especially true for coronary
system devices due to the complexity and variations found in
these vessels. As with any device placed in the human body,
a solid understanding of the fundamental anatomical proper-
ties of the tissue with which the device interacts is vital to
obtain acceptable results regarding: (1) delivery efficacy; (2)
long-term device stability; and/or (3) overall performance.
These parameters are important not only from a chronic per-
spective, but also for initial device delivery. Although bio-
logical reactions to materials placed inside the human body
must be understood to guarantee long-term stability and per-
formance of the devices, the following discussion focuses on
the macroscopic physical properties of the coronary vessels.
To simplify the coronary system to its basic structure,
each vessel branch can be defined in terms of a flexible cyl-
inder or tube. A tube is a hollow cylindrical structure of a
known but variable length, radius, and wall thickness. This
means the coronary arterial and venous networks can be rep-
resented by a large number of interrelated tubes that supply
blood to and receive blood from one another. The parameters
described here are those that must be defined to understand
fully the geometric and dynamic properties of this tube net-
work so devices may be optimized to interact with them.

8.9.1 Diameter

The most basic parameter that must be known about arteries
and veins is their diameter. However, neither artery nor vein
diameters are constant along their lengths [7, 143-145].
Typically, coronary arteries decrease in diameter along their
length [143—145]. Thus, the left main and right coronary
arteries generally have the largest diameters of the entire
coronary arterial network; these diameters range from 1.5 to
5.5 mm for both vessels, with means of 4.0 mm and 3.2 mm,
respectively [9, 73]; note that disease state can greatly affect
these diameters. The more bifurcations an artery undergoes,
the smaller its diameter will generally become. In the case of
the coronary arteries, the vessels located at the very end of
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the network are the capillaries, which are typically on the
order of 5-7 pm in diameter [146]. Hence these vessel diam-
eters are approximately 600 times smaller than those of
either the left main or right coronary arteries.

Conversely, veins increase in diameter as they move from
their source to their termination. Thus, the largest diameter
venous vessel in the heart is the coronary sinus, which serves
as the primary collector of cardiac venous blood and has a
diameter that ranges from 4.5 to 19 mm at its ostium; average
diameters of the coronary sinus are 6—10 mm [44, 46, 147,
148]. The difference in diameter from one end of the venous
system to the other is roughly a factor of 1200. However, in
diseased states such as heart failure, it has been reported that
the ostium tends to increase in diameter [147]. The coronary
sinus, although often reported as having a diameter, is typi-
cally elliptical (or ovular) in cross section [43, 50] and, there-
fore is considered to elicit major and minor axis dimensions
rather than a true diameter or circular cross section. In one
study, the average major axis diameter of the coronary sinus
was reported to be approximately 14.6 mm, while the minor
axis diameter was reported to be 9.1 mm [149]. It is also
important to recall that because arteries and veins are made
up of compliant tissue their diameters change throughout the
cardiac cycle because of pressure changes that occur during
systole and diastole [150].

The design of coronary stents and balloon angioplasty
catheters relies heavily on the diameter of the vessels in
which they are meant to reside. If a stent or balloon is
designed with too large a diameter, when it is deployed
within the artery it may cause a wall strain so great that it
could be damaging to the artery. On the other hand, if the
design has a diameter that is too small, the device will be
ineffective. In the case of the balloon catheter with a diame-
ter that is too small, the lumen will not be opened up enough
to cause any significant decrease in the degree of occlusion.
Yet, an interventionalist performing such a procedure can
also choose to use either a compliant or non-compliant bal-
loon which, in turn, can be inflated to various pressures
(atmospheres).

Another device that must be designed with vessel diame-
ter in mind is the left ventricular pacing lead. Because this
lead is designed for placement in an inferolateral tributary of
the coronary sinus, it must have a small enough diameter to
fit inside the vein, yet a large enough diameter to stay reli-
ably in its intended location. If such criteria are not met, the
leads may not be useful or safely placed.

