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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. Iaizzo, Tim Laske, and Mark Hjelle—walked into my offi ce 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 specifi c 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. Iaizzo 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 Iaizzo 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. Iaizzo, 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. 

   Foreword   
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 It was clear to me the fi rst 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 fi nal 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 

signifi cantly, some of them are teaching, and all of them are both teachers and students. That 

is because Dr. Iaizzo 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. Iaizzo 

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. Iaizzo 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 fi rst 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 

fi rst 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
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 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 specifi c health problems. 

This remains particularly true in the fi eld 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-fi rst 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 fi rst 

cross-circulation procedures at the University. One year ago in January, Earl Bakken (the 

cofounder of Medtronic) turned 90 years old; Dr. Bakken has fi ve implanted Medtronic devices 

and continues to be an inspiration to those working in this fi eld. 

 For the past 15 years, the University of Minnesota has presented the week-long short course 

 Advanced Cardiac Physiology and Anatomy , which was designed specifi cally 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, fi rst 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 fi nal gift of organ 

donation for research (their hearts were not deemed viable for transplantation). 

  Pref ace   
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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) verifi ed 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 fi gures; 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. Specifi cally, 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 diffi cult 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.     Iaizzo    
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1.1         Introduction 

 Currently, more than 85 million individuals in the United 

States have some form of cardiovascular disease. More spe-

cifi cally, heart failure continues to be an increasing problem 

in our society. Coronary bypass surgery, angioplasty, stent-

ing, the implantation of pacemakers and/or defi brillators, 

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 

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 ).

      General Features of the Cardiovascular 
System       

     Paul     A.     Iaizzo     

    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 fl ow   •   Heart   •   Coronary circulation   
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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 2 , CO 2 , 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 2  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 

immune process, e.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 defi ned 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 

  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 

major arteries carrying oxygenated blood that leave the heart ( red ). 

( Right ) Shown is the relative extent of the lymphatic system within the 

human body       

 

P.A. Iaizzo



5

the plasma (by weight) and exert a colloidc osmotic pressure. 

Protein types include albumins, globulins (antibodies and 

immunoglobulins), and fi brinogen. To date, more than 100 

distinct plasma proteins have been identifi ed, and each pre-

sumably serves a specifi c physiologic function. The other 

main solutes in plasma include: electrolytes, nutrients, gases 

(some O 2 , large amounts of CO 2  and N 2 ), regulatory sub-

stances (enzymes and hormones), and waste products (urea, 

uric acid, creatine, creatinine, bilirubin, and ammonia).  

1.2.2     Blood Vessels 

 Blood fl ows throughout the body’s tissues within blood ves-

sels via bulk fl ow (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 fl uid by diffusion. Subsequent movement of 

these molecules into a cell is accomplished by both diffusion 

and mediated transport. Nevertheless, blood fl ow 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, specifi cally 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 specifi cally, 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 

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 

  Fig. 1.2    The major paths of blood fl ow through pulmonary and sys-

temic circulatory systems.  AV  atrioventricular       
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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 

fl ow of blood through arterioles, capillaries, and the venules 

(Fig.  1.3 ).

   Importantly, blood fl ow 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 μm in 

diameter and again numbering around ten billion), are also 

the thinnest walled vessels; an inner diameter of 5 μm 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 2 , CO 2 , sugars, 

amino acids, and water) are relatively free to enter and leave 

capillaries readily, promoting effi cient 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. 

 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 2 , CO 2 , 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 fl uid 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 fl uids 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 specifi cally, in such cases, 

the infl ammatory 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 fl ows 

into the venous system. It fi rst 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 infl amed 

or infected tissues. Venules and veins are also richly 

  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 fi bers whose contractions and relaxations regulate blood fl ow 

through the capillary bed. Typically, blood fl ows 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 modifi ed from [ 5 ])       
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 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 fi lling 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 fl ap-like cusps. The valves project into the vessel 

lumens and are directed toward the heart, thus promoting 

unidirectional fl ow of blood. Because blood pressure is nor-

mally low in veins, these valves are important for aiding 

venous return, by preventing the backfl ow 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 fl ows into venules, eventually forming four main pul-

monary veins which empty into the left atrium. As blood 

fl ows 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 fl ows 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 fl ow through 

a given vessel. All blood vessels have certain lengths ( L ) and 

internal radii ( r ) through which blood fl ows when the pres-

sure in the inlet and outlet are unequal ( P  i  and  P  o , respec-

tively); in other words, there is a pressure difference (Δ P ) 

between the vessel ends, which supplies the driving force for 

fl ow. Because friction develops between moving blood and 

the stationary vessel walls, this fl uid movement has a given 

resistance (vascular), which is the measure of how diffi cult 

it is to create blood fl ow through a vessel. One can then 

describe a relative relationship between vascular fl ow, the 

pressure difference, and resistance (i.e., the basic fl ow 

equation):

  
Flow pressure difference or= =Q PD    

  
resistance R    

where  Q  = fl ow rate (volume/time), Δ P  = pressure difference 

(mmHg), and  R  = resistance to fl ow (mmHg × time/volume). 

 This equation may be applied not only to a single vessel 

but can also be used to describe fl ow 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 

fl ow through a cylindrical tube or vessel depends on several 

factors (described by Poiseuille) including: (1) radius, (2) 

length, (3) viscosity of the fl uid (blood), and (4) inherent 

resistance to fl ow, as follows:

  
R L= 8 h    

  
p r

4    

where  r  = inside radius of the vessel,  L  = vessel length, and 

 η  = blood viscosity. 

 It is important to note that a small change in vessel radius 

will have a very large infl uence (4th power) on its resistance 

to fl ow; e.g., decreasing vessel diameter by 50 % will incre-

ase its resistance to fl ow 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 infl uence fl ow 

though a cylindrical vessel:

  
Q P r= D p 4    

  
8Lh    

Nevertheless, fl ow 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 

  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 fl ow due to the contractions is only toward the heart due to the 

valves that are present within the veins       

 

1 Cardiovascular System Features



8

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 infl uence 

vascular resistance, they are not considered variables that 

can be easily regulated for the purpose of the moment-

to- moment control of blood fl ow. Regardless, the primary 

function of the heart is to keep pressure within arteries higher 

than those in veins, hence a pressure gradient to induce fl ow. 

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 fl ows through any tissue in a 

given period of time (normally expressed as mL/min) is 

called the  local blood fl ow . The velocity (speed) of blood 

fl ow (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 

fi brous 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 fl uid is present within the sac,  pericardial 

fl uid , 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 fl ow 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 fl ow 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 fl ow in only 

one direction. The cardiac valves passively open and close in 

response to the direction of the pressure gradient across them. 

 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-

  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       

  Fig. 1.6    The pathway of blood fl ow 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 

(Modifi ed from [ 5 ])       
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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 refi ll 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 effi cient 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 insuffi cient or 

regurgitant), (4) the ventricular contractions must be forceful 

(not failing or lost due to an ischemic event), and (5) the 

ventricles must fi ll 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 fi ve 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 fl owing 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 infl owing 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. 

  Fig. 1.7    Average relative pressures within the various chambers and 

great vessels of the heart. During fi lling 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 fi gure 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 fl ow pattern is the series arrangement of the two-pump system       
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 Cardiovascular function is also modulated through refl ex 

mechanisms that involve baroreceptors and the chemical com-

position of the blood and via the release of various hormones. 

More specifi cally, baroreceptors, which are located in the 

walls of some arteries and veins, exist to monitor one’s relative 

blood pressure. Those specifi cally located in the carotid sinus 

help to refl exively 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 2 , CO 2 , and H + . 

Hypoxia (low availability of O 2 ), acidosis (increased blood 

concentrations of H + ), and/or hypercapnia (high concentra-

tions of CO 2 ) can all stimulate the chemoreceptors to increase 

their action potential fi ring 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 2  sup-

ply and reduce CO 2  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 fl ow 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 fl ow of blood through the lungs (greater potential 

for O 2  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 fl ow through each organ can be and is 

controlled independently. For example, during exercise, a 

typical circulatory response is to increase blood fl ow through 

some organs (e.g., heart, skeletal muscle, brain) but not oth-

ers (e.g., kidney and gastrointestinal system). The brain, 

heart, and skeletal muscles typify organs in which blood 

fl ows solely to supply the metabolic needs of the tissue; they 

do not recondition the blood. 

 The blood fl ow to the heart and brain is normally only 

slightly greater than that required for their metabolism; 

hence, small interruptions in fl ow are not well tolerated. For 

example, if coronary fl ow 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 fl ow to the brain will lead to unconsciousness 

within a few seconds, and permanent brain damage can occur 

in as little as 4 min without fl ow. The fl ow to skeletal muscles 

can dramatically change (fl ow 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 2  and CO 2  

exchange), (2) kidneys (blood volume and electrolyte 

 composition, Na + , K + , Ca 2+ , Cl − , and phosphate ions), and 

  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       
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(3) skin (temperature). Blood-conditioning organs can often 

withstand, for short periods of time, signifi cant reductions of 

blood fl ow 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 fl ow. 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 fl ow occurs in the arterioles. 

Blood fl ow 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 fl ow 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 

fl ow regulation; these feedback systems involve oxygen 

demands of the local cardiac myocytes. In general, at any 

point in time, coronary blood fl ow 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 fl ow from approximately 0.5–4.0 mL/

min/g. For more details on metabolic control of fl ow, see 

Chaps.   15     and   21    . 

 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 

fl ow. More specifi cally, coronary blood fl ow 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 fl ow through these cap-

illary beds may also occur; during systole, myocardial 

extravascular compression causes coronary fl ow 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 fi ltration forces 

exceed reabsorptive forces and edema occurs. Almost all tis-

sues in the body have lymph channels that drain excessive 

fl uids 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 fl uid known as lymph. This fl uid 

moves through the converging lymphatic vessels and is fi l-

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 fl ow 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. 

1 Cardiovascular System Features
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 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 fl ow 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 backfl ow of lymph. 

 Approximately 2.5 L of lymphatic fl uid reenters the gen-

eral blood circulation (cardiopulmonary system) each day. In 

the steady state, this indicates a total body net transcapillary 

fl uid fi ltration 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 insignifi cant; however, 

blockage of such fl ow 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 fi ltrate 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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  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.  
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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 

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 specifi c terms that can be used to 

defi ne 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 

mailto:alex.hill@medtronic.com
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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 fi xed 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 fi ndings among different investigators. It continues to 

be emphasized that there remains a strong need in the fi elds 

of cardiovascular science and medicine to promote the use of 

attitudinally correct cardiac anatomic nomenclature [ 1 ,  2 ].

2.2        The Problem: 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 

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 

  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 

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       
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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 scientifi c 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 

terms in a more consistent manner, and thus using the appro-

priate terminology, would greatly increase the effi ciency 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 specifi c 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 fi gures 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 

  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       
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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 

travels to the left and only slightly anteriorly. Figure  2.4  

shows the posterior  surfaces   of two human hearts, in which 

the fi rst 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 

  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.  I  inferior,  L  left,  LV  left ventricle,  R  right,  RV  right ventricle, 

 S  superior       

  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.  I  inferior,  L  left,  LA  left atrium,  LV  

left ventricle,  R  right,  RV  right ventricle,  S  superior       
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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 .

2.4           Commonly Used Incorrect Terms 

 This section will specifi cally 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. 

 In the normal case, there are two coronary arteries 

which arise from the aortic root, specifi cally 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 

  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       

  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       
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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 circumfl ex    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-

cumfl ex 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 

leafl ets 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 leafl ets or cusps. 

These are currently referred to as the anterior, posterior, 

and septal leafl ets 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 

commissures between the leafl ets are shown in red. In 

order for the “anterior” leafl et 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 fi gure, and therefore the leafl ets 

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 leafl ets, commonly 

referred to as the anterior and posterior. However, Fig.  2.8  

shows  that   the leafl ets 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 defi ne these leafl ets as 

anterosuperior and posteroinferior. It should be noted that 

these leafl ets have also been described as aortic and mural, 

which is less dependent on orientational terms and also 

 technically   correct.

  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 leafl ets are drawn in  red , and the leafl ets are labeled appro-

priately.  AS  anterosuperior,  I  inferior,  L  left,  R  right,  RA  right atrium,  RV  

right ventricle,  S  superior,  Sp  septal       
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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.  

2.6     Summary 

 As the fi eld of cardiac anatomy continues to play an impor-

tant role in the practice of medicine and the development of 

medical devices, it benefi ts 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 

benefi t everyone involved.     
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timeline of human embryology.  
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3.1         Introduction to Human Heart 
Embryology and Development 

 The fi rst heart fi eld ( FHF  ), second heart fi eld ( 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 fi rst 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 redefi ned the FHF which gives rise to 

the left ventricle and parts of the atria; furthermore, it has led 

to the exciting discovery of the SHF which gives rise to the 

outfl ow 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 outfl ow 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 [ 6 , 

 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  fi rst   cell 

 lineages   formed in the vertebrate embryo [ 23 ,  24 ]. By day  15 

  of human development, the primitive streak has formed [ 1 ] 

and the fi rst 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.  3.1A ). Specifi cally, the posterior border of the bilateral 

FHF reaches down to the fi rst 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-

cardial, smooth muscle, and endocardial cardiogenic precur-

sors in the region of the FHF and SHF, as defi ned 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 

  Fig. 3.1    The four major  contributors to   heart development illustrated 

in the chick model system: fi rst heart fi eld, second heart fi eld, cardiac 

neural crest, and the proepicardial organ. ( A ) Day 1 chick embryo 

(equivalent to day 20 of human development).  Red  denotes fi rst heart 

fi eld cells and  yellow  denotes second heart fi eld cells. ( B ) Day 2.5 chick 

embryo (equivalent to approximately 5 weeks of human development). 

Color code:  green  = cardiac neural crest cells;  red  = fi rst heart fi eld cells; 

 yellow  = second heart fi eld 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-

low  = derivatives of the second heart fi eld;  red  = derivatives of the fi rst 

heart fi eld;  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  infl ow tract, 

 IVS  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  outfl ow 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       
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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 fi rst 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 infl ow (venous pole) and anterior outfl ow 

(arterial pole), as well as the dorsal wall of the pericardial 

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 ).

   Table 3.1    Developmental timeline  of   human heart embryology   

 Human 

development 

(days)  Developmental process 

 0  Fertilization 

 1–4  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  fi rst 

heart fi eld  and a more medially located the  second 

heart fi eld  

 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  fi rst heart fi eld  and  second heart fi eld  

 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 

fi rst and  second heart fi elds; 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 outfl ow tract of the heart 

 57+  Outfl ow 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 fi eld and proepicardium which was correlated from other model 

systems [ 7 – 9 ,  30 ]  

  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 fi eld.  FHF  fi rst heart fi eld,  SHF  second heart fi eld       
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3.3         Second Heart Field Contribution 
to the Outfl ow Tract, Right Ventricle, 
and Atria 

 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 

infl ow (venous) and outfl ow (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 fi vefold) on both the outfl ow and infl ow 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-

fl ow 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 fi eld  or 

 secondary heart fi eld ) that the clinical relevance of congeni-

tal heart defects was correlated to cells in this heart fi eld—a 

big step in truly understanding heart development [ 7 – 9 ,  12 ]. 

The terms  anterior heart fi eld  and  secondary heart fi eld  are 

now considered to be a subpopulation of the SHF, a larger 

fi eld of progenitor cells in pharyngeal mesoderm [ 12 ,  34 ]. 

The SHF is then contained within a larger fi eld of multipo-

tent cranial mesoderm (cardiocraniofacial fi eld) that plays a 

critical role in development of both the arterial pole of the 

heart and craniofacial morphogenesis [ 12 ]. Specifi cally, the 

SHF (Figs.  3.1b  and  3.2c ) is located along the splanchno-

pleuric mesoderm (beneath the fl oor of the foregut) at the 

attachment site of the dorsal mesocardium [ 7 – 18 ]. During 

looping,    the anterior SHF (previously termed  anterior heart 

fi eld  or  secondary heart fi eld ) cells undergo epithelial-to- 

myocardial transformation at the outfl ow (arterial) pole and 

add additional myocardial cells onto the then developing 

outfl ow 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 infl ow and outfl ow 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 infl ow 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-

fl ow tract and (2) a posterior region or compartment that con-

tributes to the infl ow 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 outfl ow tract) 

[ 1 ,  30 ] (Fig.  3.4 ).  

  Fig. 3.3    Origin and migration of 

 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 fi eld 

(SHF)-derived cells;  red  (within 

heart) = fi rst heart fi eld (FHF)-

derived cells.  LV  left ventricle, 

 RV  right ventricle       
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3.4     Cardiac Neural Crest Contribution 
and Septation of the Outfl ow 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 fi rst or SHFs) that arise 

from the neural tube in the region of the fi rst three somites up 

to the midotic placode level (rhombomeres 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 outfl ow tract of the heart (during weeks 5–6). 

These cells are necessary for complete septation of the out-

fl ow 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 leafl ets 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 infl ow end of the heart so that all 

systemic blood fl ows 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 outfl ow 

tract (truncus) septates into the aorta and pulmonary trunk 

via the fusion of two streams or prongs of CNC that migrate 

into the distal outfl ow tract. In contrast, the proximal outfl ow 

  Fig. 3.4    Looping, accretion, and 

septation of the  human primary 

linear heart tube  .  Blue  (fi rst heart 

fi eld- and second heart fi eld- 

derived cells) and  yellow  (second 

heart fi eld-derived cells) regions 

represent tissue added during 

looping;  red  = fi rst heart fi eld- 

derived cells.  Ao  aorta,  AV  

atrioventricular,  LA  left atrium, 

 LV  left ventricle,  P  pulmonary 

trunk,  RA  right atrium,  RV  right 

ventricle       

  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 fi rst 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 outfl ow 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 outfl ow 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 outfl ow 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 outfl ow 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 

are directly over each other. This allows venous blood enter-

ing from the sinus venosus to fl ow directly from the right 

atrium to the presumptive right ventricle without fl owing 

through the presumptive left atrium and ventricle [ 1 ,  30 ]. 

The new alignment also simultaneously provides the left 

ventricle with a direct outfl ow 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 

  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 fi rst breath of 

the infant and cessation of blood fl ow from the placenta cause fi nal 

septation of the heart chambers (closure of the foramen ovale and 

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  (fi rst heart fi eld- and second heart fi eld-derived cells),  red  (fi rst 

heart fi eld-derived cells), and  yellow  (second heart fi eld-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 fl oor 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 outfl ow 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 specifi cally, during 

fetal life, only small amounts of blood (about 5 % of the car-

diac output) are fl owing through the pulmonary system 

because the fl uid-fi lled lungs create high fl ow resistance, 

resulting in low-volume fl ow into the left atrium from the 

pulmonary veins. This allows the high-volume blood fl ow 

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 fl ows into the left ventricle and directly out to the body 

of the fetus via the aorta. At birth, the umbilical blood fl ow is 

interrupted, stopping the high-volume fl ow from the pla-

centa. In addition, the alveoli and pulmonary vessels open 

when the infant takes its fi rst breath, dropping the resistance 

in the lungs and allowing more fl ow into the left atrium from 

the lungs. This reverse in pressure difference between the 

atria pushes the fl exible 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 

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 identifi ed 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 fi rst 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 

signifi cantly 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 fi nding 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, signifi cantly affect the treatment of 

 newborns with congenital heart disease, particularly those 

requiring interventional procedures or cardiac surgery. 

 The hemodynamic changes associated with birth include 

signifi cant 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 myofi brils within them are oriented randomly. 

As the fetal heart matures, these myofi brils 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 fi rst 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 

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 specifi cally, 

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-

nifi cance in the regulatory proteins of the sarcomere. Initially, 

the fetal heart expresses both alpha- and beta-tropomyosin, a 

regulatory fi lament, 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 signifi cantly 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-

nifi cantly 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 fi rst 

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, 

signifi cantly 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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    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.  
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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, superfi cial fascia containing the 

mammary tissue, and skin. A detailed description of cardiac 

anatomy is the subject of Chap.   5    .  

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 ). 

http://dx.doi.org/10.1007/978-3-319-19464-6_5
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The superior aperture of the thorax leads to the neck and the 

upper extremity; it is formed by the fi rst ribs and their 

 articulation with the manubrium and fi rst 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 fi rst 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 fi rst 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     The Thoracic 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 fi rst 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, 

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 fi ts 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 fi rst thoracic verte-

bra shares the articulation with the second rib, but receives all 

of the articulation of the fi rst 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   true  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 

  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 

adapted from Grant’s Dissector, 12th edn. by EK Sauerland (Fig.   1.14    , 

left; Fig.   1.24    , right)       
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are referred to as   fl oating  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 fl at 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 

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 

  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       
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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 defi ned neck portion. 

 The sternum is the fl at 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 fi rst 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 fl at triangular bone, slightly concave anteriorly, 

that rests upon the posterior thoracic wall. It has a raised 

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 

superfi cial 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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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 fi rst 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 

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 fi rst 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 defi nition. 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.

  Fig. 4.4    The musculature of 

the  anterior thoracic wall  . 

The  left panel  shows the 

superfi cial muscles intact. 

The  left panel  shows 

structures deep to the 

pectoralis major muscle. 

©1998 Elsevier Inc. All rights 

reserved.   www.netterimages.

com    , Frank Netter       

  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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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 superfi cial (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 fi bers 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 fi bers is perpendicular to the 

external intercostals. Near the posterior end of the ribs, the 

internal intercostal muscle fi bers 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 fi ber 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 

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 a role 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 

  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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 diaphragm is dome-shaped at rest. Contraction (during inha-

lation) causes the dome of the diaphragm to fl atten (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 fi bers 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 

fi rst 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-

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 fi bers, 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 fi bers to the sweat glands, smooth muscle, and blood 

vessels. However, the fi rst two intercostal nerves are consid-

ered atypical. The fi rst 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 fl oor 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 

  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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 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.

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 fi rst 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 

  Fig. 4.8    A typical set of 

 intercostals arteries and 

nerves  . ©1998 Elsevier 

Inc. All rights reserved. 

  www.netterimages.com    , 

Frank Netter       

  Fig. 4.9    The nerves and 

arteries of the axilla viewed 

with the pectoralis major and 

minor muscles refl ected. 

©1998 Elsevier Inc. All rights 

reserved.   www.netterimages.

com    , Frank Netter       
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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 fi rst branch of 

the axillary artery, the superior (supreme) thoracic artery, sup-

plies blood to the fi rst two intercostal spaces. The second 

branch forms the thoracoacromial artery or trunk. 

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 circumfl ex 

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 fi rst four thoracic vertebrae 

behind. It is continuous with the root of the neck at the top of 

the fi rst 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 T5 

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 ).

  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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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 fi rst (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 fi xed 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 

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     The Trachea 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 

  Fig. 4.11    Vessels of the 

 superior    and   middle 

mediastinum. ©1998 Elsevier 

Inc. All rights reserved. 
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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.  

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, fi nally 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 

  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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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-

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 

  Fig. 4.13    Pattern of 

innervation in the  superior 

mediastinum  . ©1998 Elsevier 

Inc. All rights reserved. 
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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. 

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, refl ecting 

from the great vessels to become parietal pericardium. The 

parietal pericardium is characterized by a thickened, strong 

  Fig. 4.14    The position of the 

heart in the  middle 

mediastinum   and the 

relationship of the pericardium 

to the heart and great vessels. 
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outer layer called the   fi brous pericardium   . The fi brous peri-

cardium is fused to the layer of parietal serous pericardium, 

creating a single layer with two surfaces. The fi brous 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 

fl uids under pathological conditions and create pressure 

within the pericardium, a condition known as  cardiac  tam-

ponade   . For a complete description of the  pericardium and 

its   features, see Chap.   9    .

4.8.2        The Great Vessels 

   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 confl uence 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 

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 ). Backfl ow of blood from both the aorta and 

the pulmonary trunk is prevented by semilunar valves. The 

semilunar valves, each with a set of three leafl ets, 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 fi brous 

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 

  Fig. 4.15    The  great vessels   

as viewed from the posterior 

side of the heart. ©1998 

Elsevier Inc. All rights 

reserved.   www.netterimages.
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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, refl ecting 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 fl exure.

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 

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-

  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       
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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 fi rst 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 

  Fig. 4.17    The azygos venous 

system in the posterior 

 mediastinum  .    This fi gure 

illustrates a “typical” pattern 

of the azygos and hemiazygos 

veins. ©1998 Elsevier Inc. 

All rights reserved.   www.

netterimages.com    , Frank 

Netter       

  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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that collect lymph from the esophagus, posterior intercostal 

spaces, and posterior parts of the pericardium and diaphragm. 

Approximately 2.5 L of lymph fl uid 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 

fi rst 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-

  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       
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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 

synapse in collateral ganglia called   prevertebral ganglia   , 

located along the aorta. The postganglionic fi bers then inner-

vate the abdominal organs. There are three splanchnic nerves 

that emerge in the thorax. The greater splanchnic nerves 

  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       

  Fig. 4.21    The three options 

taken by  presynaptic 

sympathetic fi bers   are 

illustrated. All presynaptic 

nerves enter the sympathetic 

trunk via  white  rami 

communicans. They can 

synapse at their level and exit 

via  gray  rami communicantes 

and travel up or down the 

chain before synapsing, or 

they can exit before synapsing 

in the splanchnic nerves. 

Figure adapted from 

Clinically Oriented Anatomy, 

4th edn. by KL Moore and AF 

Dalley (Fig.   1.32    )       
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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     Pleura and Lungs 

4.11.1     The Pleura 

 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 fi st (representing the lung) pushed into 

an under infl ated balloon (representing the pleural mem-

brane). The fi st 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 fl uid 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 

fl uids, or air, are introduced into this space.

   The  parietal pleura   is commonly subdivided into specifi c 

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 

over the cupola of the lung, above the fi rst 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 refl ection are the lines along which the 

parietal pleura transitions from one region to the next 

(Fig.  4.23 ). The sternal line of refl ection is the point where 

 costal pleura   transitions to mediastinal pleura on the anterior 

side of the thorax. The costal line of pleural refl ection lies 

along the origin of the diaphragm where the costal pleura 

transitions to diaphragmatic pleura. Both the costal and ster-

nal lines of refl ection are very abrupt. The vertebral line of 

pleural refl ection lies along the line where costal pleura 

becomes mediastinal pleura posteriorly. This angle of refl ec-

tion is shallower than the other two. The surface projections 

of the parietal pleura are discussed in Sect.  4.12.2 .

   The  parietal pleura   refl ects onto the lung to become the 

visceral pleura at the root of the lung. A line of refl ection 

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 fi ssures, 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 fl uid that 

lubricates the movement of the visceral pleura against the 

parietal pleura during respiration. During expiration, the 

lungs do not entirely fi ll the inferior-most aspect of the pul-

monary cavity. This creates a region, along the costal line of 

refl ection, 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   .  

  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    )       
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4.11.2      The Lungs 

 The primary  function of the lungs   is to acquire O 2 , required 

for metabolism in tissues, and to release CO 2 , which is the 

metabolic waste product from tissues. The lungs fi ll 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, fi lling the pulmonary cavity and accommo-

dating surrounding structures that impinge on the lungs. In 

the fi xed 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) fi ssure (Fig.  4.24 ). The right lung has a 

second horizontal (minor) fi ssure 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 refl ec-

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. 

  Fig. 4.23    Surface anatomy and important surface landmarks on the anterior and posterior thorax. ©1998 Elsevier Inc. All rights reserved.   www.

netterimages.com    , Frank Netter       
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  Fig. 4.24    Surface anatomy of the right ( right ) and left ( left )  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 fi rst 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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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 

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.  

  Fig. 4.26    Pattern of 

lymphatic  drainage   from the 

lungs. ©1998 Elsevier Inc. 

All rights reserved.   www.

netterimages.com    , Frank 

Netter       

  Fig. 4.25    Pattern of structure entering and leaving the root of the lung ( left ) and the branching pattern of the  bronchi   ( right ). ©1998 Elsevier Inc. 

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

  Fig. 4.27    The participation of muscles in respiration. ©1998 Elsevier Inc. All rights reserved.   www.netterimages.com    , Frank Netter       
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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 defl ate 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  defi ned   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 T5. 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. 

 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  diffi cult   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 fi ll-

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 fi lling 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) fi ssures of the lungs extend along a line from 

the spinous process of T2 to the costal cartilage of the sixth 

rib. The minor (horizontal) fi ssure of the right lung lies under 

the fourth rib. 
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 Under pathologic conditions, fl uid can accumulate in the 

pleural cavity. This fl uid normally drains inferiorly and accu-

mulates in the costodiaphragmatic recess.  Thoracocentesis   

refers to the procedure used to drain such fl uid (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 fi fth 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 fi fth 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 fi fth 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 fi fth 

intercostal space. The pulmonary valve is heard along the left 

border of the sternum in the second intercostal space. The 

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 fi rst 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 diffi cult 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.