8.9.2 Cross-Sectional Profile

Cross-sectional shape profile is another parameter that is
closely related to vessel diameter. Cross-sectional shape pro-
file is determined by the shape of the vessel that results after
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slicing it perpendicular to its centerline. In a hypothetical
cylinder, this profile would be a perfect circle. When arteries
are diseased and may contain significant amounts of athero-
sclerotic plaque, their cross-sectional profiles can change
from roughly circular to a variety of different, and often quite
complex, profiles depending on the amount and relative ori-
entation of the plaque. To date, coronary venous shape pro-
files have not been well documented, but they can be
considered in general as noncircular because of the lower
pressures within the vessel as well as the more easily deform-
able vessel walls in relation to the arteries. In Fig. 8.11, an
example of the differences between arterial and venous
cross-sectional profiles can be observed.

The design of two devices in particular should be consid-
ered in relation to the cross-sectional shape of the coronary
vessels—coronary stents and angioplasty catheter balloons.
Because coronary arteries are typically circular in cross sec-
tion, stents are designed also to be circular in their cross sec-
tion. Yet, if a similar device was ever needed for placement
in the relatively healthy coronary venous network, a different
design would probably be initially considered because the
cross-sectional profile of a coronary vein, especially the cor-
onary sinus, is generally noncircular. Angioplasty balloons
have also been designed with the consideration that coronary
arteries are typically circular in cross section. When inflated,
the balloon generates a shape that has a uniform diameter in
cross section, which may be consistent with a healthy coro-
nary artery; thus the therapy in part aims to return this shape.

8.9.3 Ostial Anatomy

Understanding the anatomy of the ostia of each of the three
most prominent vessels in the coronary system (right coro-
nary artery, left main coronary artery, and coronary sinus) is
especially important when interventional procedures require
cannulation of the ostia to perform a specific procedure
within the associated lumen of the vessel. This is true of
nearly all procedures done on coronary vessels because they
are typically aimed at the lumen of the vessel but, on occa-
sion, one may want to temporarily block off or place a flow-
through catheter in the ostium.

The ostia of the coronary arteries are generally open with no
obstructions except when, in extreme disease cases, coronary
plaques form; in some reported cases, ostia can become par-
tially or even fully occluded (with no ostia access). On the
other hand, when occlusion is not present at the ostial origin of
the coronary arteries, there are generally no naturally occurring
anatomical structures to impede entrance to these vessels.

The coronary sinus ostium, as discussed in Sect. 8.4,
often has some form of Thebesian valve covering its opening
into the right atrium [43, 53]. This valve can take many dif-
ferent forms and morphologies, and can cover the coronary
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Fig. 8.14 An internal image of a Mariner catheter (Medtronic, Inc.,
Minneapolis, MN, USA) caught in the Thebesian valve of an isolated
functioning human heart. Reproduced with permission of Springer in
the format Educational/Instructional Program via Copyright Clearance
Center

sinus ostium to varying degrees [34, 46, 151-155]. When the
Thebesian valve is significantly prominent in the manner in
which it covers the coronary sinus ostium, the relative can-
nulation of the sinus can be much more difficult than in other
cases as illustrated in Fig. 8.14 [153, 154].

This consideration is important as it specifically applies to
the implantation of pacing leads into the left ventricular cor-
onary veins for CRT. In the process of delivering a lead to the
coronary veins, coronary sinus cannulation is of paramount
importance because it is currently considered the primary
point of entry into the coronary venous network for pace-
maker lead introduction for eventual pacing of the left ven-
tricle. The relative ostial long and short axial ostial diameters
for the major coronary veins are presented in Table 8.1 [156].

Additionally, venous valves are often present at the ostia
and within the major left ventricular veins; an example can
be seen in Fig. 8.9 [63, 157]. Coronary venous valves, such
as the valve of Vieussens, could hinder or help advancement
of guide wires, catheters, and pacing leads for a variety of
cardiac interventional procedures, especially during subse-
lection of venous branches where a large number of venous
valves are observed [63]. To design the optimal catheter or
lead delivery procedure, the presence of the Thebesian valve
and other venous valves should be fully considered in addi-
tion to other anatomical features.

8.9.4 Vessel Length

Each tube that makes up a section of the coronary arterial or
venous network is also a branch that arises from a parent ves-
sel. Each of these vessel branches has starting and ending
points. Typically, in early anatomical studies, vessel lengths
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were measured directly on a specimen after hearts were
extracted. With the advent of 3D medical imaging technolo-
gies such as magnetic resonance imaging and computerized
tomographic angiography, coronary vessel lengths can be
measured in vivo by reconstructing them in space [158—160].
The length of the coronary sinus is often defined from its
ostium at the right atrium to the location of the valve of
Vieussens or the point where the vein of Marshall intersects
it. Interestingly, the relative length of the coronary sinus in
humans can vary from 15 to 65 mm [43]. Although there are
published data on incidence and qualitative morphology of
the tributaries of the coronary sinus [35, 40], length is gener-
ally not addressed.

Because coronary catheterization is both expensive and
invasive, knowledge of coronary arterial lengths and relative
disease state prior to implanting a stent will lead to better
outcomes and reduced procedure times. When percutaneous
transluminal coronary angioplasty procedures are performed,
it is critical that the physician knows the exact location along
the length of an artery where the occlusion occurs and the
relative distance needed from catheter entry to that site.
These parameters are often measured using contrast angiog-
raphy. Thus contrast media is injected and fluoroscopic
images are acquired, then the location of the occluded arte-
rial region can be quickly identified.

A specific interventional application for which coronary
venous length is an important consideration is implantation
of left ventricular leads into the inferolateral branches of the
coronary sinus. In other words, optimal lead designs (or
selection for use) should take into account the average length
along the coronary sinus of the normal and/or diseased
human heart where a candidate inferolateral branch enters.
Thus, prior knowledge of this parameter, either in a specific
patient or across a population, might improve ease of implant
and long-term efficacy of therapy. This information could
also be useful in understanding the likelihood of a lead dis-
lodging after initial implantation. Typical arc lengths for the
major coronary veins are presented in Table 8.1 [156].

8.9.5 Tortuosity

Since the vessels in the coronary system course along a non-
planar epicardial surface, they are by nature tortuous.
Therefore, they will elicit varying degrees of curvature along
their lengths according to the topography of the epicardial
surfaces on which they lie. If vessels were simply curvilinear
entities such that they traversed in a single plane only, their
tortuosity could be much more easily defined. In general, the
vessels of the coronary system are not curvilinear, rather they
are 3D curves that twist and turn in more than two dimen-
sions. When the third dimension is added, the tortuosity
becomes much more complex; both the curvature of each
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Table 8.1 Mean and standard deviations of coronary venous anatomical parameters assessed for 121 human hearts using contrast-computed

tomography

Distance to the

coronary sinus | Branching
Vein ostium (mm) angle (°)
Small cardiac vein (SCV) n=14 18.5+11.2 100.2+21.8
Middle cardiac vein MCV) n=121 |9.0+5.4 87.8+22.1
Inferior vein (IV) n=135 21.3+10.2 954+194
Inferolateral vein (ILV) n=60 424+129 93.5+17.0
Left lateral vein (LLV) n=153 66.7+12.9 103.0+24.8
Anterolateral vein (ALV) n=70 88.0+£17.8 95.7+154
Anterior interventricular vein (AIV) | 101.0+£15.0 164.8+22.1

n=121

segment element and the direction of curve orientation must
be defined.

The levels of tortuosity encountered in the coronary
vessels will significantly influence device delivery and
chronic performance. When a device such as a catheter or
lead must be passed through a tortuous anatomy such as
that of the coronary vessels, the greater the curvature and
change in curvature over the length of a vessel, the more
difficult it will be to pass the device through it, due to fric-
tion generated at locations where a device contacts tissue.
For vessels that more closely resemble a straight line, these
devices should pass through more easily. To estimate tortu-
osity, the vessel length can be divided by the linear dis-
tance from the origin and end of a vessel. Typical tortuosity
measurements for the major coronary veins are presented
in Table 8.1 [156].