  Fig. 4.28    Illustration of 

 thoracocentesis  . Figure 

adapted from Grant’s 

Dissector, 12th edn. by EK 

Sauerland (Fig.   1.16    )       
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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       

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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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 

the pleural cavities called the   middle mediastinum   , defi ned 

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 fl uid in between. The fl uid 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 fl ow of blood through the heart; 

this fl ow is maintained by a set of four valves. The atrioven-

tricular or AV valves (the right tricuspid and left bicuspid or 

mailto:weinh001@umn.edu


62

mitral) allow blood to fl ow only from atria to ventricles. The 

semilunar valves (pulmonary and aortic) allow blood to fl ow 

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 fi lled 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 

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 fl uid from the blood into 

the extracellular space is an important function of the heart. 

Excess interstitial fl uid 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 fi rst 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 4  and T 5 . 

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       
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through the following structures: the bifurcation of the trachea, 

the superior border of the pericardium, the artifi cial 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 defi ned by a plane that separates the 

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  .  

  Fig. 5.2    Human cadaver 

dissection in which the ribs 

were cut laterally and the 

sternum and ribs refl ected 

superiorly. This dissection 

exposes the contents of the 

thorax (the heart, great 

vessels, lungs, and 

diaphragm)       
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5.3     The  Pericardium   

 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 fl uid. During embryological devel-

opment, the heart moves from a peripheral location into a 

space or cavity. This cavity has a serous fl uid-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 fi st being pushed into a balloon (Fig.  5.4 ). 

Note that the fi st 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. 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 fl at-shaped epithelial 

cells called  mesothelium  . The mesothelial cells secrete a small 

amount of serous fl uid 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 fi broelastic connective 

tissue which supports the mesothelium. The epicardium also 

  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 defi ned 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       
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contains a broad layer of adipose tissue between the fi bro-

elastic layer and the heart muscle or myocardium. The pari-

etal pericardium contains an additional layer referred to as 

the fi brous pericardium. This layer contains collagen and 

elastin fi bers to provide strength to the parietal pericardium. 

It is important to note, however, that there is no potential 

space between the parietal and fi brous pericardium. The 

parietal pericardium, together with the fi brous pericardium, 

is often referred to as the fi brous 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 (specifi cally, the fi brous pericar-

dium) is in contact with the parietal pleura (the covering of 

the lungs). Trapped between the fi brous 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 fl uid exists 

between the visceral and parietal layers in the pericardial 

space or cavity. However, the accumulation of fl uid (blood 

from trauma, infl ammatory 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 fl uid limits the expan-

sion of the heart (the fi brous pericardium resists stretching) 

between beats and reduces the ability to pump blood, leading 

to hypoxia ( hypo  = “low” + “oxygen”). 

 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 refl ections    or  arte-

rial mesocardium ; the superior vena cava, inferior vena cava, 

and pulmonary veins are surrounded by the venous refl ec-

tions or venous mesocardium. The outer fi brous (epipericar-

dial) layer merges with the outer adventitial layer of the great 

vessels, which is continuous with the visceral pericardium. 

The result of this refl ection 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 refl ections 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 refl ections above 

and the venous refl ections 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 superfi cial to deep, these are (1) the 

parietal pericardium with its dense fi brous layer, the fi brous 

pericardium; (2) the pericardial cavity (containing only 

serous fl uid); (3) a superfi cial 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 

fi bers. These fi bers 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 

  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 fl uid. During embryological development, the heart migrates 

into the celomic cavity and a serous lining wraps around it, a process 

similar to a fi st 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 fl uid 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 fi brous pericardium       
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single centrally located nuclei. A cardiac muscle cell is not 

called a fi ber. The term cardiac muscle fi ber, when used, 

refers to a long row of joined cardiac muscle cells. 

 Like skeletal muscle, cardiac muscle cells are triggered to 

contract by Ca 2+  ions fl owing into the cell. Cardiac muscle 

cells are joined by complex junctions called   intercalated 

disks   . The disks contain adherens to hold the cells together, 

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    . 

  Fig. 5.5    Pericardial sinuses. 

( a ) A blind-ended sac called 

the oblique pericardial sinus 

is formed from the venous 

refl ections of the inferior vena 

cava and pulmonary veins. 

( b ) Another sac, the 

transverse pericardial sinus, is 

formed between the arterial 

refl ections above and the 

venous refl ections of the 

superior vena cava and 

pulmonary veins below 

below. © 2006 Elsevier Inc. 

All rights reserved.   www.

netterimages.com    , Frank 

Netter       

 
A.J. Weinhaus

www.netterimages.com
www.netterimages.com
http://dx.doi.org/10.1007/978-3-319-19464-6_13


67

5.4.1      Cardiopulmonary Circulation   

 In order to best understand the internal anatomy of the heart, 

it is desirable to fi rst 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 fi nal 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 

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 fl ows 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  toward  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). 

Pericardial
cavity

MYOCARDIUM
(cardiac muscle tissue)

Cut edge of
pericardium

Pericardial cavity Dense fibrous layer

Areolar connective tissue
Parietal

pericardium

Mesothelium

Artery

Vein

Connective tissues

Mesothelium

Areolar connective

Endothelium
Sectional view

Heart w
all Anterior view

EPICARDIUM

ENDOCARDIUM

Areolar connective
tissue

(visceral
pericardium)

tissue

  Fig. 5.6    Internal anatomy of the heart. The walls of the heart contain 

three layers—the superfi cial 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-

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       
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  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 fl ow of blood 

through the heart is 

accomplished by valves       

  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       
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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 orifi ce of the inferior vena cava. A valve of the 

inferior vena cava (Eustachian valve, a fetal remnant) guards 

the orifi ce 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 backfl ow, 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. 

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 fl oor 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 fi brous body (the right 

fi brous trigone) as a fi brous 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 

fl oor 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 

  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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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 defi nitive 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  .

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 outfl ow 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 outfl ow 

tracts and is located just inferior to both semilunar valves. 

Four distinct muscle bundles, collectively known as the   semi-

circular arch   , separate the outfl ow 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 orifi ce 

into the right ventricle. When the right ventricle  contracts, 

blood is prevented from fl owing back into the atrium by the 

right AV valve or  tricuspid  (“three cusps”) valve. The valve 

consists of the annulus, three valvular leafl ets, three papillary 

muscles, and three sets of chordae tendineae (Figs.  5.12  

and  5.13 ). The AV orifi ce is reinforced by the annulus fi bro-

  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       
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sus of the cardiac skeleton (dense connective tissue). 

Medially, the annulus is attached to the membranous inter-

ventricular septum.

   The tricuspid valve has three leafl ets—anterior (superior), 

posterior (inferior), and septal. The anterior leafl et 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 infl ow and outfl ow tracts of the 

right ventricle. The posterior leafl et extends from the lateral 

free wall to the posterior portion of the ventricular septum. 

The septal leafl et tends to be somewhat oval in shape and 

extends from the annulus of the orifi ce to the medial side of the 

interventricular septum (on the infl ow side), often including 

the membranous part of the septum (see also Chaps.   2     and   7     

for other nomenclature describing these leafl ets). 

 Papillary (“nipple”) muscles contract and “tug” down on 

chordae tendineae (“tendinous cords”) that are attached to 

the leafl ets, in order to secure them in place in preparation 

for the contraction of the ventricle. This is done to prevent 

the prolapse of the leafl ets 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 

respective orifi ce, so that considerable overlap of the leafl ets 

occurs when the valves are in the closed position. The leaf-

lets remain relatively close together even during ventricular 

fi lling. The partial approximation of the valve surfaces is 

caused by eddy currents that prevail behind the leafl ets and 

by tension that is exerted by the chordae tendineae and papil-

lary muscle. As the fi lling of the ventricle reduces, the valve 

leafl ets fl oat toward each other, but the valve does not close. 

The valve is closed by ventricular contractions, and the valve 

leafl ets, which bulge toward the atrium but do not prolapse, 

stay pressed together throughout ventricular contraction. 

The junction between two leafl ets is called a  commissure  and 

is named by the two adjoining leafl ets (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 

leafl ets 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 leafl ets. The posterior papillary 

  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 fi ber 

bundles in the wall of the 

pectinate portion of right 

atrium.  IVC  inferior vena 

cava,  SVC  superior vena cava       

 

5 Cardiac Anatomy

10.1007/978-3-319-19464-6_7
http://dx.doi.org/10.1007/978-3-319-19464-6_2


72

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 leafl ets. 

The septal papillary muscle (including the variable papillary 

of the conus) arises from the muscular interventricular sep-

tum near the outfl ow 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 leafl ets. In addition, chordae tendineae in this region 

may extend simply from the myocardium and attach to the 

valve leafl ets directly without a papillary muscle. The most 

affected is the septal leafl et 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 leafl ets 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 identifi cation of the 

right bundle branch as it runs posterior to it, deep to the 

endocardium [ 1 ]. 

 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 fi bers in order for it to con-

tract with the other papillary muscles and convey control of 

the valve leafl ets equal to the other valve leafl ets. 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 outfl ow 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 fl owing 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 

  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 outfl ow 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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fi lls with blood. This fi lled space or recess of each cusp is 

called the   sinus of Valsalva   . Upon complete fi lling, the 

three cusps contact each other and block the fl ow 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 fl ow-

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”)      .   

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 identifi ed).

   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, refl ecting 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 

  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 backfl ow 

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 fi gure are human 

cadaveric hearts. © 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 fl ap)   .  

5.4.5     The  Left Ventricle   

 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-

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 fi ner. 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 orifi ce 

into the left ventricle. When the left ventricle contracts, blood 

  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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is prevented from fl owing 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 leafl ets, two papillary 

muscles, and two sets of chordae tendineae. 

 The atrioventricular orifi ce is partly reinforced by the annu-

lus fi brosus of the cardiac skeleton. The annulus fi brosus 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 fi brous support to the aortic semilunar valve. 

 The bicuspid valve typically has two leafl ets—anterior 

(medial or aortic) and posterior (inferior or mural, “wall”). 

The two opposing leafl ets 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 leafl et 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 leafl et 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 leafl ets may also have 

numerous scallops within them (see also Chap. 7). 

 Papillary muscles, in conjunction with chordae tendineae, 

attach to the leafl ets 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 leafl ets up into the atrium. As with 

the other AV valve, the total surface area of the two cusps of 

the valve is signifi cantly greater than the area described by 

the orifi ce. There is considerable overlap of the leafl ets when 

the valves are in the closed position (Fig.  5.13 ). 

 As with the tricuspid valve, the leafl ets remain relatively 

close together even when the atrium is contracting and the 

ventricle is fi lling. The partial approximation of the valve 

surfaces is caused by eddy currents that prevail behind the 

leafl ets and by tension that is exerted by the chordae tendin-

eae and papillary muscle. In the open position, the leafl ets 

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 leafl ets, which 

bulge toward the atrium, stay pressed together throughout 

the contraction and do not prolapse. The junctions of the two 

leafl ets are called the  anterolateral  and the  posteromedial  

commissures. The line of apposition of the leafl ets during 

valvular closure is indicated by a fi brous 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 orifi ce. 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 leafl ets. In addition, the posterior 

leafl et 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 fl owing 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 

fi lls with blood. The fi lled space or recess of each cusp is 

called the   sinus of Valsalva    (Antonio M. Valsalva, 1666–

1723). Upon complete fi lling, the three cusps contact each 

other and block the fl ow 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 fi rmly anchored 

to the fi brous 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—left and right (both facing the pulmonary valve) 

and posterior. Within the sinuses of Valsalva, there are open-

  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       
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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 

great artery distend, the sinuses fi ll, 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 fi brous 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 fl ows 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 

  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       
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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 fi brous 

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  fi brous trigone  (“triangle”) or the central 

fi brous body, the strongest portion of the cardiac skeleton. 

The smaller left fi brous trigone is formed between the aortic 

semilunar valve and the anterior cusp of the mitral valve. 

Continuations of fi broelastic tissue from the right and left 

fi brous trigone partially encircle the AV openings to form the 

tricuspid and bicuspid annulus or annulus fi brosus. 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 fi brous trigones to 

encircle and support the aortic and pulmonary semilunar 

valve annuli. The membranous interventricular septum is an 

inferior extension of the central fi brous 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 

fi brous extension of the membranous septum that is continu-

ous with the valve (Eustachian) of the inferior vena cava. The 

AV bundle of conduction fi bers from the AV node penetrates 

the central fi brous body, passes through the membranous sep-

tum, and splits into left and right bundle branches at the apex 

of the muscular septum (or the junction of the right and 

posterior cusps of the aortic semilunar valve)   .  

5.6     The Fetal  Heart   

 By the third month of fetal development, the heart and all 

major blood vessels are basically formed, and the blood fl ow 

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 fl ows toward 

the fetus and into the heart in umbilical veins, and deoxygen-

ated blood fl ows 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 

fl ows 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 fi rst 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 fl aps 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 fl ow 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 fl ow, 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 

5 Cardiac Anatomy

http://dx.doi.org/10.1007/978-3-319-19464-6_3
http://dx.doi.org/10.1007/978-3-319-19464-6_13


78

(“duct of the artery”) is a connection between the left 

pulmonary artery and the aortic artery. Blood is diverted 

from the pulmonary artery to the aorta so that very little 

blood reaches the immature lungs. Because the pulmo-

nary vascular resistance of the fetus is large, only one-

tenth of right ventricular output passes through the 

lungs. The remainder passes from the pulmonary artery 

through the ductus arteriosus to the aorta. In the fetus, 

the diameter of the ductus arteriosus can be as large as 

the aorta. 

  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       
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 Shortly after birth, the umbilical cord is cut and the newborn 

takes its fi rst 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 

fl aps of the interatrial septum. One of the fl aps covers the fora-

men ovale, thus closing it to form the fossa ovalis. This pre-

vents the fl ow 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 fl aps, 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 defi nitive 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 fi brous strands attached to the edges of the Eustachian 

valve or Thebesian valve inferiorly and the crista terminalis 

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    .  

5.8     Other Fetal Remnants:  Atrial 
Septal Defect   

 The fi rst step in the separation of the systemic and pulmo-

nary circulation in the fetal heart is the separation of the 

defi nitive 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    (“fi rst partition”) that extends 

inferiorly. During the fi fth week, this septum reaches the 

“fl oor” 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 fl ow of blood called the ostium primum 

(“fi rst 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 

  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 fl aps, 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 (defi nitive interatrial septum); 

the right valve gives rise to the valve of the inferior vena cava 

(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 fi brous strands 

attached to the edges of the Eustachian valve or the Thebesian valve 

inferiorly and the crista terminalis superiorly.  Right : human cadaveric 

heart.  IVC  inferior vena cava,  SVC  superior vena cava       
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coalesce to form a new foramen, the ostium secundum 

(“second opening”). Thus, a new channel for right-to-left 

blood fl ow 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 fl oor 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 

of the pulmonary vasculature, combined with the loss of 

fl ow through the umbilical vein. The increase in pressure in 

the left atrium and the loss of pressure in the right pushes 

the fl exible 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 fl ow 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 fl ow of blood between the atria con-

  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 fl ow 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. 

Modifi ed from VanDeGraaf 

KM (ed) (1995) Human 

anatomy. Wm. C. Brown 

Publishers, Dubuque, p. 557       
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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. 

Septation of the ventricles and formation of the ventricu-

lar outfl ow 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 defi cient 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 

  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 

defi cient closure of 

atrioventricular valves after 

birth. Emergent surgical 

repair of this hole is indicated. 

Modifi ed from VanDeGraaf 

KM (ed) (1995) Human 

anatomy. Wm. C. Brown 

Publishers, Dubuque       
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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 

ventricular outfl ow 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 

  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       
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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 

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 

  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       

  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-

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       
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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-

cumfl ex artery. The left coronary artery may be completely 

absent, i.e., the anterior interventricular and circumfl ex 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 fi rst branch, 

the fi rst 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 fi rst, 

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 circumfl ex 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 circumfl ex 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 circumfl ex artery may continue 

through the AV sulcus to supply the posterior wall of the left 

ventricle and (with the right coronary artery) the posterior 

papillary muscle of the bicuspid valve. In 40–50 % of hearts, 

the circumfl ex 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 circumfl ex 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 orifi ce of the inferior vena cava. There is a valve 

(Thebesian valve) that covers the opening of the coronary 

sinus to prevent backfl ow. The great cardiac vein is formed 
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by the confl uence 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 

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. 

  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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 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 confl uence 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 

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 

  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       

  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 confl uence of tributar-

ies that drain the posterior left and right ventricles and the interven-

tricular septum       
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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 signifi cant 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 fi bers 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 circumfl ex 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 fi bers 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 

  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       
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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 fi rst 

fi ve 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 fi bers 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 

anatomy can be quite varied and also progressively modi-

fied by pathophysiologic conditions.     
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    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 specifi c 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- 

fi xed specimens of these commonly used animal models.  
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 6

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  AD ) 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-

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 scientifi c methods [ 2 ]. 

 The Renaissance was a period of great scientifi c 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 

fi eld of modern anatomy [ 2 ]. His immediate successors at 

Padua were Matteo Realdo Colombo (1510–1559  AD ) and 

Gabriele Falloppio (1523–1562  AD ). 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 fl ourished during this period due to a num-

ber of popular ideas launched by both the Christian Church 

and one of the prominent scientifi c 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  AD ). 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 fi fteenth and early nineteenth centuries. 

 Early in the nineteenth century, the fi rst 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 defi ning what is abnormal. 

Furthermore, structure typically has a great impact on the 

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 fi eld 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. Specifi cally,  early cardiac 

device prototype testing   is commonly performed utilizing 

animal models, both with and without cardiovascular dis-

ease. More specifi cally, before any invasively used device (a 

class III medical device) can be tested in humans, the Food 

and Drug Administration (FDA) requires that suffi cient 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 specifi cally, 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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myocardial infarcts were diffi cult to create. This led to false 

claims about the effi cacy 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 ]. 

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 

  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 

signifi cantly less 

collateralization; each area of 

myocardium is usually 

supplied by a single coronary 

artery.  Ao  aorta,  LAD  left 

anterior descending artery, 

 LCx  left circumfl ex artery,  PA  

pulmonary artery,  RCA  right 

coronary artery       
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smaller heart weight to body weight ratios than those of adult 

dogs. More specifi cally, 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 fi ndings will also likely be breed specifi c. 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 fi xed 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 ]. Specifi cally, the 

attachment to the central tendinous aponeurosis of the dia-

phragm is fi rm 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-

  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 

signifi cant 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       

 

 

A.J. Hill and P.A. Iaizzo



93

dium, and the fi brous pericardium. The serous parietal 

pericardium lines the inner surface of the fi brous  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 fl uid. 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 fi xed 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 ]. Specifi cally, 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 fl uid are considered to exist as 

well. Holt reported that most dogs have 0.5–2.5 mL of peri-

cardial fl uid 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 fl ow is similar 

among all large mammals. Specifi cally, 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 fi ll 

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-

cifi cally 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 

feed the heart) and to the systemic circulation (to oxygenate 

bodily tissue). For additional discussions of fl ow 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 fl ap located on the left atrial 

side of the interatrial septum, which prevents backfl ow 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 Michaëlsson 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 

fl ap 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 ]. Specifi cally, 

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       
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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 

have four [ 13 ] or occasionally fi ve [ 15 ], dog hearts have fi ve 

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 fi brous 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 ].

  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 

fi gure ( 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       
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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 (infl ow) region, an apical region, 

and an outlet (outfl ow) region. The ventricles can be consid-

ered the major ejection/pumping chambers of the heart, and, 

as expected, their walls are signifi cantly 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 

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 leafl ets, ensuring redundancy. 

Both ventricles typically have cross-chamber fi brous or mus-

cular bands, which usually contain Purkinje fi bers. 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 fi nd 

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. 

  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       
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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 specifi c 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 

the right and left sides of the heart, and two semilunar valves 

lie between the ventricles and the major arteries arising from 

their outfl ow tracts (the pulmonary artery and aorta). 

Chordae tendineae connect the fi brous leafl ets 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 backfl ow 

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 leafl et and the 

  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 

fi brous, 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 fi brous bands 

in the left ventricle.  LV  left 

ventricle,  PA  pulmonary 

artery,  RV  right ventricle       
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inferior leafl ets can be fused in dog hearts [ 14 ], giving the 

appearance of only two leafl ets. 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 

leafl et separating that leafl et 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 

leafl et, in some hearts [ 28 ]. In large mammalian hearts, two 

primary leafl ets 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 leafl ets [ 11 ]. A fi brous 

continuity between the mitral valve and the aortic valve is 

present in humans and most large mammals, extending from 

the central fi brous body to the left fi brous trigone [ 11 ] 

(Fig.  6.12 ). The length of this fi brous continuity, termed the 

  intervalvar septum     or    membranous septum   , varies consider-

ably in length in different animals but notably is completely 

  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 fi ne 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       

  Fig. 6.9    Plastinated hearts  of   various species.  Human:  Trabeculae car-

neae in the apex are notably more numerous and fi ner 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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absent in sheep [ 29 ]. There are also differences in the fi brous 

ring supporting the mitral valve and in the composition of the 

leafl ets 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 

diffi cult 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 leafl et 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 leafl et 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 fl ow 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 Michaëlsson 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 

  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 

fi brous 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,  IVS  interventricular 

septum,  MB  moderator band, 

 PV  pulmonary valve       
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(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 signifi cant 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 

epicardial surface, while that of pig hearts, when present, 

was located subendocardially. They were unable to detect a 

signifi cant 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 specifi cally, 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 fi ve 

orders, with the fi rst 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 

fi fth 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 

  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 fi brous. 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       

  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       
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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 fi bers. Yet, interspecies variations 

are well recognized, especially with regard to the fi ner 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 fi brous 

body. The right and left main bundle branches emanate from 

the bundle of His and branch further into the Purkinje fi bers 

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 ). 

The presence of the  os cordis  has been noted to be present in 

the sheep heart, but not in dog, pig, or human hearts. 

Specifi cally, it is a small, fully formed bone that lies deep in 

the atrial septum which, in turn, infl uences 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. 

  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 

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       
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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 specifi c 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 specifi c 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 infl uences 

expressed cardiac anatomy, and specifi c descriptors are 

often missing in previous reports (i.e., specifi c 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 fi ndings to humans. Specifi cally, qualitative 

and quantitative techniques were employed on post- mortem, 

   formalin-fi xed 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 unfi xed 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 

  Fig. 6.14    The   triangle of 

Koch  in human  ,  dog,    sheep, 

  and  pig   hearts       
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perfusion fi xed . Briefl y, 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 fl uid level in the suspension chamber. 

This system generated a reproducible perfusion pressure 

between 45 and 50 mmHg. The hearts were allowed to fi x 

under these conditions for a minimum of 24 h in order to 

allow for adequate penetration of fi xative. This method of 

fi xation was quite reproducible to ensure that the hearts 

maintained a  similar   anatomical confi guration.  

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. Specifi c anatomical 

features assessed included:

•    Overall 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)  

•   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  

   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  Length of bundle of His  Route of bundle of His 

 Human  Located at the base of 

the atrial septum, 

anterior to the coronary 

sinus, and just above the 

tricuspid valve 

 End of the AV node and the 

beginning of bundle of His 

are nearly impossible to 

distinguish 

 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 fi brous body 

 Bundle lies just beneath the 

membranous septum at the 

crest of the interventricular 

septum 

 Pig  Lies on the right side of 

the crest of the 

ventricular septum and 

is lower on the septum 

than in humans 

 No explicit information 

found 

 Penetrating bundle is very 

short in comparison to 

humans 

 Climbs to the right side of the 

summit of the ventricular 

septum, where it enters the 

central fi brous body. The 

bifurcation occurs more 

proximally than in humans 

 Dog  Same as in humans  Consists of internodal tracts 

of myocardial fi bers 

 Penetrating bundle is 

1–1.5 mm long, 

signifi cantly longer than 

the human penetrating 

bundle 

 His bundle runs forward and 

downward through the fi brous 

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 

 Sheep  Located at the base of 

the atrial septum, 

anterior to the coronary 

sinus, just above the 

tricuspid valve, and at 

the junction of the 

middle and posterior 

one-third of the os 

cordis 

 Junction is characterized by 

fi ngerlike projections, 

where the two types of 

tissue overlap; size and 

staining qualities of the 

initial Purkinje cells of the 

bundle of His make it easy 

to distinguish between the 

end of the AV node and the 

beginning of the bundle of 

His 

 Portion of the bundle 

passing through the central 

fi brous body is ~1 mm. 

Bundle extends 4–6 mm 

beyond the central fi brous 

body before it bifurcates 

 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 confi nes of the ventricular 

myocardium. Branching occurs 

more anteriorly in sheep than 

in humans 

   AV  atrioventricular  
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 –   Tricuspid valve  

 –   Aortic valve  

 –   Mitral valve  

 –   Coronary sinus ostium     

•   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)  

•   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. Briefl y, 

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 specifi cally, 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 affi xed 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 specifi c 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-

  Fig. 6.15    Anterior surface of 

a fi xed  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       
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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 

signifi cance tests were performed using one-way ANOVA 

and Bonferroni post analyses;    signifi cance was set at  α  = 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 ± 50.4 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 

classifi ed as having an elliptical shape, 2 were conical, 2 

were rounded with a blunt apex, and 1 was valentine shaped. 

The overall defi ned 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 defi ned 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 

  Fig. 6.16    Anterior surface of a fi xed  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       

 

6 Comparative Cardiac Anatomy



106

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 fi brous 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 

fi bers), identifi ed in all but 1 porcine heart and 1 human heart. 

 All human, ovine, and porcine hearts had one well-defi ned 

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 

    Table 6.2    Digitized locations   

  External locations    Description  

 Base  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, defi ned 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 
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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 

    Table 6.3    Calculated measurements   

  External measurements    Description  

 Base to apex length  Anterior (anterosuperior) to apex 

 Posterior (posteroinferior) to apex 

 Right lateral to apex 

 Left lateral to apex 

 Coronary sinus  Length of the coronary sinus 

  Internal measurements    Description  

 Coronary sinus ostium  Superior (posterolateral) to inferior (anteroseptal) diameter 

 Lateral (inferior) to septal (superior) diameter 

 Functional ostium—Thebesian valve to septal (superior) 

diameter 

 Tricuspid valve  Anterior (superior) to posterior (inferior) diameter 

 Septal (posterior) to lateral (anterior) diameter 

 Right ventricular infl ow  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 

 Pulmonic valve  Sinotubular junction diameter 

 Basal annular diameter 

 Right ventricular outfl ow  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 

 Mitral valve  Anterior (superior) to posterior (inferior) diameter 

 Septal (posterior) to lateral (anterior) diameter 

 Left ventricular infl ow  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 

 Aortic valve  Sinotubular junction diameter 

 Basal annular diameter 

 Left ventricular outfl ow  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 
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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 defi ned 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 signifi cant differences between 

the species were found for both raw and normalized data. 

Although some overlap of statistically signifi cant differences 

existed between the raw and normalized values, oftentimes 

statistical signifi cance 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 signifi cant differences noted.

    Externally, the average anterior (anterosuperior) base to 

apex distance was signifi cantly 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 signifi cantly 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 signifi cantly longer in the 

human hearts compared to the swine, canine, and ovine 

hearts (Table  6.4 ). 

 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 signifi cantly 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 signifi cantly 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 signifi cantly larger in human 

hearts than pig hearts. The average right ventricular infl ow 

tract length was signifi cantly longer in human hearts com-

pared to the animal hearts in all dimensions analyzed. No 

signifi cant differences were seen in the average length of the 

outfl ow tracts of the right ventricles, with the exception of 

the mid-left cusp to apex dimension, which was signifi cantly 

shorter in canine hearts than human hearts. The average 

diameter of the sinotubular junction of the pulmonic trunk 

was signifi cantly greater in the human hearts as compared to 

the animal hearts. No signifi cant differences were observed 

in the average diameters of the basal annular ring of the pul-

monic valve (Table  6.5 ). 

 No signifi cant 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 signifi cantly larger in the human hearts as 

compared to the animal hearts. The average dimensions of 

the infl ow tracts of the left ventricle were signifi cantly 

shorter in the canine hearts compared to human, swine, and 

ovine hearts in all dimensions analyzed. The average diam-

eter of the left ventricular outfl ow tract was generally longer 

in the human hearts than the animal hearts. The average 

    Table 6.4    External dimensions (mean ± std. dev)   

 Measurement  Human  Swine  Canine  Ovine 

 Anterior (anterosuperior) base to apex 

distance (mm) 

 98.7 ± 14.6  101.2 ± 6.8  93.5 ± 4.1  111.1 ± 16.8  ζ  

 Posterior (posteroinferior) base to apex 

distance (mm) 

 87.7 ± 12.4  65.6 ± 4.2  71.3 ± 2.9  72.6 ± 7.6  αβθ  

 Right lateral base to apex distance (mm)  106.4 ± 10.9  88.4 ± 4.8  94.3 ± 5.8  103.8 ± 12.7  αβε  

 Left lateral base to apex distance (mm)  99.7 ± 9.5  80.8 ± 5.3  78.6 ± 3.5  87.4 ± 10.2  αβθ  

 Coronary sinus length  46.5 ± 5.2  25.1 ± 2.7  29.8 ± 6.7  29.9 ± 8.6  αβθ  

  Signifi cant differences are noted by the following symbols: α — human, swine; β—human, canine; θ—human, ovine; δ—swine, canine; ε—swine, 

ovine; ζ—canine, ovine  
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      Table 6.5    Internal dimensions (mean ± std. dev)   

 Measurement  Human  Swine  Canine  Ovine 

  Coronary sinus ostium  

 CS Os superior (posterolateral) to inferior (anteroseptal) 

diameter (mm) 

 12.3 ± 4.2  7.7 ± 1.4  5.0 ± 1.0  8.1 ± 3.2  αβθ  

 CS Os lateral (inferior) to septal (superior) diameter (mm)  15.7 ± 2.4  16.4 ± 2.9  9.8 ± 2.2  18.3 ± 5.0  βδζ  

 CS Os functional ostium—Thebesian valve to opposite 

edge diameter (mm) 

 8.1 ± 2.9  NA  NA  NA  αθδζ  

  Tricuspid valve  

 Tricuspid valve anterior (superior) to posterior (inferior) 

diameter (mm) 

 43.0 ± 3.1  37.2 ± 4.2  38.8 ± 3.0  39.9 ± 3.8  α  

 Tricuspid valve septal (posterior) to lateral (anterior) 

diameter 

 37.7 ± 7.2  30.3 ± 5.5  29.5 ± 4.6  36.0 ± 9.4 

  RV infl ow tract  

 Tricuspid valve anterior (superior) to RV apex 

distance (mm) 

 86.9 ± 12.9  72.0 ± 4.7  65.3 ± 4.1  66.1 ± 15.9  αβθ  

 Tricuspid valve posterior (inferior) to RV apex 

distance (mm) 

 78.9 ± 19.9  55.5 ± 3.3  49.3 ± 3.6  51.9 ± 11.1  αβθ  

 Tricuspid valve septal (posterior) to RV apex distance (mm)  77.4 ± 14.0  61.8 ± 4.3  55.5 ± 4.8  59.5 ± 10.1  αβθ  

 Tricuspid valve lateral (anterior) to RV apex distance (mm)  83.7 ± 21.0  61.6 ± 4.9  55.7 ± 3.8  58.7 ± 16.7  αβθ  

 Tricuspid valve center to RV apex distance (mm)  73.1 ± 19.2  51.8 ± 2.7  45.7 ± 4.5  50.4 ± 9.8  αβθ  

  Pulmonic valve  

 Pulmonic valve sinotubular junction diameter (mm)  28.1 ± 3.8  18.7 ± 1.6  18.3 ± 3.3  22.8 ± 5.7  αβθ  

 Pulmonic valve basal annular diameter (mm)  31.1 ± 3.2  25.6 ± 2.0  25.5 ± 2.9  29.8 ± 6.8 

  RV outfl ow tract  

 Pulmonic valve mid-anterior cusp pulmonic valve to apex 

distance (mm) 

 86.9 ± 14.7  93.3 ± 6.2  84.8 ± 5.0  90.4 ± 16.0 

 Pulmonic valve mid-right cusp pulmonic valve to apex 

distance (mm) 

 93.9 ± 15.0  85.4 ± 5.9  76.7 ± 4.1  82.4 ± 21.1 

 Pulmonic valve mid-left cusp pulmonic valve to apex 

distance (mm) 

 87.9 ± 13.6  79.0 ± 4.7  69.4 ± 4.3  79.2 ± 9.7  β  

 Pulmonic valve center pulmonic valve to apex 

distance (mm) 

 90.4 ± 16.7  85.6 ± 6.5  77.9 ± 4.3  81.4 ± 11.3 

  Mitral valve  

 Mitral valve anterior (superior) to posterior (inferior) 

diameter (mm) 

 37.9 ± 4.6  31.0 ± 3.9  31.3 ± 4.6  36.9 ± 7.4 

 Mitral valve septal (posterior) to lateral (anterior) 

diameter (mm) 

 32.5 ± 5.6  23.7 ± 2.7  22.0 ± 4.9  25.8 ± 6.3  αβθ  

  LV infl ow tract  

 Mitral valve anterior (superior) to LV apex distance (mm)  83.7 ± 18.0  76.8 ± 6.3  63.1 ± 6.0  75.7 ± 13.5  β  

 Mitral valve posterior (inferior) to LV apex distance (mm)  78.2 ± 18.2  68.2 ± 5.5  60.0 ± 5.8  67.4 ± 11.6  β  

 Mitral valve septal (posterior) to LV apex distance (mm)  80.7 ± 15.7  70.6 ± 6.1  65.2 ± 5.8  70.2 ± 13.4  β  

 Mitral valve lateral (anterior) to LV apex distance (mm)  77.4 ± 17.3  72.1 ± 5.3  59.4 ± 4.8  72.1 ± 13.2  β  

 Mitral valve center to LV apex distance (mm)  69.5 ± 16.2  62.0 ± 5.9  52.1 ± 4.9  62.3 ± 11.3  β  

  Aortic valve  

 Aortic valve sinotubular junction diameter (mm)  26.4 ± 3.0  21.4 ± 2.3  16.8 ± 2.7  20.4 ± 3.8  αβθδ  

 Aortic valve basal annular diameter (mm)  30.0 ± 2.6  25.1 ± 3.2  23.2 ± 4.1  28.9 ± 5.4  βζ  

  LV outfl ow tract  

 Aortic valve mid-right coronary cusp to LV apex 

distance (mm) 

 89.9 ± 18.6  72.5 ± 6.2  65.2 ± 5.8  76.2 ± 13.3  αβ  

 Aortic valve mid-left coronary cusp to LV apex 

distance (mm) 

 89.7 ± 18.6  77.1 ± 5.5  67.1 ± 6.1  77.3 ± 14.5  β  

 Aortic valve mid-non-coronary cusp to LV apex 

distance (mm) 

 92.7 ± 20.1  73.8 ± 6.2  67.1 ± 7.1  73.0 ± 11.9  αβθ  

 Aortic valve center to LV apex distance (mm)  90.8 ± 18.3  75.9 ± 5.8  63.7 ± 6.6  75.2 ± 12.8  βθ  

  Signifi cant differences are noted by the following symbols: α—human, swine; β—human, canine; θ—human, ovine; δ—swine, canine; ε—swine, 

ovine; ζ—canine, ovine  
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human dimensions were signifi cantly 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, signifi cantly longer than all hearts in the non-coronary 

dimension, and signifi cantly 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 

signifi cantly longer than the canine hearts at this location. 

Finally, the average diameter of the basal annulus of the 

 aortic valve was signifi cantly 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 fi rst study specifi cally 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 fi ndings 

should be seen as a unique initial database on the overall 

shape of hearts, appendages, and valves, the presence or 

absence of specifi c anatomical features, and quantitative 

dimensions, which were measured in nondissected pressure-

fi xed, 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 specifi c 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 specifi c (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 specifi cally performing cardio-

vascular research with the hope of translating such results to 

relevant human research. 

 There are specifi c 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 

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 fi nding 

a moderator band in the right ventricle of all sheep and pigs 

studied, failed to fi nd 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 defi nition 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 

leafl ets they supported. They defi ned 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 

fi ndings 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 specifi c 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 fi ndings 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 fi brillation, it 

should be noted that some of our qualitative fi ndings 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 specifi c 
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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 fi nding which is 

similar to our fi ndings in 3 of the 8 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 defi nition is used to describe the right 

atrial appendage, one would fi nd 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 specifi cally, they measured 

the infl ow and outfl ow 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 infl ow tract to be 

5.4 ± 0.4 cm, the length of the right ventricular outfl ow tract 

to be 8.6 ± 0.5 cm, the length of the left ventricular infl ow 

tract to be 7.6 ± 0.4 cm, and the length of the left ventricular 

outfl ow tract to be 7.4 ± 0.4. In the present study, we found 

the length of the right ventricular infl ow tract to be 

5.6 ± 0.3 cm, the right ventricular outfl ow tract to be 

7.9 ± 0.5 cm, the length of the left ventricular infl ow tract to 

be 6.8 ± 0.6 cm, and the length of the left ventricular outfl ow 

tract to be 7.3 ± 0.6 cm. Overall, the measurements from the 

two studies are similar; however, the right ventricular out-

fl ow tract and left ventricular infl ow 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 defi nitions of the measurement 

end points. For instance, the right ventricular infl ow tract 

measurement was described as “the length of the infl ow 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, signifi cantly 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 

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 infl ow 

tract was on average 5.9 ± 0.8 cm, and the outfl ow tract was 

8.4 ± 1.0 cm. Interestingly, the outfl ow tract length was again 

longer than that measured in the current study, while the 

infl ow 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 fi ndings 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 defi nition 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 fi t 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-fi xed 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 signifi cantly 

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 fi xation 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 ± 1.9 to 21.2 ± 2.0 mm and maximum diameter (approxi-

mately parallel to the septum) changed from 36.4 ± 2.4 to 

40.1 ± 2.6 mm. While this report does not specifi cally 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-fi xed hearts we 

provided above can also be used to illustrate some differ-

ences in gross morphology. Interestingly, the average right 

ventricular infl ow tract of the human hearts examined in this 

study was signifi cantly longer than that of the other hearts 

examined, although the outfl ow 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 fi nding was the signifi cantly 

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 

signifi cantly 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 fi eld 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 specifi cally 

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 confi gurations. We 

observed that specifi c differences in the cardiac anatomy 

exist between the species, for hearts isolated and pressure 

perfusion fi xed 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 specifi c 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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    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 fi lling 

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 

fl ow 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  

        M.  G.   Bateman ,  PhD      (*) •    J.  L.   Quill ,  PhD    •    A.  J.   Hill ,  PhD    

  Medtronic, Inc. ,   8200 Coral Sea St. NE, Mounds View , 

 Minneapolis ,  MN   55112 ,  USA   

 e-mail: michael.g.bateman@medtronic.com   

    P.  A.   Iaizzo ,  PhD    

  Department of Surgery ,  University of Minnesota ,   Minneapolis , 

 MN   55455 ,  USA    

 7

  Abbreviations 

   APM     Anterior papillary muscle complex 

(superoposterior)   

  PPM     Posterior papillary muscle complex 

(inferoanterior)   

7.1           Introduction 

 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 

knowledge is required for directing translational research, 

including initiating preclinical investigations, assessing the 

feasibility of clinical trials, and performing fi rst-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, specifi cally the 

  pulmonary     and    aortic valves    .  All valves are complex struc-

tures whose normal anatomical structure can vary greatly 

among individuals and/or also become modifi ed by disease 

processes. In this review, we discuss the anatomy, pathology, 

and issues related to transcatheter and surgical repairs of the 

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-

lifi c 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 specifi c 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 fi brous 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 fi brous continuity between the leafl ets of the 

mitral and aortic valves. This fi brous strap, thickened at both 

its ends by the fi brous 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 leafl ets extends 

antero-cranially from the region of fi brous 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 leafl ets (Fig.  7.3 ) [ 2 ]. The right 

fi brous 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 fi brous body. 

The smaller left fi brous trigone is formed at the leftward end 

of this zone of fi brous continuity [ 4 ]. Inconstant cords of 

fi brous tissue then extend from the margins of the fi brous 

continuity between the aortic and mitral valve to support the 

mural (anterior) leafl et of the mitral valve.

  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 fi brous connection between the leafl ets of 

the mitral valve creating a double orifi ce valve       

  Fig. 7.2    Dissection of the cardiac  skeleton   showing the aortic valve 

( center ), the mitral valve annulus ( below right ), and the fi brous sections 

of the tricuspid valve (to the  left ). The original image for this fi gure was 

kindly provided by Professor Robert H. Anderson. It was initially pub-

lished in “Cardiac Anatomy” [ 3 ] and has been modifi ed for this review. 

Professor Anderson retains the copyright of the initial image       

  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 fi gure was kindly provided by 

Professor Robert H. Anderson. It was initially published in “Cardiac 

Anatomy” [ 3 ] and has been modifi ed 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 fi brous body and the left fi brous trigone, respec-

tively (Fig.  7.3 ) [ 2 ]. It is the exception rather than the rule, 

however, for these fi brous 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 fi nd segments of the 

valvar leafl ets hinged from the fi broadipose tissue of the 

atrioventricular junction, rather than from a fi rm fi brous 

annulus [ 5 ]. In the tricuspid junction, the valvar leafl ets are 

normally hinged from fi broadipose tissue [ 6 ]. The annuluses, 

as part of the atrioventricular junctions and rarely being 

complete fi brous 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 fi broadipose 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 leafl ets of the pulmonary valve have no direct fi brous 

support other than that provided by the valvar sinuses. The 

basal components of each leafl et 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:

•    Valve leafl ets attached to the respective annulus  

•   Tendinous cords attaching the leafl ets to the ventricular 

myocardium  

•   Papillary muscles providing the anchoring points for the 

tendinous cords to the ventricular wall    

 The leafl ets of the atrioventricular valves can be thought 

as forming a  skirt  that hangs from the annulus; leafl ets are 

divided into a series of sections that constitute the distinct 

leafl ets of each valve. Due to the extent of variations between 

individuals with regard to leafl et morphologies, there has 

been much debate relative to nomenclature on the number of 

leafl ets of both the mitral and tricuspid valves [ 8 – 10 ]. 

Traditionally, the division of the leafl ets has been determined 

by the presence of commissures which can be described as 

the peripheral attachment of a break in the skirt [ 1 ]. 

 The leafl ets 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 leafl ets near to the annulus. Typically, 

the cords supporting the free edges of the leafl ets are known 

as   fan cords    due to the presence of multiple fenestrations. 

Those that attach to the rough zone of the leafl ets are distin-

guished by their larger size and are commonly defi ned as 

  strut cords   . Finally, those that attach near the annulus are 

known as   basal cords   . The strut cords are of specifi c 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 leafl ets 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 fi lling, by moderating wall ten-

sions and improving the effi ciency of the ventricular 

myocardium [ 15 ,  16 ]. During systole in normal/healthy car-

diac function, the valve leafl ets, 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 fi lling through the open atrioventricular valves, eddy cur-

rents that form behind the leafl ets and tension in the sub- 

valvar apparatus keep the leafl ets 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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     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 

  Fig. 7.4    Internal videoscopic 

images of the  mitral valve   

from above ( a ,  b ) and below 

( c ,  d ) during systole ( a ,  c ) 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 

( c ,  d ) during systole ( a ,  c ) and 

diastole ( b ,  d ) obtained 

employing Visible Heart ®  

methodologies       
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fi brillation). Dysfunction of the valves in diastole (failure of 

the valve to fully open and allow blood to fi ll the expanding 

ventricles) is termed   stenosis   . This decrease in effective ori-

fi ce area of the open valve is often due to stiffening or calci-

fi cation of the valve leafl ets.   

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 outfl ow 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 leafl ets do not require a tension apparatus to maintain 

competency. When closed, the three leafl ets of each valve 

coapt along zones of apposition, or  commissures,  which are 

fi brous zones some distance from the free edge of the leaf-

lets. At the center of the valve where all three leafl ets coapt, 

a distinct fi brous nodule can be found. The valve leafl et 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 leafl ets, thereby 

giving the valve a crown-like shape. These three points, par-

ticularly in the aortic valve, are used to defi ne 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 defi ned annuluses for both the pulmonary and aor-

tic valves [ 19 ]. Interestingly, there is a defi ned annulus where 

the respective arteries are attached to the ventricular outfl ow 

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. 

Just distal to the valves are the   arterial sinuses    that are rep-

resented by dilations of the artery positioned above each 

leafl et and additionally house the coronary artery ostium. 

The sinus also provides a recess for the valve leafl ets to 

retract into, allowing for unrestricted fl ow from the ventricle 

to the artery. Finally, the virtual ring, upon which many 

annular measurements are based and which defi nes the basal 

plane of aortic valve, is defi ned by the three anatomical 

anchors at the nadir of each aortic leafl et [ 20 ]. These features 

are illustrated by the diagram in Fig.  7.6 . The position and 

defi nition 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 defi ni-

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 leafl ets 

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 fi lling through the atrioventricular valves, 

the leafl ets 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 

fl ow 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. 

  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 

leafl ets 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 

image. Special 

acknowledgment goes to 

Gemma Price as the artist [ 7 ]       
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 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 outfl ow tracts).

  Fig. 7.7    Internal videoscopic 

images of the  pulmonary 

valve   from above ( a ,  b ) and 

below ( c ,  d ) during systole ( a , 

 c ) 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 

( c ,  d ) during systole ( a ,  c ) and 

diastole ( b ,  d ) obtained 

employing Visible Heart ®  

methodologies       
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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 defi ned as   stenosis    of the 

valve. This pathology is characterized by reduction in the 

effective orifi ce 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 

leafl et histology. The atrial sides of the leafl ets consist of 

spongy tissue (lamina spongiosa) comprised of fi brocytes, 

histiocytes, and collagen fi bers [ 22 ]. It is these collagen 

fi bers that are considered to supply the mechanical strength 

required of the atrioventricular valves. The ventricular 

sides consist of fi brous tissue (lamina fi brosa), and both 

these layers are surrounded by endothelial cells. 

Additionally, the valve leafl ets have been shown to incor-

porate both primary sensory and autonomic innervation. In 

general, it is considered that the anterior leafl et of the mitral 

valve has twice the innervation of the posterior leafl et [ 23 ]. 

These nerves are typically situated in the lamina spongiosa 

and extend over the proximal and medial portions of the 

leafl et [ 22 ]. Fibroblasts [ 24 ], smooth muscle cells [ 25 ,  26 ], 

and myocardial cells [ 27 ] are also commonly located within 

the leafl et tissue. 

 Cells within the leafl ets have been shown to elicit two 

types of  contractile activity  : (1) a brief contraction or twitch 

at the beginning of each heartbeat (refl ecting contraction of 

myocytes in the leafl et in communication with, and excited 

by, atrial muscle) which has relaxed by mid-systole and 

whose contractile activity is eliminated with β-receptor 

blockade, and (2) sustained tonic contractions (or tone) dur-

ing isovolumic relaxation, which has been shown to be 

insensitive to β-blockade, but doubled by stimulation of the 

neurally rich region of aortic-mitral continuity [ 28 ]. These 

contractile activities within the leafl ets are hypothesized to 

aid in the maintenance of anterior leafl et shape. This, in turn, 

could help prevent mechanical shock to the leafl ets upon 

valve closure and also aid in optimizing the leafl et shape for 

funneling blood into the left ventricular outfl ow tract [ 28 ]. 

 The  tendinous cords   are composed of a collagen core, 

surrounded by elastin fi bers interwoven in layers of loose 

collagen. Similar to the valve leafl ets, 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 confi guration during dias-

tole. The elastin fi bers are normally arranged in parallel 

fashion relative to the collagen fi bers, and as the cords are 

stretched during systole, the elastin fi bers are also 

stretched, straightening the collagen. It is hypothesized 

that it is this composite confi guration of elastin and colla-

gen that provides a smooth mechanism for the transmis-

sion of cordal forces from the leafl ets to the papillary 

muscles. Additionally, during diastole, the stretched elas-

tin fi bers likely help to restore the wavy confi guration 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 fi bers and is 

further considered to supply nutrients to the leafl ets. 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 fi bers run parallel to each other along the length of 

the muscle to increase contractile force and effi ciency. 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 fi rst drew attention to the specifi c histo-

logical structures of the arterial valves, his account then 

being endorsed by others such as Misfeld and colleagues 

[ 22 ,  30 ]. Each leafl et of the semilunar valve was described to 

have a fi brous core, or   fi brosa   , with an endothelial lining 

containing delicate sheets of elastin on its arterial and ven-

tricular aspects. This so-called fi brous “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 leafl et cusps. The zone of apposition of the 

leafl ets consists of an abrupt thickening of the fi brous layer 

made up of closely packed vertically directed fi bers 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 leafl et displaying the varying 

 tissue   types [ 31 ].
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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 fl ow of blood between the left atrium and 

ventricle. Commonly, the valve consists of an annulus, two 

leafl ets, 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 leafl ets—a posterior leafl et with three 

scallops and an anterior leafl et with one scallop. Each region 

of the leafl ets 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 leafl ets 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 leafl ets and 

recognizing that they are aortic and mural in their locations 

[ 33 ]; in this chapter, we will use such nomenclature. The 

  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 leafl ets to the 

ventricular myocardium is 

proximal relative to the 

anatomic junction. Image 

is reproduced with 

permission from Piazza N 

et al. (2008) [ 31 ]       

  Fig. 7.10    An artist’s 

rendition of the healthy  mitral   

and  tricuspid valves   clearly 

showing the annuluses, 

leafl ets, tendinous cords, and 

papillary muscles       
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junctions of the two leafl ets 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 leafl ets during valve closure is 

known as the   fi brous ridge   . The simplicity and practicality of 

Carpentier’s anatomic description of the mitral leafl ets 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 leafl et and their relative positions [ 34 ].

   In general, the aortic leafl et is found to be attached to 

approximately one-third of the annulus circumference and is 

supported by the aorto-mitral fi brous continuity, which ter-

minates in the left and right fi brous trigones (Fig.  7.12 ). The 

mural leafl et is attached to the remaining two-thirds of the 

annulus and also to the fi brous extensions that continue from 

the trigones around the mitral valve. However, the lengths of 

these extensions can be highly variable. Furthermore, a 

fi brous-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 

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 

  Fig. 7.11    Nomenclature of 

the  mitral valve leafl ets  . 

The  left  diagram shows 

Carpentier’s 1976 

nomenclature, while the 

 right  depicts the modern 

attitudinally correct 

nomenclatures       

  Fig. 7.12    Trigones and the aorto-mitral fi brous 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 ]       

  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 leafl ets 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 2  

 9.49 ± 1.25 cm 2  

  n  = 84 

  n  = 13 

 Septal-lateral (A2-P2) diameter 

[ 36 ,  37 ] (considered the short axis 

of the valve) 

 2.38 ± 0.40 cm 

 3.00 ± 0.45 cm 

  n  = 84 

  n  = 13 

 Commissure-commissure diameter 

[ 36 ,  37 ] (considered the long axis 

of the valve) 

 4.10 ± 0.48 cm 

 3.42 ± 0.40 cm 

  n  = 84 

  n  = 13 

 Annulus height during systole [ 38 ]  8.1 ± 1.7 mm   n  = 24 
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(posterior or PPM)—with their attached tendinous cords 

which, in turn, insert onto the ventricular surfaces of each of 

the two valve leafl ets [ 33 ]. In other words, the superoposterior 

papillary muscle complex is not solely associated with the 

aortic leafl et, but rather both the leafl ets; likewise, the infero-

anterior papillary muscle complex is not solely associated 

with the mural leafl et. 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 

classifi cation 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-

simplifi cation, 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 classifi ed by their num-

ber and length and quantifi ed by one of two measurement 

techniques—tethering length and insertion length.   Tethering 

length    is defi ned as the distance from the papillary head to the 

saddlehorn of the mitral annulus.   Insertion length    is defi ned 

as the length of the cords from their origin at the papillary 

head to their insertion into the leafl et 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 leafl et may extend simply 

from the ventricular myocardium to the leafl et 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 

classifi ed by  both   function [ 43 ] and type [ 44 ]. Figure  7.15  

shows examples of these identifi ed 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         The Tricuspid Valve 

 The right atrioventricular valve, or  tricuspid valve  , is situated 

within the right atrioventricular junction and modulates the 

fl ow of blood between the right atrium and right ventricle. 

This valve is typically defi ned by three leafl ets 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 defi ned using attitudi-

nally correct nomenclature, these leafl ets are located in 

septal, anterosuperior (traditionally anterior), and inferior 

(traditionally posterior) positions (Figs.  7.16  and  7.17 ) [ 45 ].

    The anterosuperior leafl et 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 leafl et is hinged from the undersurface of the supraven-

tricular crest and provides a curtain between the infl ow and 

outfl ow tracts of the right ventricle. The inferior leafl et is 

hinged from the diaphragmatic aspect of the atrioventricular 

junction. The septal leafl et 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 leafl et is often cleft as it crosses the membranous 

  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 ± 0.82 cm  n = 120 

 PPM tethering length in systole [ 41 ]  3.76 ± 0.78 cm   n  = 120 

 Anterior leafl et insertion length [ 42 ]  1.81 ± 0.49 cm   n  = 50 

 Posterior leafl et insertion length [ 42 ]  1.18 ± 0.26 cm   n  = 50 

 Ratio of chordal origins to 

insertions [ 43 ] 

 1:5   n  = 18 

   APM  superoposterior (anterior) papillary muscle 

  PPM  inferoanterior (posterior) papillary muscle  
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  Fig 7.15    Dissections of a human mitral valve ( left ) 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 leafl ets  . 

The  left  diagram shows 

Carpentier’s 1976 

nomenclature, the  right  

depicts the modern 

attitudinally correct 

nomenclatures       

  Fig. 7.17    Relative positions 

of the three leafl ets of the 

 tricuspid valve   positioned 

septally, anterosuperiorly, and 

inferior or murally. Note the 

location of the membranous 

septum as indicated by the 

 double-headed arrow . In this 

human heart, the anterior 

papillary muscle ( asterisk ) is 

attached to the midpoint of 

the anterosuperior leafl et. 

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 leafl ets 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 leafl ets of the tricuspid valve 

are complimented by a sub-valvar apparatus consisting of 

papillary muscle complexes that work to tether the valve 

leafl ets 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 leafl ets is supported 

by the medial papillary muscle complex, also known as the 

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 leafl ets, but often inserts into the midportion of the anter-

osuperior leafl et. 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 leafl ets. The septal leafl et 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 leafl ets 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 defi ned as the distance 

from the origin of the  papillary   muscles to their correspond-

ing insertion points on the valve leafl ets (Table  7.4 ) [ 49 ]. 

These measurements were completed on 50 formalin-fi xed 

human hearts; it should be noted that these data may have 

   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 2    n  = 13 

 Post mortem orifi ce area [ 48 ]  10.60 ± 3.40 cm   n  = 160 

 Systolic septo-medial 

dimension [ 37 ] 

 3.31 ± 0.32 cm   n  = 13 

 Systolic anterior-posterior 

dimension [ 37 ] 

 3.79 ± 0.43 cm   n  = 13 

 Postmortem annular 

circumference [ 49 ,  50 ] 

 11.10 ± 1.10 cm 

 11.30 ± 0.50 cm 

  n  = 50 

  n  = 24 

  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)       

   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 leafl et insertion length [ 49 ]  1.50 ± 0.87   n  = 50 

 Anterior leafl et insertion length [ 49 ]  1.53 ± 0.69   n  = 50 

 Posterior leafl et insertion length [ 49 ]  1.37 ± 0.64   n  = 50 
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specifi c 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 benefi t  the   fi eld.

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 leafl ets 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 outfl ow tract into 

the aortic root. The top of the crown can be considered as a 

true ring, the sinotubular junction, defi ned by the sinus ridge 

and the related sites of attachment of the peripheral zones of 

apposition, between the aortic valve leafl ets [ 31 ]. Hence the 

sinotubular junction dictates the transition from the aortic root 

into the ascending aorta. The semilunar hinges then cross 

another defi ned “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 defi nable 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 

[ 52 ,  29 ] 

 26.9 ± 2.8 

 26.4 ± 2.8 

  n  = 25 

  n  = 150 

 Minimum aortic annular diameter 

[ 52 ,  29 ] 

 21.4 ± 2.8 

 24.0 ± 2.6 

  n  = 25 

  n  = 150 

 Sinus of Valsalva mean diameter [ 29 ]  32.3 ± 3.9   n  = 150 

 Sinus of Valsalva height above the basal 

plane [ 29 ] 

 17.2 ± 2.7   n  = 150 

 Sinotubular junction mean diameter [ 29 ]  28.1 ± 3.1   n  = 150 

 Sinotubular junction height above basal 

plane [ 29 ] 

 20.3 ± 3.1   n  = 150 

  Fig. 7.19    The aortic leafl ets 

have been removed from this 

human aortic root specimen. 

One can then observe the 

locations of the three defi ned 

aortic rings, i.e., relative to 

the crown-like hinges of the 

leafl ets.  A-M  aortic-mitral,  VA  

ventriculoarterial [ 7 ]. Image 

was modifi ed from an original 

fi gure provided by Professor 

Robert H. Anderson; 

Professor Anderson retains 

the intellectual copyright of 

the original image       
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measurable leafl et 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 outfl ow 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 orifi ces 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 fi nd these arteries positioned superior relative 

to the sinotubular junction. Cavalcanti et al. reported the 

mean distance measured from the orifi ce of the left coronary 

artery to the basal attachments of the corresponding leafl ets 

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 confi gurations 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 leafl ets/cusps—the left coronary, 

the right coronary, and  the    nonadjacent   (or non-coronary).  

7.8.2     The Aortic Leafl ets 

 As noted above,  the   leafl ets 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 specifi cally, both the 

right and left leafl ets attach to the aortic root in the predomi-

nantly muscular region of the left ventricular outfl ow tract, 

whereas the nonadjacent leafl et is chiefl y attached to the 

fi brous region above the membranous septum (Fig.  7.19 ). 