8.9.6 WallThickness

All coronary vessel walls have thickness related to their
function as discussed earlier in this chapter. When a device is
placed into the coronary system, there is always a danger of
vessel perforation. In other words, perforation takes place
when a device is inadvertently introduced into the vessel
lumen with a level of force and angle of incidence to the ves-
sel wall that causes the device to create a hole in the vessel
wall. This situation, although not very common, is not only
very dangerous but can be lethal if not dealt with appropri-
ately. Perforation is more often fatal in arteries as opposed to
veins for two reasons: (1) more blood is lost under high pres-
sures in the arteries; and (2) loss of oxygenated blood to the
body and the heart itself is more immediately detrimental
than if deoxygenated blood were to exit the coronary veins.
Although it is clear that no device is meant to perforate
the vessels of the coronary system, each should be developed
with the worst-case scenario of perforation in mind, such that
the deployed devices will not be problematic for either
patients or physicians. It should be noted that the wall thick-

Ostial short | Ostial long

Arc length Number of | axis diameter |axis diameter
(mm) Tortuosity | branches (mm) (mm)
33.0+9.2 1.15£0.06 |0.2+0.4 29+14 4.5+2.1
129.7+£23.4 |1.37+0.22 |6.8+4.4 4.1+1.5 57+1.9
79.4+42.6 1.22+0.17 4.0+x44 2.7+0.9 4.0+1.5
67.2+34.1 |1.27x0.39 3.7+43 3.1+1.3 40+1.3
76.4+35.6 | 1.24x0.15 5.0+4.6 33%1.3 42+15
463232 | 1.18+0.11 |1.5%+23 24+0.8 3.1+1.1
125.5+31.3 | 1.35+0.17 [9.9+5.6 45+1.1 54+13

ness of the larger coronary arteries is roughly 1 mm [161,
162]. To our knowledge, only one study has defined venous
wall thickness [143]. In general, anterior and middle cardiac
vein wall thickness (0.11-0.17 mm) was significantly larger
when compared with the lateral veins and inferior vein of the
left ventricle vein wall thickness (0.09-0.13 mm). Vein wall
thickness in apical regions of all four major left ventricular
veins was significantly smaller than those in basal regions;
average vein wall thickness in apical regions ranged from
0.09 to 0.13 mm, in comparison to 0.11-0.17 mm in basal
regions. Examples of relative wall thickness for arteries and
veins can be observed in Fig. 8.11.

8.9.7 Relationship to Myocardium

The relationship between the coronary vessel and the myo-
cardium is an important parameter to take into consideration
when designing various cardiac devices. As noted above,
both coronary arteries and veins exhibit significant tortuos-
ity on the surface of the heart and sometimes course into the
myocardium (see Sect. 8.2). Additionally, the hearts of
“most adults in Western countries contain varying physio-
logical amounts of fat, found mainly in the subepicardial
region” [163]. Epicardial fat can represent a significant car-
diac component [164-169] and may comprise up to half of
the heart’s weight, particularly in obese patients that have
hypertension and atherosclerotic coronary artery disease
[167]. In general, large epicardial fatty deposits are in the
atrioventricular sulci and surround the anterior and inferior
descending coronary arteries [167—170]; note that coronary
vessels often are displaced off the epicardial surface of the
heart and are surrounded by epicardial fat. As can be seen in
Figs. 8.10 and 8.11, adipose cells can surround both epicar-
dial arteries and veins.

The distance from a vessel to the myocardium added by
epicardial fat could significantly affect cardiac device effi-
cacy, particularly for transvenous pacing leads. Pacing thresh-
olds for leads implanted in coronary veins have previously
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Fig.8.15 Diagram of coronary vessel branching angle. Angle 6 repre-
sents the branching angle generated between the parent and daughter
vessels

been shown to be smaller at distal positions than at more
proximal positions [3, 39, 171]. While increases in pacing
thresholds towards the base of the heart could be due to larger
vein circumferences, a larger amount of epicardial fat present
at the base of the heart could also play a role. With increasing
rates of obesity, particularly in the USA, epicardial fat must
be taken into account when designing devices that depend on
close proximity to myocardial tissue.