This fi brous continuity connects the aortic valve to the ante-

rior (aortic) leafl et of the mitral valve, forming the aortic- 

mitral curtain. The zone of apposition of the right leafl et to 

the nonadjacent leafl et is positioned above the membranous 

part of the ventricular septum. The zone of apposition of the 

nonadjacent leafl et with the left coronary aortic leafl et is 

adjacent to the anterior wall of the left atrium. The left leafl et 

  Fig. 7.20    Artist’s rendition of the healthy aortic and pulmonary valves clearly showing the leafl ets, sinuses, outfl ow tracts, and arterial trunks       
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then continues toward the right leafl et, 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 fi brous interleafl et triangle that forms part of the ventricu-

lar outfl ow tract [ 65 ].

   It should be noted that variations may exist in all dimen-

sions of individual leafl ets, 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 leafl ets 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 leafl et 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 

leafl et dimensions of healthy valves highlight the need to 

focus on the anatomy and function of each leafl et 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 outfl ow 

tract), the  pulmonary valve   is considered, in an anatomical 

sense, a more simple valvar structure than the aortic 

valve (Fig.  7.20 ). The left and the right leafl ets 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 leafl ets: the right and left facing leafl ets and 

the nonfacing leafl et (Fig  7.21 ) [ 1 ]. Anatomically, the com-

missure of both the right and left leafl ets 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 leafl et 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     

 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 

  Fig. 7.21    Nomenclature for 

the individual leafl ets of the 

aortic and pulmonary valves. 

The traditional naming system 

is displayed to the  left  and the 

updated attitudinally correct 

nomenclature to the  right        
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this sizing presents limitations regarding the material proper-

ties of the pulmonary annulus differing signifi cantly 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 leafl et of the mitral valve [ 35 ,  69 ]. 

The circumfl ex 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 leafl et. In the majority of individuals with domi-

nance of the right coronary artery, the circumfl ex artery 

does not extend through the full length of the left side of the 

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 fl oor of the triangle of Koch, 

where it gives rise to the artery supplying the atrioventricu-

lar node. In many individuals, the circumfl ex 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 

leafl et 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 leafl et of the mitral valve (Fig.  7.22 ). The interleafl et 

triangle between the left coronary and non- coronary (non-

adjacent) aortic leafl ets 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 leafl ets [ 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 

insignifi cant 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-

  Fig. 7.22    Graphic 

representation of the 

co-location of the mitral valve 

to the coronary sinus, the left 

circumfl ex artery, and the 

aortic valve       
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cialized cardiomyocytes of the atrioventricular node bun-

dle themselves together and pierce the central fi brous 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 leafl et 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 suffi ciently 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 fi rst 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 

Koch   , situating the atrioventricular node in close proxim-

ity to the subaortic region of the left ventricular outfl ow 

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 specifi c 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 circumfl ex arteries in close proximity to the 

root [ 4 ]. In the instance of transcatheter valve deployment, 

the prosthesis typically will crush the leafl ets of the native 

valve against the aortic wall. Consequently, the combination 

of a relatively low-lying coronary artery ostium and a large, 

heavily calcifi ed native aortic leafl et can lead to obstruction 

of the fl ow into the  coronary   arteries [ 31 ].  

  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       
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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 leafl ets, in particular, whether they pro-

lapse or show fl ail or restricted motion (assessment will 

also include exclusion of thickening calcifi cation, myxo-

matous degeneration, clefts, fusions along zones of appo-

sition, perforations, vegetations, or abnormal shelves or 

membranes)  

•   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 .

   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 ]:

•     Relative size and shape of the annulus.  

•   Number and mobility of the leafl ets, in particular whether 

they show restricted motions. This assessment will also 

include exclusion of thickening calcifi cation, fusions 

along zones of appositions, and/or leafl et 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 

  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 leafl ets. It then 

branches out and descends 

along the septal endocardial 

surfaces of the left ventricular 

myocardium [ 9 ,  25 ]       
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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-

cal structures (defi ned 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.  

  Keywords  

  Coronary arteries   •   Coronary veins   •   Venous valves   •   Stents   •   Transvenous pacing leads  

8.1        Introduction 

 While anatomical studies of the heart began centuries ago, 

Herophilus (c. 335–c. 280  bc ) was the fi rst 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 fi rst 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 fl ows were not well understood 

until the technology capable of measuring arterial and venous 

fl ows 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 

http://link.springer.com/book/10.1007/978-3-319-19464-6_8
http://dx.doi.org/10.1007/978-3-319-19464-6_8
mailto:julianne.spencer@medtronic.com
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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 

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 .

  Fig. 8.1    The supply and 

drainage confi guration of the 

coronary arterial and venous 

systems [ 28 ]. Reproduced 

with permission of Springer 

in the format Educational/

Instructional Program via 

Copyright Clearance Center       

  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.)       

 

 

J.H. Spencer et al.



139

    Coronary  blood fl ow   is critical in supporting cardiac 

function. If disease states or acute events occur that obstruct 

coronary fl ow, consequences are commonly detrimental and 

sometimes fatal. For example, changes in electrocardio-

grams can be recorded within beats when there is inadequate 

blood fl ow delivered to a given region of the heart. Whenever 

coronary blood fl ow 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 fi brillation). 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 fl ow, 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 

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  

   Th e  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  circumfl ex artery , at a 

location between the left atrial appendage and the pulmonary 

trunk [ 7 ]. Some individuals possess a third artery that 

  Fig. 8.3    Anterior ( left ) and posterior ( right ) views of  the   3D recon-

structed coronary arteries and ventricular tissue of a perfusion-fi xed 

human heart generated from a contrast-CT scan. The atria have been 

removed for better visualization of the coronary arteries. Some of the 

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     Circumfl ex Artery and Its Branches 

 The  circumfl ex artery, also   referred to as the  left circumfl ex 

artery , stems from the left main and courses along the left 

atrioventricular groove. The circumfl ex 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 circumfl ex 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-

cumfl ex 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-fi fths 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 circumfl ex artery in 

the remaining two-fi fths 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 

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 fl ow 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 fi stulas. These are 

defi ned 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 

fi stula sites are located in the right ventricle [ 7 ,  21 ]. It has been 

reported that these fi stulas 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 

J.H. Spencer et al.
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more calcifi c deposits can be observed [ 24 ]. While these 

changes are common with aging, certain disease states can 

signifi cantly increase fl ow restrictions to the point of causing 

detrimental damage, myocardial ischemia, and/or death. 

More specifi cally, coronary artery disease is generally defi ned 

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 calcifi ed, increase in size, and eventually cause sig-

nifi cant 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.

   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 fl ow 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) β-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 

  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 

coronary artery,  RCA  right 

coronary artery,  CFX  circumfl ex 

artery       
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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 fl uid. Subsequent 

movement of these molecules into a cell is accomplished by 

both diffusion and mediated transport. Nevertheless, as with 

all organs, blood fl ow 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 fl ow 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    .) 

  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 fi gure 

shows that this particular 

arterial branch was not 

completely encased by 

epicardial fat, but was 

partially surrounded by 

myocardium       
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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 

orifi ce 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 

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 fl ow 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 ].  

  Fig. 8.6    3D reconstruction of 

the coronary veins and cardiac 

tissue from a contrast-CT of a 

perfusion-fi xed 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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   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 fi rst 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 

  Fig. 8.7    Internal view of the 

coronary sinus orifi ce 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       
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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 fl ow. Such valves in the heart are often present 

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 identifi ed 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. Specifi cally, 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 orifi ce 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 a result, therapies requiring access to the coronary 

sinus ostium must be delivered into the superior vena cava [ 28 ]. 

  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 

format Educational/

Instructional Program via 

Copyright Clearance Center       
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 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 signifi cant 

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 diffi cult to distinguish at low power magnifi -

cation. Concentric layers of smooth muscle, along with col-

lagenic and elastic fi bers, 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 fi bers [ 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 specifi cally, 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 effi cient collaterals 

due to hypertrophic remodeling [ 5 ]. Such collaterals may 

  Fig. 8.9    A view of a venous 

valve located at the orifi ce of 

an inferior vein of the left 

ventricle. The image was 

obtained using a fi berscope in 

the coronary sinus of a 

reanimated human 

heart. Reproduced with 

permission of Springer in the 

format Educational/

Instructional Program via 

Copyright Clearance Center       
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help to protect against ischemia by continuing to allow blood 

to fl ow 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 specifi c region of myocardium [ 5 ,  74 ]. While col-

laterals increase in size and number with age, whether this 

increase is related to atherosclerosis is considered unknown 

[ 74 ,  75 ]. Nevertheless, large and signifi cant 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-

  Fig. 8.10    View of coronary 

venous wall at 20× 

magnifi cation. 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 magnifi cation       

  Fig. 8.11    This fi gure 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 

magnifi cation (10×). To the 

right, the coronary artery is 

signifi cantly thicker in both 

the tunica media and 

adventitia layers. Epicardial 

fat encases both of these 

vessels       
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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 suffi cient time to 

develop to adequately protect a given heart region from myo-

cardial tissue  damage  .  

8.7     Assessment and Visualization 
of the Coronary System 

   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 fl ow 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, fl exible, radio-opaque catheter into a peripheral vein 

(for right heart catheterization) or a peripheral artery (for 

the left heart) under fl uoroscopy (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 specifi cally 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 fl ow (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 fl ow, 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-

ies as traditional methods, but with signifi cantly 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 fi xed is essential to avoid suturing to a rigid 

calcifi ed 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 refl ections into 

in vivo images that can be used in the verifi cation 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 benefi t 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 infl ated to reopen the artery to allow the return 

of normal blood fl ow. 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 signifi cantly 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-

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 

fl ow 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 Anatomy; 

  www.vhlab.umn.edu/atlas    ). 

  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 infl ated to open the artery and deploy the stent. 

Finally, the catheter is removed and the stent is left behind       
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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, defi brillation 

coils implanted within the coronary venous system and, in 

particular, the middle cardiac or anterior interventricular 

veins can lower subsequent defi brillation thresholds signifi -

cantly [ 110 ,  111 ]. These lower thresholds are likely attribut-

able to more effi cient transfer of the defi brillation current 

through the heart [ 110 ]. Furthermore, from the coronary 

venous system, the coronary fl ow 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 

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 fl ow prior to an acute myocardial 

 infarction can signifi cantly 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 signifi cant 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 

  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 infl ated to deploy the proximal stent. 

The distal end of each balloon is positioned in each stented daughter 

branch during infl ation. ( C ) Simultaneous kissing balloon technique: 

two stents are deployed by infl ating both balloons simultaneously at the 

same pressure. ( D ) T stenting technique: the main branch is stented 

fi rst. Next, angioplasty is performed on the side branch to create an 

opening in the fi rst 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 fi rst stent is deployed in the side branch. The 

main branch is then stented, which “crushes” the proximal end of the 

fi rst stent against the wall of the main branch       
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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 specifi cally, 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 

benefi cial 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 qualifi ed 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 

fi brillation 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 fl ow 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 diffi cult 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 fi xation 

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    .    

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 effi cacy; (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 defi ned in terms of a fl exible 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 defi ned 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 

8 Coronary System and Devices

http://dx.doi.org/10.1007/978-3-319-19464-6_30
http://dx.doi.org/10.1007/978-3-319-19464-6_30


152

the network are the capillaries, which are typically on the 

order of 5–7 μm 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 signifi cant 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 infl ated 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 

fi t 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 Profi le 

  Cross- sectional   shape profi le is another parameter that is 

closely related to vessel diameter. Cross-sectional shape pro-

fi le is determined by the shape of the vessel that results after 

slicing it perpendicular to its centerline. In a hypothetical 

cylinder, this profi le would be a perfect circle. When arteries 

are diseased and may contain signifi cant amounts of athero-

sclerotic plaque, their cross-sectional profi les can change 

from roughly circular to a variety of different, and often quite 

complex, profi les depending on the amount and relative ori-

entation of the plaque. To date, coronary venous shape pro-

fi les 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 profi les 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 profi le 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 infl ated, 

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 specifi c 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 fl ow- 

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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sinus ostium to varying degrees [ 34 ,  46 ,  151 – 155 ]. When the 

Thebesian valve is signifi cantly prominent in the manner in 

which it covers the coronary sinus ostium, the relative can-

nulation of the sinus can be much more diffi cult than in other 

cases as illustrated in Fig.  8.14  [ 153 ,  154 ].

   This consideration is important as it specifi cally 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 

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 defi ned 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 fl uoroscopic 

images are acquired, then the location of the occluded arte-

rial region can be quickly identifi ed. 

 A specifi c 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 specifi c 

patient or across a population, might improve ease of implant 

and long-term effi cacy 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 defi ned. 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 

  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       
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segment element and the direction of curve orientation must 

be defi ned. 

 The levels of tortuosity encountered in the coronary 

vessels will signifi cantly infl uence 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 

diffi cult 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     Wall Thickness 

   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-

ness of the larger coronary arteries is roughly 1 mm [ 161 , 

 162 ]. To our knowledge, only one study has defi ned venous 

wall thickness [ 143 ]. In general, anterior and middle cardiac 

vein wall thickness (0.11–0.17 mm) was signifi cantly 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 signifi cantly 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 signifi cant 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 signifi cant 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 signifi cantly affect cardiac device effi -

cacy, particularly for transvenous pacing leads. Pacing thresh-

olds for leads implanted in coronary veins have previously 

      Table 8.1    Mean  and   standard deviations of coronary venous anatomical parameters assessed for 121 human hearts using contrast-computed 

tomography   

 Vein 

 Distance to the 

coronary sinus 

ostium (mm) 

 Branching 

angle (°) 

 Arc length 

(mm)  Tortuosity 

 Number of 

branches 

 Ostial short 

axis diameter 

(mm) 

 Ostial long 

axis diameter 

(mm) 

 Small cardiac vein (SCV)  n  = 14  18.5 ± 11.2  100.2 ± 21.8  33.0 ± 9.2  1.15 ± 0.06  0.2 ± 0.4  2.9 ± 1.4  4.5 ± 2.1 

 Middle cardiac vein (MCV)  n  = 121  9.0 ± 5.4  87.8 ± 22.1  129.7 ± 23.4  1.37 ± 0.22  6.8 ± 4.4  4.1 ± 1.5  5.7 ± 1.9 

 Inferior vein (IV)  n  = 135  21.3 ± 10.2  95.4 ± 19.4  79.4 ± 42.6  1.22 ± 0.17  4.0 ± 4.4  2.7 ± 0.9  4.0 ± 1.5 

 Inferolateral vein (ILV)  n  = 60  42.4 ± 12.9  93.5 ± 17.0  67.2 ± 3 4.1  1.27 ± 0.39  3.7 ± 4.3  3.1 ± 1.3  4.0 ± 1.3 

 Left lateral vein (LLV)  n  = 153  66.7 ± 12.9  103.0 ± 24.8  76.4 ± 35.6  1.24 ± 0.15  5.0 ± 4.6  3.3 ± 1.3  4.2 ± 1.5 

 Anterolateral vein (ALV)  n  = 70  88.0 ± 17.8  95.7 ± 15.4  46.3 ± 23.2  1.18 ± 0.11  1.5 ± 2.3  2.4 ± 0.8  3.1 ± 1.1 

 Anterior interventricular vein (AIV) 

 n  = 121 

 101.0 ± 15.0  164.8 ± 22.1  125.5 ± 31.3  1.35 ± 0.17  9.9 ± 5.6  4.5 ± 1.1  5.4 ± 1.3 
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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.  

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 signifi cant 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 infl uences 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-fi x 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 fi xed 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 circumfl ex artery relative to the cor-

onary sinus also has clinical implications. For example, cir-

cumfl ex artery compression is a known concern for indirect 

mitral valve annuloplasty devices deployed in the coronary 

sinus if the circumfl ex courses between the valve and the 

coronary sinus [ 135 ,  149 ,  179 – 181 ]. Similarly, damage to 

the circumfl ex can occur as a result of ablation therapy deliv-

ered to the left atrium via the coronary sinus depending on 

the circumfl ex 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 

  Fig. 8.15     Diagram   of coronary vessel branching angle. Angle  θ  repre-

sents the branching angle generated between the parent and daughter 

vessels       
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challenge associated with left ventricular lead implantation 

procedures is to avoid undesired stimulation of the left 

phrenic nerve. Note that phrenic nerve stimulation at implan-

tation or follow-up has been reported, in one case series, to 

occur in over one-third of patients [ 183 ]. 

 Finally, the anatomical relationship between the coronary 

sinus and the left atrial mitral isthmus is important to effec-

tively treat atrial fi brillation when pulmonary vein isolation 

is inadequate [ 184 – 186 ]. However, ineffective ablation 

applications within this region have been reported to be pro- 

arrhythmic [ 187 ]. Thus, it is important to understand the ana-

tomical proximity of the mitral isthmus to the coronary sinus 

in order to achieve optimal therapeutic outcomes.   

8.9.11     Assessment of Anatomical Parameters 

 There are various methods that  can   be used to assess coro-

nary arterial and venous parameters discussed here. Direct 

measurements on cadaveric heart specimens have been used 

to measure physical parameters [ 33 ,  34 ,  46 ,  171 ,  174 ]. 

However, there are limitations to these direct measurements 

including: (1) the presence of adipose tissue can hide the full 

anatomy of the vessels; and (2) the measurements are limited 

to two dimensions. Computed tomography [ 55 ,  156 ,  159 , 

 172 ,  173 ,  188 – 191 ] and magnetic resonance imaging [ 149 , 

 158 ,  160 ,  192 , 193], both in vivo and in situ, have been used 

to analyze and quantify the coronary anatomy in three 

dimensions, as pictured in Fig.  8.16  and in Movie  8.6  in the 

online supplemental material.

8.10         Summary 

 Several hundred years ago, the function of the coronary sys-

tem was unknown. Now, the coronary system is known to be 

a highly variable network of arteries and veins supplying and 

draining the myocardium of oxygenated and deoxygenated 

blood, respectively. Due to advances in biomedical technolo-

gies, the coronary system has been utilized in a variety of 

therapeutic applications, including CRT. Additionally, debil-

itating cardiac disorders such as coronary artery disease can 

be alleviated by surgical or interventional approaches, e.g., 

with coronary artery bypass grafts or with less invasive stent-

ing. Nevertheless, a critical understanding of the structural 

and geometric anatomical characteristics of the coronary 

system is required to further optimize the development and 

delivery of future medical devices; devices need to be engi-

neered to successfully deliver therapies to a variety of 

patients with unique coronary venous anatomies.      

  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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9.1        Introduction 

 The pericardium is a fi broserous conical sac structure encas-

ing the heart and roots of the great cardiac vessels. In humans, 

it is located within the mediastinal cavity posterior to the 

sternum and cartilages of the 3rd through 7th ribs of the left 

thorax and is separated from the anterior wall of the thorax. 

It is encompassed from the posterior resting against the 

bronchi, the esophagus, the descending thoracic aorta, and 

the posterior regions of the mediastinal surface of each lung. 

Laterally, the pericardium is covered by the pleurae and lies 

along the mediastinal surfaces of the lung. It can come into 

direct contact with the chest wall near the ventricular apical 

region, but this varies with the dimensions of the long axis of 

the heart or with various disease states. Under normal cir-

cumstances, the pericardium separates and isolates the heart 

from contact by the surrounding tissues, allowing freedom of 

cardiac movement within the confi nes of the pericardial 

space (Fig.  9.1 ).

9.2        Anatomy 

 In humans, the 1–3 mm thick fi brous pericardium is com-

monly described as a  fl ask - shaped bag . The neck of the peri-

cardium (superior aspect) is closed by its extensions 

surrounding the great cardiac vessels, while the base is 

attached to the central tendon and to the muscular fi bers of 

the left side of the diaphragm (Fig.  9.2 ). Much of the pericar-
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dium’s diaphragmatic attachment consists of loose fi brous 

tissue that can be readily separated and/or isolated, but there 

is a small area over the central tendon where the diaphragm 

and the pericardium are completely fused.

   Examination of the pericardium reveals that it is com-

posed of two interconnected structures: the serous pericar-

dium and the fi brous pericardium. The serous pericardium is 

one continuous sac with a large infold that contains the heart 

(Fig.  9.3 ). An appropriate analogy would be a fi st (represent-

ing the heart) pushed into the side of a defl ated balloon (rep-

resenting the serous pericardium), therefore enveloped by 

two individual layers of material. The interior surface of the 

pericardium is intimately connected to the surface of the 

heart and is known as the  visceral pericardium  or the  epicar-

dium . The exterior surface of the serous pericardium is 

known as the  parietal pericardium  and is fused with the 

thick lining of the fi brous pericardium. The pericardial space, 

where the pericardial fl uid resides, is bounded on either side 

by the parietal and visceral pericardium. To the naked eye, 

however, the visceral pericardium cannot be distinguished 

from the surface of the heart, and the parietal pericardium 

cannot be distinguished from the fi brous pericardium. For 

this reason, the general use of the term  pericardium  refers to 

the composite of the parietal and fi brous pericardium, which 

appears to be a single sac that surrounds the heart. Yet, more 

accurately, the pericardium should be described as three total 

layers, with fl uid lining between two of them (Fig.  9.3 ).

   The inferior vena cava enters the pericardium through the 

central tendon of the diaphragm where there exists a small 

area of fusion between the pericardium and the central tendon, 

but it receives no covering from this fi brous layer. Between the 

left pulmonary artery and subjacent pulmonary vein is a trian-

gular fold of the serous pericardium known as the  ligament of 

the left vena cava  (or vestigial fold of Marshall). It is formed 

by a serous layer over the remnant of the lower part of the left 

superior vena cava (duct of Cuvier) which regresses during 

fetal life but remains as a fi brous band stretching from the 

highest left intercostal vein to the left atrium, where it aligns 

with a small vein known as the  vein of the left atrium  (or 

oblique vein of Marshall), eventually opening into the coro-

nary sinus. The pericardium is also attached to the posterior-

sternal surface by superior and inferior sternopericardial 

  Fig. 9.1    Posterior view of the pericardial sac, with the anterior surface 

and heart cut away. One can see that the great vessels of the heart pen-

etrate through the pericardium, which extends up these vessels for sev-

eral centimeters       

  Fig. 9.2    The fi brous 

pericardium of a fresh human 

cadaver is opened to expose 

the epicardium of the heart. 

Note the attachment of the 

pericardium to the diaphragm       
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ligaments that securely anchor the pericardium and also act to 

maintain the orientation of the heart inside the thorax. 

 As previously mentioned, the serous pericardium is a closed 

sac that lines the fi brous pericardium consisting of a visceral 

and a parietal portion. The visceral portion that covers the heart 

and great vessels is commonly referred to as the  epicardium  

and is continuous with the parietal layer that lines the fi brous 

pericardium. The parietal portion covering the remaining ves-

sels is arranged in the form of two tubes. The aorta and pulmo-

nary artery are enclosed in one tube (the  arterial mesocardium ), 

while the superior and inferior venae cavae and the four pulmo-

nary veins are enclosed in the second tube (the  venous meso-

cardium ) (see JPG   9.1     in the online supplemental material). 

There is an attachment to the parietal layer between the two 

branches, behind the left atrium, commonly referred to as the 

 oblique sinus . There is also a passage between the venous and 

arterial mesocardia (i.e., between the aorta and pulmonary 

artery in front and the atria behind) that is termed the  transverse 

sinus . The  superior sinus or superior aortic recess  extends 

upward along the right side of the ascending aorta to the origi-

nation point of the innominate artery. The superior sinus also 

joins the transverse sinus behind the aorta, and they are both 

continually fused until they reach the aortic root. For additional 

text describing this anatomy, also see Chap.   5    . 

 The arteries of the pericardium are derived from the inter-

nal mammary and its musculophrenic branch and also from 

the descending thoracic aorta. The nerves innervating the 

pericardium are derived from the vagus and phrenic nerves, 

as well as the sympathetic trunks.  

9.3     Physiology of the Normal Pericardium 

9.3.1     Pericardial Fluid 

 In normal hearts, the pericardium should be considered as 

only a potential space. It contains 20–60 mL of pericardial 

fl uid, most of which resides in the major pericardial sinuses 

and the atrioventricular grooves [ 1 ]. The fl uid is an ultrafi ltrate 

of plasma and therefore has many similarities to plasma in its 

electrolyte composition; pericardial fl uid, however, contains 

about half the total protein concentration, one-third the triglyc-

eride and cholesterol content, and one-fi fth the amount of 

white blood cells [ 2 ]. A more complete comparison of plasma 

and pericardial fl uid composition is shown in Table  9.1 .

   The details of the formation, clearance, and turnover of 

pericardial fl uid have not yet been fully explained. Yet, it is 

generally agreed that pericardial fl uid is derived from plasma 

leakage from myocardial capillaries [ 3 ], and this fi ltrate is 

eventually drained by the lymphatic system. During situations 

of high pericardial fl uid pressure, such as in cardiac tampon-

ade, investigators have found that fl uid may pass through the 

pericardium and enter the pleural space [ 4 ]. The turnover time 

of pericardial fl uid in humans has not been established, but in 

sheep it is observed to be every 5.4 h [ 5 ]. 

 As mentioned previously, pericardial fl uid distribution is 

not uniform. The majority of the fl uid found in the major 

sinuses and grooves of the heart and makes up the pericardial 

reserve volume. The fl uid is considered to be well mixed due 

to the motion of the heart, and agents injected into the peri-

cardial space quickly and evenly disperse throughout [ 5 ]. 

Too much pericardial fl uid, either due to disease or an inter-

vention, may cause increased pericardial pressure and com-

promise cardiac performance, a syndrome called  cardiac 

tamponade . As shown in Fig.  9.4 , the pericardial reserve vol-

ume acts as a buffer against increasing pressure; once these 

groves and sinuses have fi lled, however, the pressure quickly 

increases with additional fl uid volume.

9.3.2        Mechanical Effects of the Pericardium 

 The degree to which the pericardium alters heart wall 

movement(s) varies depending on the ratio of cardiac to pericar-

dial size, loading conditions, and the degree of active and pas-

sive fi lling. Closure of the pericardial sac following open- heart 

  Fig. 9.3     Left : A schematic 

diagram of the serous and 

fi brous pericardium with 

respect to the heart.  Right : An 

expanded cross-section view 

shows the attachment of two 

layers of the serous 

pericardium (visceral and 

parietal) to the myocardium 

and fi brous pericardium, 

respectively       
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surgery has been proposed to (1): avoid possible postopera-

tive complications, (2) reduce the frequency of ventricular 

hypertrophy, and/or (3) facilitate future potential reopera-

tions by reducing fi brosis [ 6 ]. Furthermore, reported differ-

ences in ventricular performance, dependent on the presence 

of the pericardium, have been observed following cardiac 

surgery [ 7 ,  8 ]. 

 In general, the presence of a pericardium physically con-

strains the heart, often resulting in a depressive hemody-

namic infl uence limiting cardiac output by restraining 

diastolic ventricular fi lling [ 9 ,  10 ] (see Video   9.1     in the 

online supplemental material). The physical constraint by 

the pericardium is translated into direct external mechanical 

forces that can also alter patterns in myocardial and systemic 

blood fl ow [ 10 ,  11 ]. Direct primary and indirect secondary 

effects are observed as additional forces through the cham-

ber free walls. Because both the left and right side atria and 

the left and right side ventricles are bound by a common sep-

tum, geometrical changes from chamber interaction(s) are 

dynamic, depending on the different fi lling rates and ejection 

rates of each of the four chambers [ 12 ,  13 ]. Thus, it is impor-

tant to note that chamber-to-chamber interactions through 

the interventricular septum and by the pericardium further 

promote direct mechanical chamber interactions [ 14 – 16 ]. 

 The effects of the pericardium on mechanical measures of 

cardiac performance are generally not evident until ventricu-

lar and atrial fi lling limitations are reached, changing geo-

metrical and mechanical properties through factors such as 

maximum chamber volume and elasticity. These effects 

become more evident as the pericardial limitations become 

extended [ 17 ,  18 ]. With the known force-length dependence 

of cardiac muscle, variation of chamber volumes through 

removal of the pericardium will, in turn, alter isometric ten-

sions and therefore directly impact systolic ejection. On the 

other hand, in specifi c cases where the restrictive role of the 

pericardium greatly increases, such as during cardiac tam-

ponade, an increased intrapericardial fl uid volume may result 

in critical restriction by the pericardium that then reduces 

cardiac performance (Fig.  9.5 ) [ 19 ,  20 ].

   It should also be noted that increases in intrathoracic pres-

sure will create an additional interaction between the ventri-

cles, as well as between the heart and lungs in a closed chest. 

Thus, studying cardiac function in situ (with an opened 

chest) or in vitro allows for the elimination of these infl u-

ences of intrathoracic pressure and for more direct identifi ca-

tion and quantifi cation of pericardial infl uences on cardiac 

performance and ejection [ 21 ]. Furthermore, such isolation 

of these pericardial effects from diastolic fi lling is an impor-

tant consideration, since normal ventricular output is depen-

dent on diastolic pressure and independent of the presence of 

the pericardium [ 22 ].   

   Table 9.1    Normal plasma composition compared to the pericardial fl uid composition of 30 patients undergoing cardiac surgery   

 Normal plasma range  Pericardial fl uid mean value  Mean fl uid/serum ratio 

 Total protein (g/dL)  6.5–8.2  3.3  0.6 

 Albumin (g/dL)  3.6–5.5  2.4  0.7 

 Glucose (mg/dL)  70–110  133  1.0 

 Urea (mg/dL)  15–45  33  1.0 

 Calcium (mg/dL)  8.1–10.4  7.3  0.9 

 LDH (IU/L)  100–260  398  2.4 

 Creatinine (mg/dL)  0.8–1.2  0.9  0.9 

 Cholesterol (mg/dL)  130–240  43  0.3 

 Triglycerides (mg/dL)  50–170  34  0.3 

 White blood cells (K/μL)  4.0–10.8  1.4  0.2 

  Data from Ben-Horin [ 2 ]  

  Fig. 9.4    As pericardial fl uid volume increases, the pericardial reserve 

volume is fi lled. Once the reserve volume is full, pressure within the 

pericardium rapidly rises and cardiac performance may be compro-

mised. Adapted from Spodick [ 1 ]       
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9.4     Pericardial Disorders: Congenital, 
Pathological, and Iatrogenic 

 Sir William Osler referred to pericardial disease when he 

stated that “probably no serious disease is so frequently 

overlooked by the practitioner” [ 23 ]. Many pericardial disor-

ders are asymptomatic and often go unnoticed throughout 

the patient’s life, but some may be fatal (Fig.  9.6 ). Pericardial 

disorders may be classifi ed as congenital, pathological, or 

iatrogenic.

   Congenital abnormalities of the pericardium are 

extremely rare. Partial absence of the pericardium may 

occur, usually exposing the left side of the heart. Complete 

absence of the pericardium is even less frequent [ 23 ]. 

Cysts may also form during development in, on, or around 

the pericardium. These usually are not clinically signifi -

cant and need to be treated only if they become symptom-

atic [ 1 ]. A list of these major congenital abnormalities is 

found in Table  9.2 .

   During disease or injury, the pericardium responds with 

the production of fl uid, fi brin, cells, or a combination of the 

OR IN EXTREMIS
DEGREES OF SHOCK

PATIENT IN VARIABLE

DECREASED ARTERIAL

AND PULSE PRESSURES
OFTEN EXIST BUT
NOT PATHOGNOMONIC

NECK VEINS DISTENDED

HEART SOUNDS DISTANT

Parietal Pericardium

Pericardial Cavity

Visceral Pericardium (Epicardium) 

PERICARDIAL TAP
AT LARREY’S POINT

(DIAGNOSTIC AND
DECOMPRESSIVE)

  Fig. 9.5    Cardiac tamponade 

occurs when there is a large 

accumulation of fl uid in the 

pericardium ( top ). During 

tamponade, hemodynamics 

may be seriously 

compromised. Distended 

neck veins, decreased blood 

pressure, various degrees of 

shock, and distant heart 

sounds may all be symptoms 

of tamponade. In most cases, 

tamponade is treated by 

pericardiocentesis or drainage 

of the sac with a long 

hypodermic needle ( bottom ). 

©2006 Elsevier Inc. All rights 

reserved.   www.netterimages.

com    , Frank Netter       

 

9 The Pericardium

www.netterimages.com
www.netterimages.com


168

three [ 23 ]. The amount of each depends upon the type of 

disease or injury. Numerous forms of pericarditis can initiate 

an infl ammatory response, including fi brinous pericarditis, 

fi brous pericarditis, infective pericarditis, and cholesterol 

pericarditis. Diseases unrelated to the pericardium may also 

trigger a pericardial response, such as a nearby neoplasm or 

a myocardial infarction. After a transmural myocardial 

infarction, for example, patients almost always form adhe-

sions between the necrotic area of the myocardium and the 

fi brous pericardium [ 23 ]. Pericardial effusions, or excess 

fl uid in the pericardium, may occur with disease. Large vol-

umes of lymph, chyle, or blood may accumulate in the peri-

cardial sac. If the accumulation of fl uid is signifi cant, this 

may result in impaired cardiac function. This condition, car-

diac tamponade, can be fatal if not treated. A list of several 

major pathologically induced pericardial disorders is also 

found in Table  9.2 . 

 Finally, iatrogenic disorders often occur during the treat-

ment of unrelated diseases. During cardiac surgery, the peri-

cardium is often removed (partially or entirely) and is rarely 

repaired. There has been much debate as to whether closing 

the pericardium after surgery would be benefi cial to the 

patient. Most surgeons believe that closing the pericardium 

may acutely compromise postoperative hemodynamics and 

increase the risk of tamponade. More recent research has 

shown that there are no clinical benefi ts, but there may be 

adverse effects resulting from closure of the pericardium after 

cardiac surgery [ 24 ]. Nevertheless, if the pericardium is left 

open, the exposed epicardium tends to become very fi brous, 

complicating future interventions. It should be noted that 

non-cardiac surgical procedures performed near the heart 

may also induce trauma to the pericardium and cause an 

infl ammatory response. Furthermore, even nonsurgical inter-

ventions may damage the pericardium. For example, resusci-

tation from cardiac arrest (CPR) may cause a fi brous response. 

In some patients, irradiation may create an  effusion and sub-

sequent tamponade [ 23 ]. The pericardium may also adversely 

react to a number of commonly prescribed drugs such as pro-

cainamide, penicillin, doxorubicin, anticoagulants, and/or 

antithrombotics [ 1 ]. The reader is again referred to Table  9.2  

for a list of major iatrogenic pericardial disorders. 

 In general, pericardial disorders can be diagnosed using 

ECG, echocardiography, radiography, and/or auscultation. 

Pericardial fl uid samples and pericardial tissue biopsies may 

also aid in complicated diagnoses. Typically, once diagnosed, 

pericardial disorders are often treatable with a number of 

  Fig. 9.6    Most pericardial 

diseases are discovered 

postmortem, implying that 

they were asymptomatic 

throughout the patient’s life. 

Serious pericardial disease, 

however, may have many 

clinical manifestations, as 

shown in the fi gure. Adapted 

from Reddy [ 22 ]       

     Table 9.2    Major sources of pericardial disorders (congenital, pathological, or iatrogenic)   

 Congenital  Pathological  Iatrogenic 

 Primary  Idiopathic pericarditis  Surgical 

  Pericardial absence  Due to living agents—infectious, parasitic  Instrument trauma 

 Cysts  Vasculitis—connective tissue disease  Cardiac resuscitation 

 Teratoma  Immunopathies/hypersensitivity states  Iatrogenic pneumopericardium 

 Lymphangioma  Disease of contiguous structures  Drug reactions and complications 

 Diverticulum  Disorders of metabolism  Radiation 

 Pericardial bands  Trauma—indirect, direct 

 Secondary  Neoplasms—primary, metastatic, multicentric 

 Pericarditis due to maternal lupus  Uncertain pathogenesis 

 Intrapericardial hernia of abdominal organs 

  Adapted from Spodick [ 1 ]  

 

E.S. Richardson et al.



169

drugs and/or interventions [ 25 ]. In situations of large pericar-

dial effusions, pericardiocentesis is performed by draining 

the effusion with a hypodermic needle inserted near the 

xiphoid process (Fig.  9.5 ). This is usually done under guid-

ance of echocardiography or fl uoroscopy to prevent myocar-

dial puncture, but in emergency situations (such as during 

acute cardiac tamponade), it may be done without guidance 

(“blindly”). Chronic effusions or other diseases may necessi-

tate a partial or complete pericardiotomy. This is done by cre-

ating an opening into the mediastinum (called a pericardial 

window) to view and remove portions of the pericardium; 

visualization of the procedure can be enhanced by a laparo-

scope or thoracoscope. Balloon pericardiotomy is a recently 

developed minimally invasive technique that uses a balloon 

to enlarge a small hole in the pericardium [ 3 ].  

9.5     Comparative Anatomy 
of the Pericardium 

 The pericardium is fi xed 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 and within species [ 26 ,  27 ]. 

Specifi cally, the attachment to the central tendinous aponeu-

rosis of the diaphragm is fi rm and broad in humans and pigs, 

the phrenopericardial ligament is the only attachment in 

dogs, and the caudal portion of the pericardium is attached 

via the strong sternopericardial ligament in sheep [ 26 ,  27 ] 

(see Video   9.2     in the online supplemental material). 

 Although the basic structure of the pericardium is the 

same, differences exist between various species with respect 

to both geometry and structure [ 28 – 30 ]. Generally, pericar-

dial wall thickness usually increases with increasing heart 

and cavity size between the various species [ 28 ]. Humans 

are a notable exception to this rule, having a much thicker 

pericardium than animals with similar heart sizes [ 28 ]. 

Specifi cally, the pericardium of human hearts varies in thick-

ness between 1 and 3.5 mm [ 1 ], while the average pericardial 

thickness of various animal species is considerably thinner 

(ovine hearts, 0.32 ± 0.01 mm; porcine hearts, 0.20 ± 0.01 mm; 

and canine hearts, 0.19 ± 0.01 mm) [ 29 ]). Differences in the 

relative volume of pericardial fl uid also exist. Holt [ 28 ] 

reported that most dogs have between 0.5 and 2.5 mL of 

pericardial fl uid (with some dogs having up to 15 mL), com-

pared to 20–60 mL in adult human cadaver hearts. In the 

Visible Heart ®  Lab, we have found that 70–80 kg swine have 

about 7–8 mL of pericardial fl uid. When selecting an appro-

priate animal model for pericardial access procedures or 

intrapericardial therapeutics, the signifi cant differences of 

pericardial thickness, pericardial fl uid volume, and pericar-

dial attachments between humans and the various animal 

models must be considered.  

9.6     Surgical Uses of the Pericardium 

 Due to the inherent mechanical properties of the fi brous peri-

cardium, it has been used in various applications during sur-

gery and has also been used in bioprosthetic heart valves. 

During cardiac surgery, fresh autografts, cryopreserved 

homografts, or glutaraldehyde-fi xed xenografts can be used 

as patches during reconstructive repairs in both congenital 

and acquired heart diseases. For example, in congenitally 

malformed hearts, pericardial patches are used during surgi-

cal repairs of the right ventricular outfl ow tracts and/or dur-

ing repair of torn aortic leafl ets. Pericardial patches have also 

been used to repair the mitral and aortic valves as well as 

ventricular walls in acquired diseases [ 31 ]. 

 Pericardial tissue has been used in heart valves for many 

years. The search for an alternative to mechanical valves has 

led people to investigate many types of bioprosthetic valves. 

These bioprostheses have consisted of homografts (pre-

served cadaveric valves), autografts (transplant of a patient’s 

pulmonic valve to the aortic position—the Ross procedure), 

and xenografts. Xenograft valves have included preserved 

porcine aortic tissue as well as preserved bovine pericar-

dium. More specifi cally, glutaraldehyde-fi xed bovine or por-

cine pericardium has been used in the design of aortic and 

mitral bioprosthetic valves and has realized wide clinical 

success. Such pericardium is prepared and fi xed using spe-

cifi c processes (which typically vary slightly between manu-

facturers) and then cut to resemble a tri-leafl et semilunar 

valve and assembled into a stent with a sewing cuff. 

 With ubiquitous use in heart valves, the biomechanics of 

glutaraldehyde-fi xed pericardium have been carefully stud-

ied. Biomechanical properties have been shown to be depen-

dent on species, anatomic orientation, and fi xation process. 

For example, there are signifi cant differences in uniaxial 

mechanical properties of bovine, porcine, and ostrich peri-

cardium [ 32 ]. It has also been shown that collagen fi ber ori-

entation, and hence mechanical stiffness, is dependent on the 

location and orientation of the tissue within the pericardial 

sac [ 33 ]. Finally, uniaxial properties of glutaraldehyde-fi xed 

bovine pericardium can be modulated depending on the 

stress applied during fi xation [ 34 ].  

9.7     Intrapericardial Therapeutics 

9.7.1     Clinical Pericardial Access 

 Traditionally, pericardial access has been limited to patients 

with pericardial effusions. The effusion gives physician a 

buffer between the fi brous pericardium and the epicardium 

during pericardiocentesis or creating a pericardial window, 

thus preventing damage to the myocardium and coronary 

vessels. Recently, there has been an interest in accessing the 
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healthy pericardium for therapeutic procedures and the 

delivery of therapeutic agents. The challenge of accessing a 

healthy pericardium is to puncture and catheterize the peri-

cardium with minimal risk to the heart. This is a diffi cult task 

considering the almost negligible layer of pericardial fl uid in 

a healthy pericardial sac. The Tuohy needle, a hypodermic 

needle originally developed for insertion of an epidural cath-

eter, is commonly used for pericardial access. This needle 

has an anti-coring curve at its tip to prevent puncture of the 

myocardium. 

 In an effort to improve the ease of access, several unique 

biomedical devices or tools have been (or are being) devel-

oped with novel catheter designs that allow controlled myo-

cardial penetration during fl uoroscopic visualization. For 

example, the PerDUCER ®  (Comedicus, Inc., Columbia 

Heights, MN, USA), which has now become PeriPort ®  

(Cormedics Corp., Houston, TX, USA), uses a sheathed nee-

dle with a suction tip designed for grasping the pericardium 

and accessing the pericardial space while, at the same time, 

minimizing the risk of myocardial puncture. This device is 

placed following subxiphoid access into the mediastinum 

under fl uoroscopic guidance from the apparatus positioned 

onto the anterior outer surface of the pericardial sac (Fig.  9.7 ). 

Under manual suction, the sac is retracted and a needle is 

inserted, allowing for the placement of a guidewire into the 

space via the needle lumen. The needle is then removed and 

a standard delivery catheter is placed into position. The 

Philipp University of Marburg has also developed a similar 

product called the Marburg Attacher (www.cardiorepair.

com/attacher). Other percutaneous subxiphoid techniques 

have been proposed [ 35 ] but are not in current clinical use.

   A novel transatrial technique has been developed by 

Verrier and colleagues [ 36 ] which has been successful in ani-

mal studies. In this procedure, a guide catheter is introduced 

into the right atrium from the femoral vein, and a needle 

catheter is advanced through the guide catheter to pierce the 

right atrial appendage. A guidewire is then passed through 

the needle catheter into the pericardial space. A soft delivery 

catheter can be passed over the guidewire and can reside in 

pericardial space for long-term drug delivery or for fl uid 

sampling. Studies in swine have shown that catheters left in 

the pericardial space over long periods of time can remain 

patent and cause minimal fi brosis and infl ammatory response 

at the epicardium [ 37 ,  38 ].  

9.7.2     Intrapericardial Therapies 

 For quite some time, nonsurgical intrapericardial therapy has 

been employed in patients with suffi cient fl uid in the pericar-

dial space allowing a needle to be safely placed within the 

space [ 1 ]. This methodology has been used for patients with 

clinical indications such as, but not limited to, malignancies, 

recurrent effusions, uremic pericarditis, and connective tis-

sue disease. As mentioned above, instrumenting the pericar-

dium has been made possible by numerous techniques that 

allow for the study of intrapericardial therapeutics and diag-

nostics by clinicians and investigators alike. In addition, with 

recent advances in minimally invasive cardiac surgical pro-

cedures, it is likely that the integrity of the pericardium will 

be preserved more often during cardiac surgery. 

 Intrapericardial access has become the foundation of 

many novel minimally invasive cardiac procedures. This 

includes epicardial mapping and ablation for both ventricu-

lar [ 39 ] and atrial [ 40 ] arrhythmias in patients where endo-

cardial approaches are challenging or ineffective. 

Intrapericardial echocardiography, where an intracardiac 

ultrasound probe is introduced percutaneously into the peri-

cardium, has been shown to aid in complex ablation proce-

dures [ 41 ]. Epicardial lead placement can also be performed 

  Fig. 9.7    The PerDUCER ®  

instrument (Comedicus, Inc., 

Columbia Heights, MN, 

USA) uses a sheathed needle 

with a suction tip designed 

for grasping the pericardium 

to access the pericardial space 

using a transthoracic 

approach, thus minimizing 

the risk of myocardial 

puncture       
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through minimally invasive access to the pericardium in 

patients where traditional venous lead implantation has 

failed [ 42 ]. The LARIAT procedure and device 

(SentreHEART, Redwood City, CA, USA) is a novel 

approach to percutaneous ligation of the left atrial appendage 

that relies on both pericardial access and transseptal left 

atrial access. In this procedure, a device in the pericardium 

interacts magnetically with a device in the left atrium to posi-

tion the system and perform the ligation. Initial clinical 

results of the procedure have shown promising results [ 43 ]. 

 Beyond device-based interventions, intrapericardial 

access has been used to introduce therapeutic agents to treat 

cardiac disease. Specifi cally, the endoluminal delivery of 

various agents has been found to be clinically limited due to 

short residence time, highly variable deposited agent con-

centration, inconsistency in delivery concentrations, and 

relatively rapid washout of agents from the target vessel [ 44 ]. 

A desired example of targeted application includes infusion 

of concentrated nitric oxide donors, which could present 

undesirable effects if systemically delivered. Further, one is 

allowed increased site specifi city and the delivery of label- 

specifi c therapeutic agents to target cells, receptors, and 

channels. A great deal of interest has been focused on deliv-

ery of angiogenic agents and various growth factors into the 

intrapericardial space [ 45 – 47 ]. In particular, research has 

concentrated on administration in patients with ischemic 

heart disease [ 48 ,  49 ]. Early results indicate several benefi ts 

associated with the delivery of angiogenic agents that include 

increased collateral vessel development, regional myocardial 

blood fl ow, myocardial function in the ischemic region, and 

myocardial vascularity. 

 In our lab, we have shown that intrapericardial delivery of 

omega-3 fatty acids can drastically reduce infarct size and 

lower the occurrence of ventricular arrhythmias. In one study 

[ 50 ], 23 swine were treated with an infusion of either 

omega-3 fatty acids or saline in the pericardial sac prior to 

occluding the left anterior descending artery. Prior to, dur-

ing, and after the occlusion, hemodynamic and electrophysi-

ological data were recorded. Upon sacrifi cing the animal, the 

heart was sectioned and stained to determine infarct size. We 

found that both infarct size and arrhythmia scores were 

reduced by half in animals treated with omega-3 fatty acids. 

Furthermore, the treatment had a minimal effect on hemody-

namics, which is in contrast to many antiarrhythmic drugs. 

Current research is underway to determine if this therapy 

would be feasible in a clinical setting.  

9.7.3     Pericardial Pharmacokinetics 

 As described previously, the pericardium in humans is gen-

erally believed to contain 20–60 mL of physiologic fl uid 

(0.25 ± 15 mL/kg) situated within the cavity space [ 51 ]. 

Yet, dye studies suggest that pericardial fl uid is not 

 uniformly  distributed over the myocardium, with the 

majority of pericardial fl uid residing within the atrioven-

tricular and interventricular grooves as well as the superior-

transverse sinuses. Although the pericardial fl uid is not 

uniformly distributed, pharmacokinetic studies suggest that 

there is complete mixing of the fl uid so that pericardial 

fl uid content is spatially uniform [ 52 – 54 ]. Hence, sampling 

pericardial fl uid content should not vary functionally by 

sampling location [ 53 ]. 

 Tissue distribution and drug clearance clearly affect all 

drug response. Because specifi c pericardial pharmacokinetic 

data remain unknown for the majority of compounds, peri-

cardial drug disposition must be gleaned from physical 

chemical properties based upon a few select studies. 

Pericardial fl uid is cleared via lymphatics and epicardial vas-

culature, with the former being a very slow process [ 55 ]. In 

addition to these passive clearance mechanisms, the epicar-

dial tissues contain metabolic enzymes that may clear com-

pounds via a biotransformation process. This is likely to 

occur with certain labile peptides and small molecules such 

as nitric oxide. Unfortunately, there is very little known 

today about pericardial drug metabolism. In general, it is 

considered that whether or not a compound residing in the 

pericardial space is cleared via lymphatic drainage, passive 

diffusion or biotransformation will depend on its molecular 

size, tissue affi nity, water solubility, and enzymatic stability. 

Thus, compounds such as large proteins do not rapidly dif-

fuse into the vascular space and are slowly cleared from the 

pericardial space perhaps via lymphatics unless, of course, 

they are biotransformed [ 53 ,  56 ]. Importantly, this yields a 

pericardial fl uid clearance and residence time longer than the 

corresponding plasma half-life. For example, administering 

atrial naturetic peptide into the pericardial fl uid space had a 

fi vefold longer clearance and residence time within the peri-

cardial fl uid space, as compared to plasma clearance of an 

intravenous dose [ 56 ]. Similarly, small water-insoluble com-

pounds may also have very prolonged pericardial fl uid resid-

ual times. 

 One case report documented that the pericardial fl uid 

half-life of 5-fl uorouracil (sparingly soluble in water) was 

approximately tenfold longer than plasma half-life (168 ver-

sus 16 min); it should be noted that the patient in this inves-

tigation had metastatic breast carcinoma with pericardial 

involvement [ 52 ]. The patient had received a relatively large 

pericardial 5-fl uorouracil dose (200 mg) to manage recurrent 

pericardial effusion. This large dose, however, was associ-

ated with nearly undetectable plasma levels, indicating mini-

mal spillover from pericardial fl uid into the systemic 

circulation. While it was expected that 5-fl uorouracil would 

have a longer pericardial residual time because it is water 

insoluble, it is unknown if these fi ndings would occur in a 

healthy pericardial fl uid space. 
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 On the other hand, small water-soluble compounds have 

up to fi ve- to eightfold shorter pericardial fl uid clearance and 

residence times as compared to plasma [ 52 ]. For example, 

procainamide is a water-soluble compound that has a peri-

cardial fl uid half-life ranging from 30 to 41±2.1 min as com-

pared to the 180-min plasma half-life; it has been reported 

that the procainamide rapidly diffused out of the pericardial 

space with a terminal elimination half-life approximately 

5–7 times shorter than plasma [ 57 ]. However, procainamide 

spillover from pericardial fl uid into plasma was considered 

not to produce measurable plasma concentrations because of 

the relatively low pericardial doses (0.5–2 mg/kg). Similarly, 

it is not surprising that the converse was also true, that intra-

venously administered procainamide rapidly diffused into 

the pericardial space, across the plasma to pericardial fl uid 

concentration gradient, such that pericardial fl uid procain-

amide concentrations were similar to plasma approximately 

20–30 min following an intravenous injection. The likely 

explanation for these fi ndings is that the vast ventricular epi-

cardial blood supply served as a clearing system (pericardial 

administration) or a delivery system (intravenous adminis-

tration) according to drug concentration diffusion gradient. 

Importantly, the diffusion of pericardial-administered pro-

cainamide into the vascular space will likely prevent drug 

accumulation in ventricular tissue and a global pharmaco-

logic response. 

 In addition to pericardial drug residence and clearance 

times, the determination of distribution volume may be of 

considerable importance, particularly to achieve desired 

peak drug concentrations. There is a direct and inverse rela-

tionship between peak drug concentrations and drug distri-

bution volumes, such that a low drug distribution volume 

achieves higher peak concentrations. Perhaps of clinical 

importance, with the very small pericardial fl uid volume, it 

is likely that pericardial drug doses can be substantially 

reduced to achieve therapeutic concentrations. This was evi-

dent whereby sequential pericardial procainamide doses of 

0.5, 1, and 2 mg/kg produced peak pericardial fl uid concen-

trations that ranged from 250 to 900 μg/mL; these concen-

trations were nearly 1000-fold greater than peak plasma 

concentrations of procainamide following the administra-

tion of a 2 mg/kg intravenous dose. In a follow-up study in 

which a single procainamide dose was employed, similar 

fi ndings were documented; it was also reported that a peri-

cardial fl uid volume distribution of 1.6 ± 0.16 mL/kg was 

observed, which is approximately 1000-fold smaller than 

the plasma procainamide volume distribution of 2000 mL/

kg. While pericardial procainamide dosing produced very 

large pericardial fl uid concentrations, procainamide could 

not be detected in the plasma given the very small doses. 

With such a powerful diffusion gradient, it is likely that 

pericardial procainamide delivery can achieve very high 

atrial tissue concentrations. Indirect evidence of tissue 

 distribution is a procainamide  distribution volume that is 

larger (40–50 mL) than the estimated pericardial fl uid vol-

ume of 20–30 mL. Since the procainamide pericardial vol-

ume of distribution exceeded the expected pericardial 

volume, there was some tissue distribution. These pharma-

codynamic data suggest that tissue distribution mainly 

occurs in the atrium, likely because the atrium is a very thin 

structure with a low blood supply. Thus, this tissue architec-

ture is ideal for specialized therapeutic drug diffusion and 

therefore differs from that of the ventricle(s). 

 Unfortunately, most pericardial procainamide pharmaco-

kinetic studies performed to date have not directly measured 

tissue concentrations following infusion. However, in one 

study which evaluated the pharmacodynamic effects of 

pericardial amiodarone delivery, the amiodarone tissue dis-

tribution was quantifi ed at several myocardial locations 

[ 58 ]. Not surprisingly, it was reported that atrial and epicar-

dial ventricular tissue had the highest amiodarone tissue 

concentration, while ventricular endocardial amiodarone 

tissue concentrations were approximately tenfold lower. 

Importantly, the amiodarone levels were likely still within a 

therapeutic range. This was supported by the fact that peri-

cardial amiodarone delivery prolonged endocardial ventric-

ular refractory periods by up to 13 %, which was equivalent 

to epicardial ventricular refractory period measurements 

and the magnitude of atrial refractory period prolongation. 

The similar refractory response between epicardial and 

endocardial measurements, with very large differences in 

amiodarone tissue concentrations, indicates that amioda-

rone effects are maximal at low tissue concentrations. 

Unlike pericardial amiodarone administration, pericardial 

procainamide had no effect on endocardial ventricular 

refractory periods [ 54 ]. It is likely that such a benefi cial 

ventricular tissue distribution does not occur with more 

water-soluble compounds such as procainamide. On the 

other hand, it is not surprising that amiodarone, when 

administered into the pericardial space, could penetrate ven-

tricular tissue and affect global ventricular electrophysiol-

ogy because it is highly lipophilic and has a huge tissue 

distribution including the intracellular space [ 58 ]. A more 

recent study comparing intrapericardial and intravenous 

administration of amiodarone in goats [ 59 ] showed similar 

results; plasma drug concentrations were  signifi cantly lower 

when amiodarone was administered into the pericardium, 

yet the drug’s antiarrhythmic effects were in many measures 

improved over intravenous administration. The study also 

confi rmed a high gradient of amiodarone tissue concentra-

tion from epicardium to endocardium during intrapericar-

dial administration. We have also shown similar benefi cial 

effects in our lab when comparing intrapericardial and intra-

venous delivery of metoprolol in swine [ 60 ]. Intrapericardial 

delivery showed lower plasma concentrations, more sus-

tained antitachycardic effects, and less negative effects on 

E.S. Richardson et al.



173

contractility and mean arterial pressure when compared 

with intravenous delivery. 

 Lastly, perhaps it is possible to modify molecules to 

achieve an optimal pericardial fl uid residence time and 

thus therapeutic outcomes. More specifi cally, for some 

agents, it may be desirable to have a short residence time. 

For example, pericardial drug delivery to cardiovert atrial 

fi brillation may require very high drug concentrations for 

only a brief duration, given the acute nature of the therapy. 

On the other hand, the ability to manage chronic condi-

tions such as ischemic heart disease or heart failure may 

necessitate longer pericardial residual times. In this regard, 

Baek et al. recently showed that a derivatized nitric oxide 

donor molecule, diazeniumdiolate, with bovine serum 

albumin resulted in a fi vefold increase in pericardial fl uid 

clearance and residence time versus a small molecule 

nitric oxide donor (diethylenetriamine/NO) [ 61 ]. This 

group went on to show that it may be possible that a single 

pericardial dose of the nitric oxide donor could inhibit in-

stent restenosis. Unlike patients with any type of effusion, 

the normal pericardium is a very thin layer, bringing it 

closer to the heart and subsequently increasing the risk of 

harm to the patient. 

 The ability to access the pericardial space has created new 

opportunities to further understand the pharmacokinetics of 

intrapericardial therapeutics, as well as the role of the peri-

cardium under normal cardiac function and/or following car-

diac disease. Despite the growing literature establishing the 

feasibility of intrapericardial therapeutics and diagnostics, 

the results of clinical trials employing pericardially delivered 

agents directed toward arrhythmias, angiogenesis, resteno-

sis, and/or other coronary and myocardial indications are 

currently lacking.   