8.9.8 Branch Angle

As a vessel bifurcates, daughter branches are diverted in a
different direction from the parent vessel. This creates a situ-
ation in which the smaller vessel has a certain branching
angle in relation to the direction of the parent vessel.
Branching angles can be measured by calculating the angle
between the trajectory of the parent vessel and its daughter.
In other words, the angle a catheter would have to make in
order to access the daughter vessel. An example of this idea
is illustrated in Fig. 8.15. Using EBCT, branching angles of
coronary sinus tributaries are 117+25.3° for the middle car-
diac vein, 88.9+24.0° for the inferior vein of the left ventri-
cle, 85.3+30.0° for the left marginal vein, and 19.2+54.1°
for the anterior interventricular vein [172]. These measure-
ments are also presented in Table 8.1 for the major coronary
veins [156].

The branch angle of a daughter vessel is important since
it applies, for example, directly to the situation in which a
transvenous pacing lead enters an inferior or lateral branch
of the coronary sinus. Thus, the only way to optimize the
design of this type of lead and its delivery system, such that
it can easily make the turn into a branching vessel, is to
know the general severity of the branching angle. In gen-
eral, the more gradual the turn a lead has to take from a
parent vessel to its daughter, the easier it is for an implanter
to navigate.
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8.9.9 Motion Characteristics

Since the vessels of the coronary system are located relative
to the epicardium, it follows that they are not stationary due
to the motion of the heart. Along with the simple 3D dis-
placement that occurs over time because of motion, there are
other mechanical parameters that are dynamic, such as cur-
vature, stress, and torsion. Each of these fundamental
mechanical parameters can have a significant effect on
devices placed in the lumen of a deforming vessel. Thus,
devices such as stents and leads must be designed to with-
stand all types of stress, curvature, and torsion changes that
patients are expected to experience over their lifetimes within
an arterial or venous vessel lumen. Additional necessary
considerations include: (1) the relative changes in both the
3D path of each vessel and changes in lumen diameter during
a given cardiac cycle; and (2) the relative influences associ-
ated with alterations in contractility states (e.g., the effects of
exercise increasing cardiac output four- to sixfold).

8.9.10 Nearby Clinically Relevant Anatomy

An in-depth understanding of the anatomical surroundings of
the coronary anatomy is essential for the prevention of injury
to (or unwanted stimulation of) the adjacent anatomies during
interventions delivered within these vessels. More specifi-
cally, it is important to understand the anatomical relationship
between the coronary arteries and the coronary veins [173,
174]. For example, active-fix left-sided leads can be deployed
in the coronary venous system for patients with lead dislodge-
ment challenges [175, 176]. In these lead placement proce-
dures, it is important to consider a patient’s vein-to-artery
distance because there is risk for arterial perforation if the lead
is actively fixed in a vein in close proximity to a coronary
artery. Another example is the use of the coronary veins for
retrograde myocardial drug delivery via the coronary venous
system [101, 177] or coronary venous arterialization [116,
178]. A coronary vein located near a major congested coro-
nary artery may be an ideal target for this therapeutic approach.

The proximity of the circumflex artery relative to the cor-
onary sinus also has clinical implications. For example, cir-
cumflex artery compression is a known concern for indirect
mitral valve annuloplasty devices deployed in the coronary
sinus if the circumflex courses between the valve and the
coronary sinus [135, 149, 179-181]. Similarly, damage to
the circumflex can occur as a result of ablation therapy deliv-
ered to the left atrium via the coronary sinus depending on
the circumflex artery’s course [182].

Another clinically relevant nearby structure one needs to
consider when performing any cardiac procedure is the
phrenic nerve, which stimulates the diaphragm. A current
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Fig.8.16 3D reconstruction
of contrast-computed
tomography images for the
coronary arterial and venous
systems. Reproduced with
permission of John/Wiley &
Sons, Inc. in the format
Educational/Instructional
Program via Copyright
Clearance Center
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