9.8     Summary 

 The pericardium is a unique structure that surrounds the 

heart and serves several important physiological roles. The 

removal of the pericardium, certain pericardial disorders, or 

the buildup of fl uids within this space will ultimately alter 

hemodynamic performance. Recent therapeutic approaches 

have been directed to exploit the space that exists between 

the pericardium and the epicardial surface of the heart. New 

devices and techniques are being developed to access this 

space in a minimally invasive fashion. An important consid-

eration when utilizing animal models to study such devices 

is that the pericardium in humans is much thicker and there 

is more pericardial fl uid than in commonly employed animal 

models. The pharmacokinetics of many drugs may be greatly 

enhanced if the drug is delivered into the pericardium. As 

more is learned about the pericardium, it may play a signifi -

cant role in cardiac therapies.      
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      Congenital Cardiac Anatomy 
and Operative Correction       

     Charles     Shepard     ,     Robroy     McIver     , and     James     D.     St. Louis     

    Abstract  

  There are numerous congenital defects that may present with human hearts, and many typically 

require surgical intervention. The primary goal of this chapter is to briefl y defi ne such 

abnormalities and introduce the reader to the various classifi cation schemes that have been 

used to describe their relative anatomical and functional features. The chapter will also 

highlight the more common surgical procedures utilized to treat congenital cardiac lesions.  

  Keywords  

  Septal defect   •   Aortopulmonary window defect   •   Coarctation of the aorta   •   Interrupted aortic 

arch   •   Tetralogy of Fallot   •   Atresia   •   Ebstein’s anomaly   •   Transposition of the great vessels   

•   Total anomalous pulmonary venous connection   •   Persistent truncus arteriosus   • 

  Cardiopulmonary bypass  

 10

10.1         Introduction 

 The spectrum of congenital heart disease is enormously 

diverse, yet affects a relatively small portion of the human 

population [ 1 ]. Disease severity ranges from benign to lethal, 

and many lesions require intervention to allow survival or 

enhance life expectancy. Several nomenclature classifi ca-

tions have evolved to describe abnormalities of the cardio-

vascular system, with the Van Praagh and Anderson/Edwards 

systems being the most prominent. 

 Richard Van Praagh presented a system based on the 

 segmental anatomy of the developing heart. His generalized 

theory states that, by understanding the anatomical position 

of the cardiac segments, the majority of cardiac defects may 

be accurately described. The three segments which Van 

Praagh described consist of the atria, the ventricle, and the 

great vessels. These segments may be described by delineat-

ing their relative positional relationships. The  visceroatrial 

situs  is defi ned as the relative position of the right and left 

atria to the sidedness of the abdominal (visceral) organs; the 

term situs means position or location. The  bulb ventricular 

loop  is described as the orientation of the right and left ven-

tricles to the great vessels (pulmonary artery and aorta). 

These segments are referenced in sequence, with each being 

designated by a letter. The connection of the visceral venous 

vessels (the superior and inferior vena cavae) and the atrial 

body is termed the visceroatrial situs and is described by the 

letters: S,  situs solitus ; I,  situs inversus ; and A,  situs ambigu-

ous . When the visceral situs is normal ( situs solitus ), the 

stomach and spleen lie to the left, the right lobe of the liver is 

larger than the left, and the appendix is right sided. In situs 

inversus, the position of the abdominal organs is reversed, 

with the stomach and spleen lying on the right and the domi-

nant lobe of the liver to the left; the appendix and inferior 

vena cava are to the left, with the left lung being typically 

trilobed. Situs ambiguous describes a group of anomalies in 
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which the dominant characteristic is a lack of visceral 

sidedness. The abdominal organs may be positioned to 

the  anatomical left or right, often with the liver lying in the 

midline. A unique characteristic of these individuals is the 

abnormal existence or a complete lack of a spleen. In gen-

eral, polysplenic patients tend to have all atrial and pulmo-

nary structures consistent with left-sided morphology, while 

asplenic patients tend to be right-side dominant. 

 The orientation of the right or left ventricular mass is 

described by how the embryonic cardiac tube loops during its 

development. In this system, the terms “right” and “left” are 

used to refer to the specifi c morphology of the ventricular 

mass rather than their spatial arrangement. The anatomical 

right ventricle has a very trabeculated endocardium, while the 

left ventricular endocardium is smoother, with fi ner trabecula-

tions. The rightward (normal) orientation is given the term 

“D” for  D - loop . This indicates that the morphologic right ven-

tricle is oriented to the right and anterior to the morphologic 

left ventricle. If the cardiac tube undergoes looping in the left-

ward direction, the segment is given the reference letter “L” 

for  L - looping . In this situation, the morphologic right ventricle 

lies posterior and to the left of the morphologic left ventricle. 

The fi nal segmental orientation described by Van Praagh deals 

with the relationship of the great vessels and semilunar valves 

to the ventricles. The aorta is normally committed to the mor-

phologic left ventricle with the aortic valve located leftward 

and posterior to the pulmonary valve. This normal relationship 

is given the reference letter “S.” When the great vessels are 

transposed, with the aortic valve being rightward and anterior 

to the pulmonary valve, the convention used is “D.” With 

 D - transposed  great vessels, the aorta is committed to the mor-

phologic right ventricle and the pulmonary artery and valve to 

the morphologic left ventricle. When the orientation of these 

great vessels and semilunar valves is normal, but the aorta is 

committed to the right ventricle and the pulmonary artery to 

the left ventricle, the term  L - transposed  great vessels is used. 

 Efforts are underway to establish a common language in 

describing congenital cardiac defects, which will hopefully 

facilitate the tracking of outcomes and applications of proce-

dures [ 2 ]. This chapter approaches the classifi cation of these 

congenital heart lesions with a segmental anatomical method. 

Congenital heart abnormalities can also be categorized by 

whether or not they cause cyanosis (Table  10.1 ). Furthermore, 

cyanotic lesions refer to cardiac defects that typically result 

in systemic arterial desaturation. Finally, shunts refer to an 

anomalous pathway of blood fl ow resulting from anatomical 

defects and their relative resultant downstream pressures.

   In the relative short history of surgical treatment for con-

genital heart defects, there has not been a more important 

technological breakthrough than the heart-lung bypass 

machine. Understanding of the various methods of its use is 

instrumental in understanding the logistics of surgical treat-

ment of congenital heart disease.  

10.2     Cardiopulmonary Bypass 

 Cardiac function is critical to the maintenance of ongoing 

hemostasis for any organism. Often, repair of congenital 

heart lesions requires interruption of this function for brief 

periods of time. The cardiopulmonary bypass circuit  provides 

systemic support during these periods of cardiac arrest. 

A standard approach in cardiopulmonary bypass is draining 

blood from the right atrium and delivering it to the aorta past 

the aortic valve, with blood being oxygenated within the 

bypass machine. Blood not actively captured in the right 

atrium is sent through the lungs and out of the left ventricle 

when the heart is still beating. By directing the venous drains 

into the superior and inferior cavae and then snaring down on 

the cannulas, the right atrium can be safely entered as long as 

there is no communication with the left side of the heart 

(atrial septal defect, ventricular septal defect, etc.). Some 

lesions on the right side of the heart can therefore be fi xed 

while the heart is still beating. 

 Alternatively, lesions that communicate with or are within 

the left side of the heart need an alternative strategy to pre-

vent air being passed into the cranial vessels. To isolate the 

left heart, a clamp is placed between the aortic valve and the 

outfl ow of the cardiopulmonary bypass cannula. The heart is 

placed in a metabolically protected state by both physically 

cooling the heart and chemically inactivating it with a solu-

tion of cardioplegia. The length of time that the clamp can 

stay on depends on the solution used and the baseline func-

tion of the heart. 

   Table 10.1    Anatomical lesions of the heart based on physiologic 

derangement   

 Acyanotic 

 • Left-to-right shunts 

 Atrial septal defects 

 Ventricular septal defects 

 Atrioventricular septal defects 

 Aortopulmonary window 

 • Left-sided obstructive lesions 

 Aortic coarctation 

 Congenital aortic stenosis 

 Interrupted aortic arch 

 Cyanotic 

 • Right-to-left shunts 

 Tetralogy of Fallot 

 Pulmonary stenosis 

 Pulmonary atresia 

 – With intact ventricular septum 

 – With ventricular septal defect 

 Tricuspid atresia 

 Ebstein’s anomaly 

 • Complex mixing defects 

 Transposition of the great vessels 

 Total anomalous pulmonary venous connection 

 Truncus arteriosus 

 Hypoplastic left heart syndrome 
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 A third method in operating on the heart is to metaboli-

cally inactivate the entire body through cooling, therefore 

not needing any cardiopulmonary function for a short period 

of time. Cardioplegic arrest is used in procedures where 

maintaining the outfl ow of the bypass machine is not possi-

ble. In this method, the bypass machine is used to cool the 

entire body to a level where the period of decreased fl ow will 

not lead to permanent damage. The outfl ow of the bypass 

machine is turned off once the body has been suffi ciently 

cooled and work is done expeditiously. Through these vari-

ous bypass methods, the many varied congenital heart defects 

can be surgically treated. The remaining portions of the 

chapter will describe treatment methods used for specifi c 

lesions. For additional information, see Chap.   33    .  

10.3     Systemic Venous Anomalies 

 Persistence of the left-sided superior vena cava (LSVC) in 

isolation can be a variant of normal, when it drains to the 

coronary sinus, which is usually of no physiologic conse-

quence. When an LSVC drains directly to the left atrium, or 

to an unroofed coronary sinus, systemic venous blood 

mixes with the pulmonary venous return, causing systemic 

desaturation. A persistent LSVC may herald additional 

anatomical issues or be part of a complex of lesions seen in 

heterotaxy syndromes. When an LSVC is paired with con-

genital heart lesions, this may alter the repair and must be 

identifi ed and taken into consideration in preoperative 

planning [ 3 ]. 

 The term interrupted inferior vena cava (IVC) describes 

the absence of the intrahepatic IVC, and the IVC blood is 

diverted to the superior vena cava (SVC) via the azygos 

vein. This fi nding is of physiologic signifi cance in patients 

who need to undergo single ventricle palliative procedures 

in which the SVC blood is diverted to the pulmonary arter-

ies (cavo-pulmonary or Glenn anastomosis), followed years 

later by diversion of the IVC blood to the pulmonary arteries 

(Fontan procedure). In this situation, the large majority of 

the systemic venous blood will be channeled to the pulmo-

nary arteries with the Glenn anastomosis, which is not well 

tolerated at a young age, and different strategies must be 

employed. In the setting of an interrupted IVC, a full evalu-

ation for other indicators of a heterotaxy syndrome must be 

performed [ 3 ].  

10.4     Atrial Septal Defects 

 Fetal circulation requires the presence of a patent foramen 

ovale (PFO), or communication between the right and left 

atria, for the more highly saturated umbilical venous blood to 

bypass the lungs and be directed to the brain. After birth, 

pulmonary blood fl ow increases, closing the fl ap of the fora-

men ovale in approximately 75 % of all individuals, with the 

remainder maintaining at least probe patency of this com-

munication [ 4 ]. This small communication is most com-

monly of no hemodynamic signifi cance in early life. 

 Secundum-type atrial septal defects (ASDs) are due to 

defi ciencies in the septum primum portion of the atrial sep-

tum, which allows a portion of the pulmonary venous return 

to cross the atrial septum into the right atrium, then into right 

ventricle, and fi nally recirculate to the lungs. When large 

enough, this leads to dilation of the right atrium and ventri-

cle, and over time, this overcirculation of the lungs can lead 

to permanent damage of the pulmonary arterial vasculature 

and/or lung disease [ 5 ]. Primum type ASDs will be discussed 

in the atrioventricular septal defect section. Sinus venosus- 

type ASDs include defects in the septum separating the cavae 

from the pulmonary venous return. This allows for drainage 

of the associated pulmonary venous return to the right atrium, 

with the same hemodynamic consequences as a secundum- 

type ASD. This will be further discussed in the section on 

pulmonary venous anomalies. 

 Coronary sinus ASDs present variably, including as a 

 partial or completely unroofed coronary sinus, i.e., allowing 

desaturated blood to drain to the left atrium and left atrial 

blood to cross the os of the coronary sinus into the right 

atrium. This can associated with a persistent LSVC (effec-

tively draining directly to the left atrium), with additional 

atrial septal communications, or with atrioventricular valve 

abnormalities [ 6 ]. The physiologic consequences of this 

communication and shunting are similar to a secundum-type 

ASD (Fig.  10.1 ).

   The correction of an ASD involves closing off the com-

munication between the right and left atria. Correction is 

usually performed as a young child prior to long-term 

sequelae of a left-to-right shunt development. Surgical cor-

rection requires an arrested heart with a bicaval cannulation. 

As there are many types of ASDs, there are different surgical 

corrections. The most standard defect, the secundum defect, 

can be closed by simply closing the defect with suture or, if 

larger, using a patch material to close the defect. Traditionally 

the patient’s own pericardial tissue has been used as patch 

material, although pericardium from animals or completely 

artifi cial materials such as GORE-TEX can be used. Closure 

of sinus venosus generally requires more extensive redirec-

tion of blood fl ow to allow proper drainage of the pulmonary 

veins to the left atrium. In these cases a patch must baffl e the 

blood fl ow of the pulmonary veins to the left atrium. 

Pulmonary venous connection with the SVC requires dis-

connecting the portion of SVC communicating with the 

veins and using the right atrial appendage as a graft to the 

remaining SVC in a so-called  Warden procedure .  
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10.5     Anomalies of the Tricuspid Valve 

  Tricuspid atresia  refers to a complete lack of communication 

between the right atrium and right ventricle and can present 

in multiple forms. The inlet portion of the right ventricle is 

underdeveloped, with the remainder of the ventricle depen-

dent on the presence and size of a ventricular septal defect 

and the ventriculo-arterial connection. Table  10.2  describes 

the various subtypes of tricuspid atresia, organized by rela-

tionship of the great vessels, with type I referring to normally 

related great vessels, type II describing d-transposed great 

vessels, and type III as l-transposed great vessels; subtypes 

describe the amount of pulmonary stenosis (or atresia) [ 7 ].

   Ebstein’s anomaly is a spectrum of anomalies of both 

the tricuspid valve and right ventricle, with displacement of 

the tricuspid valve annulus toward the apex of the heart. 

The tricuspid valve is adherent to the right ventricle, prohib-

iting complete coaptation or closure of the tricuspid valve 

leafl ets. This leads to regurgitation of the tricuspid valve and 

resultant dilation of the right atrium and ventricle. An ASD, 

pulmonary stenosis or atresia, and/or Wolf-Parkinson-White 

syndrome may often be associated with this anomaly [ 8 ]. 

In 1988, Carpentier and colleagues attempted to classify 

Ebstein’s anomalies based on the relative volumes of the 

right ventricle. More specifi cally, these authors proposed 

four subtypes: (1) type A, the volume of the right ventricle is 

adequate; (2) type B, there is a large atrialized component of 

the right ventricle, but the anterior leafl et moves freely; (3) 

type C, the anterior leafl et is severely restrictive in its move-

ment and may cause signifi cant obstruction of the right ven-

tricular outfl ow tract; and (4) type D in which there is almost 

complete atrialization of the ventricle, with the exception of 

a small infundibular component. 

 Surgical repair of an Ebstein’s anomaly is dependent on the 

degree and timing of presentation of tricuspid  insuffi ciency. 

Neonates with severe tricuspid insuffi ciencies that inhibit for-

ward fl ow through the right heart will need early interventions 

due to severe cyanosis; this approach typically leads neonates 

to a  Fontan circulation . The fi rst stage is performed as a neo-

nate with an arrested heart. In addition to the creation of an 

aortopulmonary shunt, the tricuspid valve is patched closed, 

and the atrial septum is resected. 

 In patients that have less severe tricuspid regurgitation, 

repair is delayed until symptoms develop. Surgical goals are 

to form a well-functioning tricuspid valve and close any 

atrial septal communication. Many techniques have been 

developed, most of which involve plicating and/or resecting 

the atrialized portion of the right ventricle.  

10.6     Ventricular Septal Defects 

 Ventricular septal defects (VSDs) are channels that permit 

interventricular shunting and can be found in isolation or in 

association with other congenital malformations. These 

channels may be described by their locations within the 

interventricular septum that is defi cient, or by their anatomi-

cal nature [ 9 ], and also assigned a size relative to other ana-

tomical structures of the heart (most often the aortic valve). 

The physiologic sequelae of VSDs depend on the size and 

location of the defects, with unrestricted VSDs leading to 

elevations of the right ventricular and pulmonary arterial 

pressures. Further, over time, the pulmonary vasculature 

develops muscular thickening which, if left unchecked, can 

lead to irreversibly high pulmonary vasculature resistance, or 

 Eisenmenger ’ s syndrome . 

 Redundant nomenclature exists for VSDs in the literature 

(Table  10.3 ). The intraventricular septum can be divided 

into four quadrants as seen in Fig.  10.2  [ 10 ] utilizing the 

 septomarginal trabecularis  as a landmark. For each region 

of the IVS, there are unique concerns and probabilities of 

spontaneous closure of a defect. Defects posterior to the 

posterior arm of the  septomarginal trabecularis , inferior to 

   Table 10.2    Tricuspid atresia   

 Normally related great vessels 

 • Type I (a) pulmonary atresia 

 • Type I (b) pulmonary hypoplasia, small VSD 

 • Type I (c) no pulmonary hypoplasia, large VSD 

 D-transposed great vessels 

 • Type II (a) pulmonary atresia 

 • Type II (b) pulmonary or subpulmonary stenosis 

 • Type II (c) large pulmonary artery 

 L-transposed great vessels 

 • Type III (a) pulmonary or subpulmonary stenosis 

 • Type III (b) subaortic stenosis 

   VSD  ventricular septal defect  

  Fig. 10.1    Secundum-type atrial septal defect seen via an incision in the 

right atrial appendage       
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the atrioventricular valve, are termed inlet or atrioventricu-

lar canal- type VSDs and are further discussed in the atrio-

ventricular septal defect section. Defects of the trabecular or 

muscular septum are the most likely to close spontaneously 

and can be subcategorized into anterior, posterior, mid-ven-

tricular, or apical [ 10 ]. Those defects within or in close 

proximity to the membranous septum are termed perimem-

branous, paramembranous, or conoventricular VSDs. 

Defects in the outlet regions of the right ventricle (superior 

to the anterior portion of the septomarginal trabecularis) 

carry the names subarterial, supracristal, conal, or infun-

dibular. These defects can lead to prolapse of the aortic 

valve and thus aortic regurgitation [ 11 ]. When closing these 

defects surgically or with a device, one must remain cogni-

zant of the conductive tissues that pass in close proximity to 

many of these defects.

    The correction of VSDs involves closing off the commu-

nications between the right and left ventricles. Corrections 

are usually performed in infants, as heart failure symptoms 

can develop that then, in turn, limit growth. 

 Surgical correction of VSDs typically requires an 

arrested heart with a bicaval cannulation. A correction 

almost always requires a patch, as the stresses on the repair 

site are much higher than that on an ASD (Fig.  10.3 ). The 

patch often will abut the conduction system which, if dam-

aged, may lead to the lifelong need for an implanted pace-

maker, i.e., secondary to third-degree heart block. The 

approach to a VSD repair depends on its specifi c location 

within the ventricular septum. Defects under the pulmonary 

valve can be approached through an incision in the right 

ventricular outfl ow tract. Muscular VSDs, although more 

likely to close on their own, can be more diffi cult to repair 

surgically due to their location within trabeculations of the 

heart. Surgical closure can often require a ventricular inci-

sion. Many muscular defects are now closed with an endo-

vascular device either through a percutaneous or 

periventricular approach. The most commonly surgically 

closed VSD is a perimembranous defect and is approached 

through the right atrium.

10.7        Atrioventricular Septal Defect 

 Atrioventricular septal (canal type or endocardial cush-

ion) defects (AVSDs) are a spectrum of defects that 

involve an ostium primum septal defect, the atrioventricu-

lar valves, and/or the inlet portions of the interventricular 

septum. Depending on the position of the atrioventricular 

valves, one ventricle may be favored over the other lead-

ing to an unbalanced size of the ventricles. The conduc-

tion system is often abnormal, with the usual pathways 

disturbed. A  complete  AVSD includes a large primum-

type ASD, a common atrioventricular valve with varying 

number and distribution of leafl ets, and an inlet (canal-

type) VSD. A  transitional  AVSD has two separate atrio-

ventricular valves, with an inlet VSD, and primum-type 

   Table 10.3    Classifi cation of ventricular septal defects   

 Type 1  Subarterial 

 Supracristal 

 Conal 

 Infundibular 

 Type 2  Perimembranous 

 Paramembranous 

 Conoventricular 

 Type 3  Inlet 

 Atrioventricular canal type 

 Type 4  Muscular 

 • Anterior 

 • Midventricular 

 • Posterior 

 • Apical 

  Fig. 10.2    Ventricular septum visualized through the right ventricular 

free wall. Note the three regions, including the inlet region supporting 

the tricuspid valve, the trabeculated muscular septum, and the outlet 

septum forming the pulmonary annulus       
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ASD. A  partial or incomplete  AVSD has a primum-type 

ASD and generally two separate atrioventricular valves, 

with a cleft in the anterior leafl et of the left-sided valve. 

An AVSD can be found in isolation, but there is a higher 

prevalence in trisomy 21, in heterotaxy syndrome with 

additional associated anomalies, or with variations includ-

ing tetralogy of Fallot or double outlet right ventricle 

(DORV) [ 12 ]. 

 Currently, repairs of these defects typically require 

bicaval cannulation and an arrested heart, and they are usu-

ally treated when the child is an infant. The goal of these 

repairs is to separate the ventricles and atrium into left and 

right sides; during this bipartition, the atrioventricular 

valves are reconstructed. There are many ways an atrio-

ventricular canal can be repaired. In a traditional one patch 

repair, a single patch is fi rst sewn to the crest of the 

VSD. The common atrioventricular valve is then divided 

into a left and right side. The two sides of the valve are 

then attached to the patch at its midpoint. The patch is 

brought up to the crest of the VSD completing the repair. 

Other groups have used two patches, one for the VSD and 

the atrioventricular valve and another for the ASD. Finally, 

a modifi ed single patch technique uses a primary closure 

of the VSD with pledgeted suture; the sutures are then 

brought up through the atrioventricular valve and then 

through a patch which closes the ASD. Notably, the clo-

sure of the atrial and VSDs can lead to heart block requir-

ing a permanent pacemaker.  

10.8     Anomalies of the Great Arteries 

10.8.1     Transposition of the Great Arteries 

 Transposition of the great arteries refers to the abnormal 

relationship and position of the great vessels at the base of the 

heart. Normally the pulmonary artery arises from the right 

ventricle, anterior to the aorta; the aorta arises from the left 

ventricle. In congenitally corrected transposition of the great 

arteries (cc-TGA), the aorta is anterior and leftward of the 

pulmonary artery and often arises from the morphologic right 

ventricle situated as the leftward ventricle (ventricular inver-

sion). If there are no associated additional cardiac defects, 

this is often not found until later in life (if ever), as there are 

no physiologic embarrassments, outside of a right ventricle 

working as the systemic ventricle. 

 In dextro-transposition of the great arteries (d-TGA), the 

aorta arises from the right ventricle and is anterior and right-

ward to the pulmonary artery. The pulmonary artery arises 

from the left ventricle. Without additional cardiac defects, all 

of the desaturated systemic venous blood returns to the body 

without being refreshed in the lungs, and all of the fully oxy-

genated pulmonary venous blood returns to the lungs, acting 

as two parallel circuits and never intermixing. Newborns are 

able to survive initially with mixture from a patent ductus 

arteriosus (PDA) and a PFO, but as the PDA closes, the infant 

becomes progressively more cyanotic. Most frequently in 

  Fig. 10.3    Patch closure of a 

perimembranous septal defect 

working through the tricuspid 

valve       
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these children, in the fi rst few days after birth, a balloon atrial 

septostomy (Rashkind) procedure is performed to tear open 

the atrial septum, followed within several days by an arterial 

switch operation, where the main pulmonary artery and 

ascending aorta are transected and the coronary arteries are 

excised from the aorta and transferred to the new aorta (native 

pulmonary artery) along with the ascending aorta. The branch 

pulmonary arteries are stretched over top of the newly recon-

structed ascending aorta with the  LeCompte maneuver , and 

the atrial septum is closed. This procedure restores the fl ow of 

desaturated blood to the lungs and the fl ow of fully saturated 

blood to the body and coronary arteries [ 13 ]. 

 Transposition of the great arteries is now normally repaired 

shortly after birth. Repair is performed most often with an 

arrested heart and bicaval cannulation. Technically much of 

the repair depends on the location and insertion of the coro-

nary arteries. Problems with the dissection and implantation of 

the coronaries lead to the majority of the mortalities associated 

with these procedures. In order to align the coronaries, often a 

LeCompte procedure is performed which involves bringing 

the pulmonary arteries anterior to the reconstructed aorta. 

Closure of the ASD fi nishes the repair.  

10.8.2     Persistent Truncus Arteriosus 

  Persistent truncus arteriosus  is the lack of separation of the 

pulmonary trunk and aorta, resulting in a common semilunar 

valve and artery arising from the ventricles, overriding an 

associated VSD. This common (truncal) artery supplies the 

coronary arteries, lungs, and aorta and was initially described 

by Collett and Edwards [ 14 ]; using the origin of the pulmonary 

blood supply, they differentiated subtypes (Fig.  10.4 ). In this 

categorization, type I refers to early bifurcation of the aorta 

and the pulmonary trunk from the arterial trunk. In type II, 

the branch pulmonary arteries arise in close proximity to 

each other but separately from the posterior aspect of the 

truncal artery. In type III, there is more separation of the ori-

gins of the branch pulmonary arteries. Type IV (also known 

as pseudotruncus) refers to the complete blood supply of the 

lungs from aortopulmonary collateral vessels, though such a 

defect can be argued to be pulmonary atresia with VSD. The 

Van Praagh classifi cation system is also shown in Fig.  10.4  

and varies slightly from the Collett/Edwards classifi cation 

[ 15 ]. The anatomy of truncus arteriosus allows for the com-

plete mixture of saturated and desaturated blood in the trun-

cal artery and thus to the body; this will result in early heart 

failure, due to the often unprotected pulmonary circulation. 

The common surgical approach for the correction of these 

lesions varies depending on type but most often includes 

creation of an RV to pulmonary artery conduit and closure 

of the VSD.

   In general, repair of truncus arteriosus involves separat-

ing the pulmonary artery or branches of the pulmonary arter-

ies from the root of the aorta. Such surgical repair requires 

cardiopulmonary bypass with an arrested heart. The result-

ing aortic defect is normally patched. The VSD is normally 

closed through the pulmonary artery root or right ventricular 

  Fig. 10.4    Classifi cation 

schemes for persistent truncus 

arteriosus       
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outfl ow; a valved conduit is used to create right ventricle to 

pulmonary artery continuity.  

10.8.3     Aortopulmonary Window 

 An  aortopulmonary window  is the incomplete separation of 

the aorta and pulmonary trunk due to impaired or improper 

development of the truncal cushions during development 

(see also Chap.   3    ). In this case, there are two separate semi-

lunar valves, and the communication can exist in the proxi-

mal portion of the aortopulmonary septum (type I), the distal 

septum (type II), or a combination of types I and II (also 

often noted as type III) [ 16 ,  17 ]. 

 These defects are repaired again through the use of an 

arrested heart with either bicaval or single atrial cannulation. 

Isolation of the pulmonary arteries is important at the com-

mencement of cardiopulmonary bypass so as not to create a 

circular circuit from the aortopulmonary-artery continuity. 

Once the pulmonary artery and aorta are separated, the 

resulting defects are closed usually with patches on both the 

pulmonary artery and aorta (Fig.  10.5 ).

10.8.4        Coarctation of Aorta 

 Coarctation of the aorta is a narrowing of the blood flow 

through the descending thoracic aorta in both varying 

degrees and locations. In the early 1990s, Amato and 

colleagues proposed a classification system based on the 

degree of aortic hypoplasia and the existences of associ-

ated cardiac lesions (Table  10.4 ). Type I describes 

obstruction in the juxta-ductal region, and type II is 

hypoplasia of the aortic isthmus in addition to type I nar-

rowing. More specifically, type III includes severe (tubu-

lar) hypoplasia in much of the aortic arch, often including 

the distal transverse aorta [ 18 ]. During fetal life and 

immediately after birth, a PDA allows for blood to 

bypass the narrow areas and/or the right ventricle to sup-

plement cardiac output to the lower half of the body. As 

the ductus arteriosus ampulla closes, the narrowing is 

worsened, and the infant will develop hypoperfusion of 

the lower body commensurate with the degree of 

narrowing.

   Surgical repairs are normally performed on these 

patients as neonates, utilizing mild hypothermia without 

bypass. They are conducted through a posterolateral tho-

racotomy, which allows excellent exposure to the great 

vessels (Fig.  10.6 ). In older children, left heart bypass can 

be employed, diverting blood from the left atrium to the 

distal aorta, allowing continuous perfusion to the lower 

body. Most often the aortic lesion is isolated between two 

vascular clamps and then repaired expeditiously. 

  Fig. 10.5    An aortopulmonary window is created by a defi ciency in the 

separation of the truncus. This defect is visualized through an incision 

in the ascending aorta and closed with a patch       

   Table 10.4    Classifi cation of coarctation of the aorta   

 Type I  Primary coarctation 

 Type II  Coarctation with isthmus hypoplasia 

 Type III  Coarctation with tubular hypoplasia of the distal arch 

 • Coarctation associated with ventricular septal defects 

 • Coarctation associated with other major cardiac defect 

  Fig. 10.6    Coarctation of the newborn is often associated with severe 

hypoplasia of the transverse aortic arch. A proximal vascular clamp has 

been placed in preparation for coarctation resection. Notice the recur-

rent laryngeal nerve rapping around the ductus arteriosus       
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Historically isolated lesions were opened by placing a 

patch of material across the narrowed segment. These 

defects now are most commonly repaired by resecting the 

narrowed sections and then performing end-to-end anas-

tomoses. An alternative or additive option is using the 

subclavian artery as a patch of tissue to augment the nar-

rowed section. Risks of these repairs include: damage to 

the recurrent laryngeal nerve, potential restenosis, scolio-

sis, and/or paralysis. Residual or recurrent narrowing of a 

coarcted site is normally treated by endovascular balloon 

arterioplasty.

10.8.5        Interrupted Aortic Arch 

  Interrupted aortic arch  (IAA) is a congenital defect with a 

complete discontinuity in the transverse aortic arch, which 

may occur in the region of the aortic isthmus (type A), 

between the left common carotid artery and the left subcla-

vian artery (type B, most common), or between the right 

innominate artery and the left common carotid artery (type 

C, least common), as described by Celoria and Patton [ 19 ]. 

Figure  10.7  demonstrates these different types, with a PDA 

supplying the vessels distal to the interruption, as well as the 

lower body. This defect is associated with a conoventricular 

septal defect with the conal septal tissue crowding the sub-

aortic region. Surgical repair of this defect includes restoring 

continuity between the ascending and descending aorta and 

closure of the VSD.

   Repair of IAA traditionally has been treated with the use of 

hypothermic arrest due to the inability to fl ow through an aor-

tic cannula while working on the aortic reconstruction. A sur-

gical alternative is to direct a lower volume of fl ow to the 

cranial circulation, through the innominate artery; some sur-

geons have included this low fl ow approach to the distal aorta 

as well. The interrupted segment can be reconstructed end to 

end, as in a coarctation repair or augmented with a patch. 

Occasionally an interposition graft is used to bridge the gap.   

10.9     Pulmonary Atresia 

  Pulmonary atresia  is the lack of blood fl ow across the pul-

monic valve. This may happen in the setting of incomplete 

development of the pulmonic valve, or it may be functional 

atresia where the fl ow jet from a PDA holds the pulmonic 

valve shut. In such patients, the main and branch pulmonary 

arteries can be formed to varying degrees from normal size 

and branching pattern, to discontinuous pulmonary arteries 

with multiple collateral arteries supplying blood to the lungs 

[ 20 ]. Pulmonary atresia can also present either with a VSD 

or with an intact ventricular septum. When a large VSD is 

present, some argue it to be within the spectrum of a tetral-

ogy of Fallot congenital abnormality (see below). 

 Patients with pulmonary atresia with an intact ventricular 

septum are associated with varying degrees of tricuspid valve 

hypoplasia, right ventricular hypoplasia, and/or fi stulous 

ventriculocoronary connections. In this situation, there is 

often shunting of desaturated blood to the left side of the 

heart at the atrial level. Importantly, the relative extent of 

fi stulous connections of the right ventricle to the coronary 

arteries must be understood prior to attempted repair or pal-

liation, as the coronary blood fl ow may be dependent on the 

right ventricle.  

10.10     Tetralogy of Fallot/Double Outlet 
Right Ventricle 

  Tetralogy of Fallot  is a collection of lesions including: pul-

monary stenosis (below, at, or above the level of the pulmo-

nary valve), a large conoventricular VSD with anterior 

malalignment (override of the aorta), and right ventricular 

  Fig. 10.7    Classifi cation 

scheme for interrupted aortic 

arch. Type A occurs when all 

the arch vessels originate 

proximal to the interruption. 

Type B occurs when the left 

subclavian artery originates 

distal to the discontinuous 

segment       
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hypertrophy (Fig.  10.8 ). In DORV, both arterial trunks are 

dominantly associated with the right ventricular outfl ow 

tract [ 21 ]. The amount of right to left shunting of desatu-

rated blood across the VSD depends on the degree of pul-

monary outfl ow obstruction, which ranges from minimal 

stenosis to pulmonary atresia. Surgical repair includes clo-

sure of the VSD and relief of the pulmonary outfl ow 

obstruction. DORV can also be associated with malposition 

of the great arteries.

   The timing of repair of tetralogy of Fallot is dependent on 

the severity of pulmonary arterial and/or infundibular nar-

rowings. Severe narrowing as a neonate often requires aug-

mentation of the pulmonary arterial fl ow with an 

aortopulmonary shunt. Most often the shunt is created with a 

GORE-TEX graft between the innominate artery and the 

pulmonary artery. Depending on pulmonary artery blood 

fl ow and hemodynamic stability, the procedure can be per-

formed with or without cardiopulmonary bypass. Some 

groups are using a ductal stent to augment pulmonary arterial 

fl ow. Nevertheless, typically the full repair of tetralogy of 

Fallot requires an arrested heart with bicaval cannulation. 

The augmentation of the pulmonary arterial system can be 

either at the pulmonary valve or subvalvar level; repair of the 

VSD is performed with a patch.  

10.11     Pulmonary Venous Anomalies 

  Pulmonary venous anomalies  are variable and include 

partial anomalous pulmonary venous connection (PAPVC) 

where some, but not all, of the pulmonary veins connect 

or drain to somewhere other than the left atrium. Total 

anomalous pulmonary venous connection (TAPVC) 

occurs when none of the pulmonary veins connect to the 

left atrium, or cor triatriatum, where the pulmonary 

venous return to the left atrium is separated by a wall of 

tissue (effectively forming three atria). TAPVC can con-

nect to the right atrium or vessels above or below the heart 

or diaphragm, with the latter being more concerning for 

obstruction to blood fl ow. TAPVC can be classifi ed into 

the following categories: (1) in type I, the pulmonary 

veins drain above the heart, to the SVC or innominate 

vein; (2) in type II, they connect directly to the heart in the 

right atrium or coronary sinus; (3) in type III, the connec-

tion is below the diaphragm; and (4) type IV is a mixture 

of several of the other types [ 22 ]. TAPVC is a mixing 

lesion and often presents with cyanosis refl ective of the 

type and stability of the connections. Cor triatriatum can 

present with variable levels of obstructions of pulmonary 

venous return to the left atrium and additional connections 

to the heart and surrounding vessels. The physiologic con-

sequences of these anomalies depend on the origin of the 

connections and any obstructions to blood fl ow. PAPVC is 

hemodynamically similar to an ASD and is often found 

later in life, if at all. 

 Repair of TAPVCs depends on the anatomical arrangement 

of either supracardiac-, intracardiac-, and/or infracardiac- type 

pulmonary venous connections. Infracardiac arrangements are 

most often associated with obstructions of pulmonary venous 

return; these can lead to pulmonary artery hypertension and 

cardiovascular collapse. 

 Repair of a TAPVC will necessitate cardiopulmonary 

bypass and an arrested heart. Adequate visualization often 

necessitates brief hypothermic arrest to allow precise anasto-

moses of the left atrium with the pulmonary venous confl u-

ences. Once anastomoses of the left atrium are complete, 

reconstruction of the atrial septum is performed, i.e., to 

enlarge the small left atrium.  

  Fig. 10.8    Four components of tetralogy of Fallot include: pulmonary 

annular hypoplasia, a malaligned ventricular septal defect, right ven-

tricular hypertrophy, and an overriding aortic annulus. The defect is 

viewed by removal of the right ventricular free wall       
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10.12     Obstructive Left Heart Lesions 

10.12.1     Mitral Valve Anomalies 

 Obstructive malformations of the mitral valve and its appa-

ratus can include: (1) hypoplasia or atresia of the mitral 

valve, (2) abnormalities of the papillary muscles and chordae 

supporting the mitral valve leading to parachute or arcade 

mitral valve, and/or (3) left ventricular outfl ow tract obstruc-

tions [ 23 ]. As mitral obstruction worsens, left atrial pressure, 

and ultimately pulmonary arterial pressure, will increase.  

10.12.2     Hypoplastic Left Ventricle 

  Hypoplastic left heart syndrome  is characterized by vary-

ing degrees of underdevelopment of the left ventricle 

which can be due to a constellation of anomalies that lead 

to inadequate blood fl ow to the ascending aorta. For exam-

ple, this abnormality may be secondary to mitral valve ste-

nosis and/or atresia or aortic stenosis and/or atresia. In any 

case, these individuals are left with one functional ventri-

cle (the right ventricle) and are dependent on a PDA and an 

atrial communication to supply saturated blood to the 

body. These patients typically require either cardiac trans-

plantation or a series of palliative procedures to survive 

past early infancy [ 24 ].  

10.12.3     Subaortic Ridge 

 A  subaortic ridge  is a defect with a fi bromuscular ridge of 

tissue found below the aortic valve in the ventricular outfl ow 

tract, and it may restrict blood fl ow from the ventricle to the 

aorta. This can range from mild to severe and over time can 

lead to damage of the aortic valve from abnormally high tur-

bulent blood fl ow. Further, in some cases, subaortic narrow-

ing can be discrete or tunnellike and can be found in isolation 

or in association with other defects, primarily other left-sided 

obstructive lesions and VSDs [ 25 ].  

10.12.4     Bicuspid Aortic Valve 

 A  bicuspid aortic valve  (BAV) is the most commonly pre-

sented congenital heart defect and generally consists of the 

lack of separation between two leafl ets of the valve, effec-

tively creating two leafl ets rather than three. This leads to 

varying degrees of outfl ow obstruction and is often associ-

ated with regurgitation or leakage back across the valve back 

into the ventricle. Interestingly, mild cases may not be found 

until later in life, if ever, whereas severe cases need early 

intervention [ 26 ]. Note that a BAV may be found in isolation 

or in combination with other congenital cardiac malforma-

tions, especially coarctation of the aorta.   

10.13     Coronary Artery Anomalies 

 Coronary artery anomalies may be found in isolation or in 

combination with other cardiac lesions. When the left coro-

nary artery (LCA) arises, in part or in whole, from the right 

aortic sinus and travels between the aorta and pulmonary 

artery, there exists the potential for intermittent compression 

of the LCA, especially during exercise, thus resulting in 

inadequate blood supply to the myocardium. Multiple case 

series exist where this anatomy was thought to be the cause 

of sudden cardiac death [ 27 ]. Similarly, when the right coro-

nary artery (RCA) originates from the left aortic sinus and 

courses between the aorta and pulmonary artery, a similar 

situation exists, especially in the setting of a right dominant 

coronary system; however, the actual risk to the individual 

remains debated in the literature. 

 In cases with an anomalous left coronary artery from the 

pulmonary artery (ALCAPA), the LCA arises from the pul-

monary trunk, most often from the left sinus, or rarely from 

the pulmonary trunk or branch pulmonary arteries. In many 

patients, as the newborn pulmonary vascular resistance 

drops, the blood begins to fl ow from the coronary artery into 

the pulmonary artery causing a coronary steal phenomenon 

and resulting in underperfusion of the myocardium. These 

children may also present with: (1) depressed ventricular 

function and/or left ventricular dilation and (2) mitral valve 

regurgitation [ 28 ]. Surgical correction may include excision 

of the coronary arteries from the pulmonary artery (with a 

rim of surrounding tissue) and implantation onto the aorta or 

the creation of a tunnel to channel the blood away from the 

pulmonary artery.  

10.14     Summary 

 There are numerous congenital defects that may present at 

birth within the human heart, and many typically require 

surgical intervention. In this chapter, we defi ned these 

abnormalities and introduced the reader to several classifi -

cation schemes that have been used to describe their relative 

anatomical and functional features. This chapter also high-

lighted the more common surgical procedures utilized to 

treat congenital cardiac lesions. For additional technologies 

used to repair defects, the reader is referred to Chap.   37    . 

Furthermore, Chap.   11     provides important information on 

mechanical circulatory support devices in the pediatric 

patient.     
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      Mechanical Circulatory Support Devices 
in Pediatric Patients       

     Mark     D.     Plunkett       and     James     D.     St. Louis     

    Abstract  

  Acute heart failure can occur in children as a result of hemodynamic insults imposed on the 

heart by structural congenital defects or in anatomically normal hearts in which the myocar-

dium is damaged by an infl ammatory or infectious process (myocarditis, metabolic diseases 

leading to cardiomyopathy). Postcardiotomy heart failure following surgical repair of con-

genital heart defects can also lead to the need for postoperative support. Mechanical circula-

tory support devices have been used successfully as a bridge to recovery in children, 

especially in the management of acute myocarditis or postcardiotomy heart failure. The use 

of these devices as a bridge to transplantation has also been shown to decrease waiting list 

mortalities and improve the effi ciency of donor organ utilizations in children. However, 

currently available mechanical circulatory support options for infants and children are still 

quite limited, especially with regard to size options for smaller patients and the long-term 

duration of support often required. Future devices are currently in development for clinical 

use on a broad scale and will greatly facilitate the successful support of children with heart 

failure as a bridge to myocardial recovery or heart transplantation.  
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11.1         Introduction 

 The development of devices designed for pediatric circula-

tory support has origins in the history of cardiopulmonary 

bypass (CPB) and the advent and development of adult  ven-

tricular assist devices (VADs)  . For many years,  extracorpo-

real membrane oxygenation (ECMO)   was the only reliable 

option for pediatric patients with heart failure, but this was 

only effective for short-term use. The recent miniaturization 

of existing technologies and the introduction of new tech-

nologies have produced potential new options and have 

advanced the fi eld of pediatric mechanical circulatory sup-

port to the forefront of pediatric heart surgery. These recent 

advances are leading to a new and exciting world of future 

options for children with heart failure secondary to congeni-

tal or acquired heart disease.  

11.2     Historical Notes 

 The history of pediatric mechanical support has its roots in the 

development of CPB and open-heart surgery and runs in par-

allel to the development of adult mechanical cardiac support. 

In May 1951, Dr. Gibbon used the  Gibbon-IBM heart- lung 
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machine   successfully during closure of an atrial septal defect 

in an 18-year-old girl [ 1 ]. However, high mortality in the next 

several patients led Dr. Gibbon to abandon the use of his 

heart-lung machine. In response to the surgical need for heart-

lung bypass, C. Walton Lillehei and his colleagues at the 

University of Minnesota began working in the laboratory with 

controlled cross circulation, and in April 1954, they began a 

successful series of operations for congenital heart disease 

using controlled cross circulation with the mother or father as 

the pump oxygenator [ 2 ]. By 1955, Dr. John Kirklin at the 

Mayo Clinic and Lillehei in Minnesota had refi ned the bubble 

oxygenator and the  Mayo-Gibbon machine   as well as heart-

lung bypass techniques that allowed open-heart surgery [ 3 ]. 

Due to the growing use of  CPB  , the increase in procedures in 

open-heart surgery, and the advancement of heart transplanta-

tion, the need arose to develop a means of supporting patients 

with heart failure on both short- and long-term basis. 

 In 1966, DeBakey and Liotta implanted the paracorporeal 

Liotta-DeBakey  left ventricular assist device (LVAD)   in a 

patient suffering from postcardiotomy shock. The patient 

was supported for 10 days and ultimately survived to dis-

charge [ 4 ]. Intensive research led to the fi rst clinically usable 

systems in the late 1980s and culminated in FDA approval of 

an LVAD as a bridge to transplantation in 1994 [ 5 ]. 

Mechanical circulatory support has now evolved to a stan-

dard therapy for adults with progressive or medically refrac-

tory heart failure [ 6 – 10 ]. Various VAD options are readily 

available for adults as bridge to transplantation, bridge to 

myocardial recovery, or for destination therapy. For more 

details on this topic, see Chap.   39    . 

 While VADs have been successfully used to support adult-

sized patients to heart transplant or recovery for nearly two 

decades, ECMO  has   continued to be the main strategy to pro-

vide mechanical circulatory support for nearly all pediatric 

patients until recently. With advances in technology, more 

devices are now being used as a bridge to transplant for pediat-

ric patients. At present, there are several devices available to 

pediatric patients and many others in various stages of develop-

ment and investigation that are specifi cally designed for use in 

infants and smaller children for long-term mechanical support.  

11.3     Heart Failure in Pediatric Patients 

    Acute  heart      failure can occur in  children   as a result of hemo-

dynamic insults imposed on the heart by structural defects or 

in a structurally normal heart with myocarditis or metabolic 

disease of the myocardium. Following heart surgery for cor-

rection of structural defects, heart failure can also ensue due 

to myocardial ischemia or suboptimal myocardial protection 

referred to as   postcardiotomy failure   . Heart failure-related 

hospitalizations occur in 11,000–14,000 children annually in 

the United States, with an overall mortality of about 7 % 

[ 11 ]. While the number of pediatric patients with heart fail-

ure is steadily increasing, the number of annual pediatric 

heart transplants performed in the United States remains 

stable at about 300–350 annually and represents only 

10–15 % of all heart transplants. Due to a relative shortage of 

donors and longer waiting times for these patients, an 

increasing experience with use of mechanical circulatory 

support has evolved and led to improved overall outcomes in 

this patient population. Approximately 25 % of all pediatric 

heart transplants currently involve ECMO or VAD support 

preoperatively, and this trend is increasing. Recent estimates 

of the number of children that might benefi t from mechanical 

support with VADs range between 100 and 500 patients per 

year in the United States [ 12 ]. 

 The overall strategy of mechanical support in a pediatric 

patient is developed based on the nature and etiology of the 

heart failure, the anticipated duration of support, the likeli-

hood of myocardial recovery, the size of the patient, and the 

available technology at the institution. The use of mechani-

cal circulatory support may be divided into one of four cate-

gories.   Bridge to recovery    is a term used when mechanical 

support is utilized temporarily until the native myocardium 

and cardiac function recovers from the acute pathological 

insult. The support options in this situation are either ECMO 

or temporary short-term VADs.   Bridge to transplant    is a 

term used when the heart dysfunction is considered perma-

nent and the patient is supported until a donor heart is avail-

able for heart transplantation. In general, these patients often 

need to be supported with more long-term VADs. If it is 

unclear if the native cardiac dysfunction is reversible or if the 

patient is eligible for transplant due to evolving complicating 

factors or comorbidities, then support may be termed   bridge 

to decision   . Usually, a short-term device such as ECMO or a 

short-term VAD is used until recovery or until the patient is 

considered a candidate for transplant and then transitioned to 

a long-term device (  bridge to bridge   ). 

 While the indications for VADs as   bridge to transplant    

are well established, there is also an increasing role for 

mechanical circulatory support systems in the post-heart 

transplant patients. Overall, an estimate of 4.0 % of infants 

and younger children need mechanical circulatory assistance 

within the fi rst year post-heart transplant, and children in the 

older age groups may also require this therapy [ 11 ]. In gen-

eral, VADs are used to support the transplanted heart that is 

functioning poorly due to primary graft failure or acute 

rejection. If concomitant respiratory failure is present, then 

ECMO is indicated for most children.    

11.4     Types of Circulatory Support Pumps 

 Several modalities exist for providing mechanical circula-

tory support to patients with heart failure. Although each 

device has its own unique characteristics, most of the avail-

able circulatory support pumps can be classifi ed into one of 
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the following types:  counter - pulsation pumps ,  centrifugal 

pumps ,  axial - fl ow pumps ,  and volume - displacement pumps . 

  Counter - pulsation pumps  were  among   the  fi rst   circula-

tory support devices developed, with the intra-aortic balloon 

pump becoming the most commonly used device for short- 

term support in the adult population. The cycling of the infl a-

tion and defl ation of the intravascular balloon in the 

descending aorta in counter-pulsation with the diastolic and 

systolic phases of the heart produces forward fl ow in the 

arterial system and also increases coronary perfusion to the 

myocardium. These devices can be used in older children of 

adult size but have limited value in smaller children due to 

size limitations, potential for limb ischemia, and the increased 

compliance of the aortic wall in younger patients which 

dampens the counter-pulsation effect/benefi t. 

  Centrifugal pumps  have  traditionally      been used as short- 

term support as a means to provide either intraoperative CPB 

or of providing either right, left, or biventricular mechanical 

circulatory support. These pumps generate a vortex either 

through impellers (Sarns™ centrifugal pump, 3M, Ann 

Arbor, MI, USA; St. Jude Lifestream centrifugal pump, St. 

Jude Medical, Chelmsford, MA, USA) or through nested 

cones (Bio-Medicus Bio-Pump ® , Medtronic Bio-Medicus, 

Inc., Eden Prairie, MN, USA) to drive non-pulsatile blood 

fl ow through a circuit. Blood is drawn in through the apex of 

the cone by the vortex and expelled through a port that is 

oriented tangential to the housing. Unlike positive displace-

ment pumps, these pumps will not generate high forward 

drive pressures in the face of occlusions, but they are less 

prone to pump air because air in the pump leads to a loss of 

suction at the vortex. Today, they are widely available, easy 

to use, and relatively low cost. Yet, they require systemic 

anticoagulation, are not durable long term, and tend to create 

high levels of hemolysis with extended use. 

   Axial - fl ow pumps  contain      a rotating impeller with helical 

blades that curve around a central shaft. An external drive-

line provides electrical power to a motor that drives the rota-

tion of the impeller by electromagnetic induction. The 

spinning impeller draws blood from the infl ow cannula and 

sends it to the outfl ow cannula, and blood fl ow is essentially 

non-pulsatile. These pumps are typically quiet and use less 

power than the pulsatile devices. Further, due to the decreased 

number of moving parts and contact bearings, they offer the 

distinct advantage of enhanced durability. Miniaturization of 

these pumps has led to catheter-based axial-fl ow pumps that 

are now available for less invasive implantation and used as 

intracardiac devices. 

  Pulsatile volume - displacement pumps  are  generally      pumps 

that consist of a chamber or sac that fi lls and empties cycli-

cally. An external driveline provides electrical power to a 

motor within the device. The motor drives a pusher plate up 

and down repeatedly, expanding and compressing the volume- 

displacement chamber. Infl ow and outfl ow valves maintain 

the direction of blood fl ow. These pumps produce a pulsatile 

fl ow and mimic the pumping action of the ventricles. Yet, 

with the current technologies, these pumps often generate 

considerable noise during their fi lling and emptying cycles. 

 In the current era, continuous-fl ow blood pumps (centrif-

ugal pumps and axial-fl ow pumps) represent signifi cant 

advances for mechanical circulatory support, particularly 

due to their enhanced mechanical longevity. Yet, questions 

remain regarding the long-term physiological effects of con-

tinuous non-pulsatile blood fl ow. One concern has been how 

this type of non-pulsatile support could alter the normal 

growth and development of a child. Despite this theoretical 

concern, clinical experience in adults to date has been 

encouraging, and recent evidence suggests that normal end- 

organ function can be maintained with continuous non- 

pulsatile blood fl ow with no adverse effects or increased 

morbidities or mortalities [ 13 – 16 ].   

11.5     Short-Term Support 

  When the  duration   of a patient’s mechanical support is antic-

ipated to be short (2 or 3 weeks or less) or their candidacy for 

long-term mechanical support or transplant is unclear, cen-

trifugal pumps can often provide effective support. With the 

same standard pump, the circuit can be customized to 

patients of various sizes by varying the tubing and cannula 

sizes. This strategy is useful for the short term only (as a 

 bridge to recovery or decision ), and patients must be transi-

tioned to long-term VADs ( bridge to bridge ) if long-term 

support is necessary. Short-term support devices have the 

advantage of relative ease of implementation and provide 

either a bridge to recovery or a bridge to a more long-term 

ventricular support device. They are used primarily in clini-

cal situations requiring support for several hours, days, or 

even up to 2–3 weeks. 

    Extracorporeal membrane oxygenation  ( ECMO )   is a por-

table bedside CPB circuit, consisting of a pump head and 

oxygenator, with standard pressure and bubble monitoring 

alarms (Fig.  11.1 ). This system can provide circulatory sup-

port and respiratory support simultaneously. Unlike the CPB 

circuits, the ECMO circuit is a closed loop, without a venous 

reservoir to buffer any volume changes or to de-air the circu-

lating blood. ECMO circuits have no arterial fi lter to prevent 

air or thrombotic debris from reaching the patient’s systemic 

arterial system. Early ECMO circuits used roller head pumps, 

but more recently the newer centrifugal pumps have been 

favored due to less hemolysis and relative ease of use. 

Because ECMO systems include an oxygenator and a com-

plex circuit, full anticoagulation is always required. 

Complications of bleeding, cerebral hemorrhage, infection, 

and/or thrombosis are common, and occurrences are 

increased with extended use [ 17 ].
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   The use of ECMO continues to be a mainstay for short- 

term support of neonates, infants, and older children with 

acute hemodynamic compromise secondary to heart failure. 

It is frequently used to assist the pediatric patient with post-

operative heart failure to support the circulation during 

recovery and has been invaluable in achieving improved sur-

gical outcomes for the repair of complex congenital cardiac 

diseases [ 18 ,  19 ]. It can be rapidly deployed at the bedside or 

in the operating room and provides effective cardiopulmo-

nary support for urgent and emergent conditions where either 

heart or lung support is needed. ECMO has been success-

fully used as a temporary support for 1–2 weeks for this 

population but is generally not considered suited for long- 

term support. In heart failure patients requiring heart trans-

plantation, ECMO is still associated with a very high 

morbidity and mortality as a   bridge to transplant   , and sur-

vival to transplantation using long-term support with ECMO 

alone has been as low as 50 % [ 14 ]. Superior results have 

been achieved with long-term VADs [ 20 ].  

   Centrifugal pumps    were among the earliest designs of 

successful pumps for pediatric cardiac support. These pumps 

utilize a spindle/bearing design to directly turn the spinning 

rotor. These early centrifugal pumps were frequently used 

for pediatric patient support for postcardiotomy failure and 

bridge to transplant when pulmonary oxygenation was ade-

quate. In general, these pumps can be managed with lower 

anticoagulation requirements than an ECMO circuit. This 

  direct drive  method  , however, has been implicated in a higher 

incidence of hemolysis and thrombus formation. A new gen-

eration of centrifugal pumps is now available that eliminates 

the central drive shaft/bearing. Each of these new generation 

pumps can generate in excess of 9 L/min of blood fl ow with 

very low priming volumes. Two of the most common exam-

ples of these pumps are the   Jostra Rotafl ow  ®    (Maquet, 

Wayne, NJ, USA; Fig.  11.2 ) and the   CentriMag  ®    (Levitronix, 

Waltham, MA, USA). The   Jostra Rotafl ow  ®    (32-mL prime) 

is a magnetically stabilized system on a mono-pivot with a 

sapphire bearing. The  CentriMag   utilizes   a magnetically 

levitated ( maglev ) impeller to avoid the central drive shaft; 

currently there are two sizes available that can be utilized 

with the same pump console depending on the patient size—

 adult CentriMag  (32 mL prime) and  pediatric CentriMag  

(14-mL prime). Early clinical experiences have shown that 

these newer-generation pumps tend to be more durable and 

  Fig. 11.2     Jostra Rotafl ow ®    is an example of a new generation of cen-

trifugal pumps that eliminates the central drive shaft/bearing       

  Fig. 11.1    Extracorporeal membrane  oxygenation  . This is a portable 

bedside cardiopulmonary bypass circuit, consisting of a pump head and 

oxygenator, with standard pressure and bubble monitoring alarms. The 

system provides circulatory support and respiratory support 

simultaneously       
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less prone to thrombus and hemolysis than the previous cen-

trifugal pumps. A newer pump, the   PediMag    (Thoratec 

Corp., Pleasanton, CA, USA), is a 2.5 L/min centrifugal 

pump that is approved in the United States for 6-h use and is 

only designed for short-term support for up to 7 days.

     Axial-fl ow pumps    for short-term use are currently limited 

to the catheter-based devices. The   Abiomed Impella 2.5    

(Abiomed Inc., Danvers, MA, USA) is a catheter-based 

micro-axial-fl ow device that is inserted intravascularly into 

the left ventricle in a retrograde manner across the aortic 

valve and can produce fl ows up to 2.5 L/min. It is currently 

approved for short-term support up to 7 days and has been 

used successfully in the older pediatric patients. These 

devices can be placed percutaneously using echocardio-

graphic guidance.   

11.6     Long-Term Support 

  When mechanical  support   is anticipated for longer than 2–3 

weeks as bridge to recovery or (more often) as bridge to trans-

plant, then devices capable of greater durability and low-risk 

long-term support are preferred. Short-term devices such as 

ECMO or centrifugal pumps may be used initially as a bridge 

to implantation of a longer-term device ( bridge to a bridge ). 

 A variety of options are available for long-term mechan-

ical support of the pediatric patient. In contrast to adults, all 

currently available devices that are specifi cally designed 

for smaller children are paracorporeal, which does not 

allow patients to be discharged to home with the device. 

Newer and smaller devices currently under investigation 

are being designed for intracorporeal implantation with 

either an exiting driveline or possibly a  transcutaneous 

energy transmission (TET)   source. These devices would 

potentially allow pediatric patients to be discharged to their 

homes during long-term mechanical support, thus as a 

bridge to transplantation. 

 The   Berlin Heart Excor    pediatric VAD (Berlin Heart, 

Berlin, Germany) was the fi rst commercially available ven-

tricular assist system designed specifi cally for the pediatric 

population, i.e., with miniaturized pumps and special can-

nula. It is a paracorporeally placed, air-driven pump in a 

polyurethane, translucent, semirigid chamber that houses the 

blood-contacting membrane. The blood pumps come in 10-, 

12-, 15-, 25-, or 30-mL stroke volumes and offer support 

options for pediatric patients as small as 2.5 kg (Fig.  11.3 ). 

These pumps are driven by a pulsatile electro-pneumonic 

system and can be used as a right, left, or using two as a 

biventricular system. The pumps can be easily exchanged for 

issues of thrombus formation or to increase the size of the 

pump in response to a growing child on long-term support. 

Today, the Berlin Heart Excor is the most commonly used 

pediatric mechanical support VAD and was approved by the 

FDA in December 2011. It has as high as a 90 % survival as 

bridge to transplant in pediatric patients and has proven more 

effective than ECMO for  bridge to transplant  support [ 21 ]. 

However, the incidence of neurologic dysfunction and com-

plications from embolism has been reported to be as high as 

29 %. To date, there have been over 1200 implants in pediat-

ric patients in over 34 countries worldwide [ 22 ].

   The   HeartMate II    (Thoratec Corp.) is an LVAD   axial-fl ow 

device    that can generate fl ows of up to 10 L/min, weighs 

176 g, and measures 40 mm in diameter (Fig.  11.4 ). Early 

clinical trials show very effective hemodynamic support with 

improved patient functional status and quality of life. The 

HeartMate II was FDA approved in January 2010 for use as 

destination therapy in adults with heart failure. Today, over 

4000 HeartMate II devices have been implanted in adults and 

children worldwide, making it the most frequently used and 

successful VAD in the current era [ 23 ,  24 ]. The pump was 

designed for patients greater than 1.1 m 2  BSA, but it has been 

used to support patients with BSAs less than this. Yet, 

because it is an implantable pump designed primarily for use 

in adults, it has limited use in smaller pediatric patients.

  Fig. 11.3    Berlin Heart Excor pediatric ventricular assist  device  . This was the fi rst commercially available ventricular assist system designed 

specifi cally for the pediatric population (with miniaturized pumps and special cannula)       
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   The   Heartware HVAD ™   (HeartWare Ltd. Sydney, 

Australia) pump is an intracorporeal centrifugal maglev 

device that is implanted in the left ventricular apex and has 

been successfully used in smaller patients. At the core of the 

HVAD pump platform is a proprietary hybrid system for sus-

pending the impeller (or rotor), the only moving part within 

the pump. Once power is applied to the device and the impel-

ler begins to rotate, there are no points of mechanical contact 

within the HVAD pump, effectively ensuring a  contactless  

system. The elimination of mechanical bearings is expected 

to lead to longer-term device reliability. The suspended 

impeller is designed to provide optimal blood fl ow paths 

through the system and to reduce red blood cell damage. The 

HVAD is accredited for patients with a BSA >1.2 cm 2 ; due to 

its small size, this pump has more recently been used in chil-

dren. To date, over 160 implants have been reported world-

wide in the pediatric age groups. 

 The   Medos HIA VAD    (Medos Medizintechnik GmbH, 

Stolberg, Germany) is similar to the Berlin Heart VAD. It is 

a pulsatile VAD, pneumatically driven with a pump chamber 

made of polyurethane that is available in various sizes from 

10 to 80 mL so it can be used in pediatric patients as small as 

3.0 kg. It can also be used in a right, left, or biventricular 

confi guration. It still has limited availability in the United 

States and does not have FDA approval at this time. 

 Thoratec Corp. also offers both an intracorporeal 

( Thoratec  ®   IVAD ) and paracorporeal ( Thoratec  ®   PVAD ) 

VAD system. They both allow the option of right, left, or 

biventricular support and are approved for use as a bridge to 

transplantation and for support in the setting of postcardiot-

omy shock. They provide pulsatile fl ow with a 65-mL blood 

chamber, and unidirectional fl ow is achieved with tilting disk 

mechanical valves. The paracorporeal placement of the 

PVAD allows use in patients with a BSA of <1.5 m 2  and has 

been used successfully in patients < 0.8 m 2 . 

  The SynCardia    Total Artifi cial Heart  ( TAH )      (SynCardia, 

Inc., Phoenix, AZ, USA) is a pneumatically driven pulsatile 

device with two 70-mL polyurethane pumps that generate up 

to 9.0 L/min of fl ow and are designed for total biventricular 

support. It is FDA approved for   bridge to transplant    and has 

also received compassionate use approval as destination 

therapy. A portable driver was introduced in 2011 and has 

greatly facilitated the mobility of patients following device 

implant. Unlike other assist devices, the TAH actually 

replaces the failing ventricles and is implanted using the 

atrial chambers to fi ll the pumps through prosthetic valves. 

Long-term survival has been reported with the device. Recent 

use in single ventricle failing Fontan patients as bridge to 

transplant was reported [ 25 ]. While the 70-mL pump device 

is only used in adult-sized patients, a smaller 50-mL pump 

device for use in older children with a BSA as low as 1.22 m 2  

is scheduled to be introduced in 2015.   

11.7     Challenges of Designing Pediatric 
Ventricular Assist Devices 

   The  challenge    of   designing pediatric VADs stems, in large 

part, from the issues of smaller-sized patients with limited 

chest capacity, rapid growth potential, and the fragility of the 

cardiovascular structures that may be involved with implan-

tation. The challenge of miniaturization of devices to be used 

or implanted in the pediatric population has impeded the 

advancement and use of VADs in these patients until recently. 

In addition to the limited space in the thoracic cavity of 

smaller and younger children, there is also the issue of small 

caliber vasculature, small circulating blood volume, and 

  Fig. 11.4    HeartMate II left ventricular assist  device  . This axial-fl ow 

device can generate fl ows of up to 10 L/min and was FDA approved in 

January 2010 for use as destination therapy in adults with heart failure       
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small cardiac chambers. Interfacing a VAD with the cardio-

vascular system of a child must allow for these factors. In 

addition, the fragility of the cerebral vasculature of neonates 

and younger children presents a concern that damage and 

hemorrhage may occur due to elevated systolic pressure gen-

erated by a device. Furthermore, the issues of growth in these 

patients and the sizing of devices for potentially rapidly 

growing children add yet another challenging dimension to 

these patients, not encountered in the adults. 

  Anticoagulation   is also more diffi cult to manage in these 

young patients, and medications such as warfarin (Coumadin) 

can be diffi cult to maintain in a therapeutic range without 

signifi cant fl uctuations. In part this may be due to the less 

mature coagulation cascade systems present in younger chil-

dren or variations in diet and better compliance in older age 

groups. It follows that the design of future pediatric devices 

needs to be associated with reduced risks of thromboembo-

lism in the face of fl uctuating levels of anticoagulation. The 

issues of mobility and ambulation are also concerns in this 

young patient population, with the possibility of kinking of 

drivelines and dislodgement of devices occurring if not 

securely implanted and anchored in an active and mobile 

child. Long-term support and the longevity of the pumps and 

materials over time are yet another challenge with pediatric 

devices. While totally implantable devices are desirable in 

some respects, issues like upsizing of pumps for growth and 

removal for thrombus, infection, or device failure make 

implantable devices more problematic for long-term 

support. 

 The variable anatomies of congenital heart defects (either 

before or after surgical intervention) and the interface of 

devices with abnormal anatomies can be surgically and 

technically challenging. More specifi cally, the presence of 

hypoplastic cardiac or vascular structures, residual shunts, 

insuffi cient valves, dextrocardia or heterotaxy, and abnor-

mal venous return related to previous Glenn or Fontan cavo- 

pulmonary reconstructions all pose signifi cant surgical 

challenges in this group of patients. Further, the presence of 

aortopulmonary shunts, either from previous palliative sur-

gery or development related to the congenital defect, can 

create altered fl ow patterns during mechanical support by 

devices and result in pulmonary overcirculation. 

 It should be noted that the use of long-term devices in the 

single-ventricle patient population represents one of the 

greatest challenges in supporting patients with congenital 

heart disease. Given the anatomic complexities of the cavo- 

pulmonary connection and various modes of Fontan failure, 

any single confi guration for mechanically supporting this 

circulation will probably not be effective for all patients. 

Research into the design and development of such devices 

and their interface with this Fontan circulation is increasing, 

to meet the growing population of patients with failing 

Fontans [ 26 – 28 ]. 

 ECMO  support   for single-ventricle patients also poses 

particular challenges. Management of the systemic-to- 

pulmonary artery shunts must be determined based on the 

indication for ECMO support, systemic ventricular function, 

and fl ow characteristics of the ECMO circuit. In patients 

with an aortopulmonary shunt who are unable to handle any 

pulmonary overcirculation or cardiac volume overload, 

occlusion of a shunt may be indicated while on ECMO sup-

port [ 29 ]. The presence of a Glenn or Fontan reconstruction 

may also require a strategy of bi-caval cannulation for ade-

quate venous decompression. Outcomes with ECMO and 

other devices in this patient population have been substan-

tially lower than any other group [ 30 ]. A recent study from 

the ELSO registry on VAD use in pediatric patients showed 

only a 27 % survival in the single-ventricle cohort [ 31 ]. For 

more details relative to these congenital defects, the reader is 

referred to Chap.   10    .    

11.8     Future Pediatric Devices 

 The future development of pediatric devices will include the 

continued miniaturization of technologies, the development 

of alternate energy strategies, and the continued advance-

ments in the designs, such as: (1) maglev technology, (2) the 

use of transcutaneous energy sources, and (3) laminar fl ow 

devices that are completely implantable without the need for 

an external driveline. Importantly, several devices are cur-

rently in clinical investigation or animal research trials that 

demonstrate many of these evolving trends in pediatric 

VADs. 

   HeartWare MVAD  pump   (MVAD, HeartWare ® , Inc., 

Miramar, FL, USA) is a continuous axial-fl ow pump, 

approximately one-third the size of the HVAD ®  pump 

(Fig.  11.5 ). The MVAD pump is based on the same proprie-

  Fig. 11.5    HeartWare MVAD pump. This continuous axial-fl ow pump 

utilizes proprietary  contactless  impeller suspension technology and was 

designed to support a wide range of fl ows that enable full and partial 

support capability. Its small size and wide range of fl ows will likely 

enable support of smaller patients and those with right ventricular 

failure       
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tary  contactless  impeller suspension technology used in the 

HVAD pump, with its single moving part held in place 

through a combination of passive-magnetic and hydrody-

namic forces. The MVAD pump was designed to support a 

wide range of fl ows to enable both full and partial support 

capabilities. Additionally, it is expected that MVAD’s small 

size and wide range of fl ows will enable support of smaller 

patients and those with right ventricular failure. A key focus 

is the development of a fully implantable system based on 

transcutaneous energy transfer technology. This technology 

enables a fully implanted battery pack to be periodically 

recharged using inductive coupling across the skin. This will 

allow implantation of the complete system, including batter-

ies and controllers, and will eliminate the current need for a 

percutaneous driveline to a permanently connected control-

ler. The HeartWare MVAD is scheduled to be available in the 

very near future.

    Thoratec HM    III    (Thoratec Corp.) is a full-output cen-

trifugal fl ow pump with a fully magnetically levitated rotor, 

which also allows the development of pulsatile fl ow. This 

near-physiological artifi cial pulse may have clinically impor-

tant physiological benefi ts. Further, this pump has textured 

blood-contacting surfaces and a low shear stress rotor with 

large pump gaps, i.e., this may reduce the chances of throm-

bus formation and allow for reduction in anticoagulation 

requirements. The small pump size allows intrathoracic 

placement versus the typical large pump pocket required for 

the HeartMate II (Fig.  11.6 ). This system will also have 

lower power consumption and will include an improved 

modular driveline and pocket controller. This device has 

completed preclinical and animal testing and has been 

released for clinical trial use in the United States.

   The   HeartMate X    (Thoratec Corp.) represents another 

versatile miniaturized platform technology, capable of pro-

viding either partial or full circulatory support. With a dra-

matic size reduction, this axial-fl ow pump will allow rapid, 

less invasive implantation techniques with versatile cannula-

tion options. The high-effi ciency motor and hydraulics will 

allow for lower power consumption and the potential for 

smaller external batteries and components. The rotor bear-

ings are considered to have a projected lifespan of over 15 

years. The design of HeartMate X is still being developed 

and fi nalized. 

 The  National Institutes of Health  ( NIH )   PumpKIN trial       

was initiated to promote the design and development of pedi-

atric cardiac assist devices at several selected institutions. 

The National Heart, Lung, and Blood Institute solicited pro-

posals to develop novel circulatory support systems for 

infants and children. The types of devices intended to be 

developed include left and right VADs, ECMO systems, and 

other novel bioengineered systems specifi cally for children 

ranging in weight from 2 to 25 kg. The goals set for the ideal 

pediatric device include: (1) routine deployment and func-

tioning in less than 1 h after the decision to initiate support; 

(2) low priming volume; (3) fl exible cannulation, suitable for 

abnormal anatomies; (4) minimal blood product exposure; 

(5) minimal risk of infection, bleeding, hemolysis, and/or 

thrombosis; and (6) suitable for long-term support (6 months) 

[ 12 ]. The following fi ve projects were initially awarded con-

tracts for development:

    1.     PediaFlow    VAD    is an implantable, magnetically sus-

pended mixed-fl ow turbodynamic blood pump that is 

being designed and developed to provide chronic 

(6 months) circulatory support to patients from birth to 2 

years of age (3–15-kg body weight) with congenital or 

acquired heart disease (Fig.  11.7 ). This device is based on 

rotary blood pump technology, has a single percutaneous 

lead crossing the skin for energy transmission, and may 

be used as a right, left, or biventricular device.

  Fig. 11.6     Thoratec HeartMate III     . This is a full-output centrifugal fl ow 

pump with a fully magnetically levitated rotor, which also allows the 

development of pulsatile fl ow. This near-physiological artifi cial pulse 

may have clinically important physiological benefi ts       

  Fig. 11.7     PediaFlow ventricular assist device  . This is an implantable, 

magnetically suspended mixed-fl ow turbodynamic blood pump to pro-

vide chronic circulatory support to patients from birth to 2 years of age 

with congenital or acquired heart disease       
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       2.      PediPump    is a magnetic bearing-supported, rotary 

dynamic circulatory support pump designed specifi cally 

for children. It is planned that there will be two confi gura-

tions for deployment based on patient size, with intravas-

cular implantation in larger children, and extravascular 

intracorporeal implantation for smaller children.   

   3.      Pediatric cardiopulmonary assist system  ( pCAS )   can 

deliver both continuous and pulsatile fl ows. The system is 

based around a compact, paracorporeal rotary fl ow device 

capable of the simultaneous pumping of blood and the 

delivery of oxygenation. The device rotor is fabricated 

from layers of microporous hollow fi bers that include a 

custom coating to increase fi ber life and minimize require-

ments for systemic anticoagulation.   

   4.      Penn State pediatric ventricular assist device  ( PVAD )   is a 

pulsatile, pneumatically actuated blood pump. It is 

intended primarily for paracorporeal placement, but it is 

also planned to be implantable for bridge to transplanta-

tion applications. It can be used for left, right, or biven-

tricular support for up to 6 months. This device is not in 

clinical use at this time.   

   5.      Pediatric Jarvik 2000    is an axial-fl ow blood pump 

designed to support patients in all size ranges (3–25 kg; 

Fig.  11.8 ). These devices are designed to be implantable 

and provide chronic left, right, or biventricular support. 

The device features the implantation of the pump in the 

apex of the ventricular cavity as an intracardiac device.

       Of the initial fi ve devices described above, the  NIH 

PumpKin clinical trial 2014  is now initiated with the 

 Pediatric Jarvik 2000  and the  Berlin Heart Excor  VADs ran-

domized for pediatric cardiac support in multiple centers in 

the United States.  

11.9     VAD Management and Complications 

  In  general  , the postoperative management issues and compli-

cations associated with the use of VADs and mechanical sup-

port in pediatric patients are similar to those encountered 

with the use of VADs in adults [ 32 ]. Yet, factors such as 

smaller circulating blood volume, diffi cult anticoagulation 

management, increased susceptibility to infections and sep-

sis, and rapid growth potential can make the management of 

postoperative issues and complications more challenging in 

these younger patients [ 33 ]. 

   Mediastinal bleeding    following device implantation has 

been reported to be relatively common in young populations. 

Predisposing factors include: (1) hepatic congestion and dys-

function related to heart failure, (2) compromised nutritional 

status, (3) the need for preoperative anticoagulation, (4) the 

need for extensive surgical dissection, (5) common preopera-

tive procedures, (6) prolonged CPB and coagulopathy sec-

ondary to interactions between circulating blood elements, 

and/or (7) the artifi cial device surfaces used. Due to the 

requirement of systemic anticoagulation for many devices, 

as well as the possible use of aspirin as an anti-infl ammatory 

agent, late bleeding and tamponade are common with all 

VAD implantations [ 34 ]. 

   Infection    remains a signifi cant source of morbidity and 

mortality in young patients receiving mechanical circulatory 

support. Further, infections in VAD patients can affect differ-

ent components of the device including: (1) infections at the 

driveline exit site, (2) device pocket infections, (3) device 

endocarditis, and/or (4) blood stream infections. Bacteria 

that are able to form a biofi lm in such devices are common 

pathogens, including: staphylococcus, pseudomonas, entero-

coccus, and candida [ 35 ]. Other patient factors that may 

increase susceptibility to infection include nutritional com-

promise, renal failure, and immunologic derangement. 

Overall infection rates in adult patients receiving devices 

have been approximately 50 %, and up to 25 % of deaths in 

adult VAD patients are due to systemic sepsis [ 36 ]. As with 

adults, infections in pediatric patients may mandate removal 

or replacement of the assist device. 

   Thromboembolic events    can lead to devastating neuro-

logic and end-organ injury and remain a signifi cant concern 

in pediatric patients undergoing mechanical device place-

ment. Most device patients are maintained on anticoagula-

tion with heparin and warfarin. In other words, the diffi culty 

of managing these medications in a therapeutic range consis-

tently in the pediatric patients often leads to an increased risk 

for thromboembolic events. 

 Of interest, right heart failure occurs in approximately 

20 % of adult patients undergoing LVAD placement. The 

incidence of such failure is more variable and less defi ned in 

pediatric patients due to more variability in this population 

[ 37 ]. Yet, post-operation right ventricular failure can have 

  Fig. 11.8     Pediatric Jarvik 2000  . This is an axial-fl ow blood pump 

designed to support patients in all size ranges; additionally it is implant-

able and provides chronic left, right, or biventricular support       
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signifi cant effects on clinical outcomes, leading to increased 

ICU stay, increased mortality following LVAD implantation, 

and/or a lower bridge-to-transplantation rate. It should also 

be noted that right heart failure can result from abnormalities 

in the right ventricle as well as the pulmonary vascular bed. 

Changes in ventricular interdependence and septal shifting 

secondary to mechanical unloading of the left ventricle can 

also contribute to impaired right-sided function [ 38 ]. In addi-

tion, pre-existing right ventricular defects or dysfunction 

may be unmasked secondarily to the augmented preload pre-

sented to the right side following LVAD implantation. On the 

other hand, evidence of right ventricular failure in the pediat-

ric population may lead to the use of biventricular support 

options for mechanical support [ 39 ]. 

  Device    failure and durability  are   critical factors in estab-

lishing mechanical support as a feasible option for providing 

long-term use. Yet, device failure can occur in any of the 

components of such a system, including: (1) the infl ow and 

outfl ow conduits, (2) the pumping chamber, or (3) the exter-

nal components of the system, such as the driveline, power 

source, or controller unit. As clinical experience with indi-

vidual devices continues to accumulate, modes of failure that 

are amenable to design changes become apparent, allowing 

for subsequent device modifi cation and improvement. 

Newer-generation axial and centrifugal fl ow pumps attempt 

to address the shortcomings of the fi rst-generation devices 

with smaller pumping chambers and drivelines, transcutane-

ous energy sources, and the use of magnetic levitation tech-

nologies to eliminate contact-bearing moving parts, offering 

the hope of enhanced durability and reduced risk of throm-

bus formation and/or embolism.   

11.10     Summary 

 Continued advancements in both adult and pediatric mechan-

ical circulatory support approaches have been remarkable 

over the last 50 years. This progress was initially the corner-

stone of open-heart surgery (i.e., through use and refi nement 

of heart-lung machines) and this paved the way for the devel-

opment of VADs and the TAH. The quality and quantity of 

life for adult heart failure patients are now being improved 

by the use of cardiac assist devices as a bridge to heart trans-

plant or myocardial recovery and more recently as a destina-

tion therapy. Miniaturization and refi nement of these devices 

and recent incentives for the design of devices specifi cally 

made for smaller and younger pediatric patients now prom-

ise similar support for treatment of heart failure in the pedi-

atric population [ 40 ]. 

 Future trends in the development of newer pediatric 

devices will predictably include: (1) further miniaturization 

of pumps for increased implantability and biventricular sup-

port; (2) the use of less thrombogenic materials to reduce the 

need for anticoagulation; (3) improved pump durability by 

refi nements in design, materials, and the use of newer tech-

nologies; (4) increased use of transcutaneous energy systems 

to avoid the need for drivelines exiting the body; (5) the use 

of improved and miniaturized energy sources to allow heart 

failure patients to live more “untethered” and unrestricted 

lives; and/or (6) ultimately the further development of a 

durable, reliable, and totally implantable devices for effec-

tive replacement of the human heart.     
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Cellular Myocytes
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Abstract

The function of the heart as a pump is ultimately dependent on the coordinated contractions 

of its chambers to move blood throughout the body. These contractions are produced by 

cardiac myocytes, the muscle cells of the heart. Understanding of the structure and function 

of these cells on an individual level provides insights into adaptations of the heart due to 

normal as well as pathophysiological changes over the course of a lifetime.
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12.1  General Cellular Morphology

All human cells can be thought of as biological machines 

that are surrounded by a membrane bilayer (plasma mem

intracellular space whose environment is closely regulated 

μm. The encapsulating 

membrane is primarily composed of a bilayer of phospholip

ids, bipolar molecules with hydrophilic head groups, and 

hydrophobic lipid tails (Fig. 

membrane is studded with receptors (Fig. ) for various 

biochemical signaling molecules (hormones, neurotransmit

ters, etc.). Also resident in the plasma membrane are a num

regulate the ionic composition of the internal environment of 

the cell (endoplasm). The interior of each cell contains 

enzymes and organelles that are specialized to support a 

the nucleus (which contains the genetic blueprint for cellu

lar function), mitochondria (which converts various energy 

sources to adenosine triphosphate, or ATP), the endoplas

mic reticulum (protein and lipid synthesis as well as cal

processing of newly synthesized proteins). The cells of each 

tissue anchor themselves together and to the surrounding 

(Fig. ).

12.2  Cardiac Muscle Cell Morphology

organelles but distinct in that they also include an elaborate 

protein scaffold within the cell that is anchored to the cell 

membrane and the extracellular matrix of connective tissue 

(Fig. 

interactions within the internal protein lattice leads to the 

contraction of the cells and pumping of blood by the heart. 

μm 
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μm. Force is produced 

contractile proteins whose liquid crystalline order gives rise 

to a striated appearance under the microscope (Figs.  

and ). As with other cell types, the membrane bilayer 

contains a collection of ion channels and ion pumps and recep

cells contain some proteins which connect cardiac myocytes 

to one another as mechanical partners and other proteins 

12.3  Cardiac Cell Membranes

The surface (or plasma) membranes of cardiac cells are 

transverse tubules

). As they tra

connect to other transverse tubule channels forming a reticu

Fig. 12.1 A typical mammalian cell. The intracellular environment is 

separated from the extracellular environment by a lipid bilayer mem

brane (see area encircled

taining chromosomes and a collection of organelles to support 

somes, various ion channels, and biochemical receptors

Fig. 12.2 A typical cardiac 

cell. The intracellular space is 

The nucleus and other 

organelles that support 

cellular function are present 

but are often crowded to the 

periphery by the contractile 

apparatus

V.A. Barnett



203

(cytoplasm) of the myocytes, is the sarcoplasmic (endoplasmic) 

reticulum, a cytosolic organelle that is specialized to store 

myocyte. Their close association with the sarcoplasmic retic

ulum helps to couple cardiac action potentials to the release 

of calcium from internal stores. This arrangement of the 

12.4  Intercalated Disks

A structure referred to as the intercalated disk forms strong 

). The inter

the neighboring cardiomyocytes. The protein components 

Fig. 12.3 A cross section of 

cardiac tissue showing two 

cells separated by a blood 

vessel containing red blood 

cells. The repeating 

sarcomeric structure of the 

highlighted on the left of the 

right of the 

the membrane specializations 

of the cell. These include the 

tubules that punctuate the 

sarcolemma (plasma 

membrane), and the 

sarcoplasmic reticulum. Also 

shown are mitochondria 

compacted into a limited 

space because of the 

Fig. 12.4 A section of a 

cardiac cell showing the 

relationship of the 

sarcoplasmic reticulum and 

the transverse tubules 

reticulum surrounds each 

through a cardiac cell. The 

reticulum is referred to as the 

triad. This close proximity 

allows the action potentials 

that pass through the 

calcium release from the 

sarcoplasmic reticulum

12 Cellular Myocytes
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vinculin, α β

, 

branches of myocardial cells. This connection of the cardiac 

myocytes facilitates some lateral shifting and the interdigi

myocytes relative to one another is practically impossible 

(Fig. 

to be transmitted across the myocardium.

12.5  Gap Junctions

3 connexins

membered rings called connexons imbedded in the sarco

lemma of cardiac cells (Fig. ). The connexons on the 

neighboring cell. A conformational change within the pro

pores or gap junctions (Fig. 

open, they provide for direct electrical and small molecule 

chronized cells. This connectivity allows activation signals 

depolarizations can then pass from cell to cell through these 

coordinated contractions of cardiac muscle. For more details 

on movement of electrical signals through heart tissue, the 

.

12.6  Myofibrillar Structure

The arrangement of contractile proteins in cardiac muscle 

myofibrils, run parallel to 

one another along the long axes of the myocardial cells 

(Fig. 

each cardiac myocyte, with the remainder of these cells occu

pied by the normal intracellular machinery (Fig. 

called sarcomeres

within muscle (Figs.  and 

contractile proteins into the sarcomeres that gives cardiac and 

microscopic examination. At regular intervals along each 

teins α Z disks 

ment of contractile proteins that resides between two consec

μm toward the center of 

protein myosin sit in the center of each sarcomere and extend 

μ

their centers by a protein matrix referred to as the M line (or 

tein titin. The region of the sarcomere in which the myosin 

A band (Figs.  and ). 

I band

 and ).

Fig. 12.5 A collection of 

interconnected cardiac muscle 

cells showing their 

characteristic branched 

structure. At the interface of 

structure mechanically 

couples the cardiac cells so 

that the forces generated by 

each cell are communicated 

through the vessels of the 

heart

V.A. Barnett
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12.7  Thin Filament

As noted above, the principle structural component of the thin 

actin (Fig. 

latory proteins tropomyosin (Tm) and troponin (Tn). 

α

ponin complex to tropomyosin and actin. Tropomyosin mol

ecules are aligned end to end around the helical coil of the 

quent increase in myoplasmic calcium concentrations, free 

the entire troponin complex that is transmitted to tropomyo

revealing the site on actin required for strong myosin binding. 

troponin complex over seven actin monomers represents a de 

of Tm molecules creates a mechanism for the communication 

initiation of force generation via this mechanism highly coop

].

system, gut, and airways), while the regulation of contrac

tion is also calcium dependent, the regulatory protein tropo

nin is absent. The rise in calcium concentration is sensed by 

the cytosolic protein calmodulin, and activation occurs via a 

Fig. 12.6 (a

representation of a plaque of 

connexons on a cardiac 

form each pore structure 

(connexons) on the membrane 

surface which cluster in the 

b

view of the interface between 

of connexons to form a gap 

cells

12 Cellular Myocytes
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12.8  Thick Filament

production and movement of muscle cells. The functional 

heavy chains and four light chains

). Associated with 

each globular head domain are two smaller protein compo

). This results in a bipolar structure that 

hydrolysis site. As will be discussed later, the cyclic interac

tion of these crossbridge forming head domains to the actin 

mechanism for myocyte contraction.

12.9  Energy Metabolism

ATP production in cardiac muscle is primarily accomplished 

a multistep enzymatic process that extracts energy from 

Fig. 12.7

of the protein myosin are found in the center of the sarcomere. The area 

V.A. Barnett
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converts it to ATP. The energy extraction and ATP production 

occur in the mitochondria found in the cytoplasmic space of 

ment for oxygen in the ATP production mechanism, and it is 

The amount of ATP and creatine phosphate normally present 

uses of ATP in heart cells for more than a few beats. 

Therefore, continuous delivery of nutrients and oxygen and 

removal of waste products are crucial processes for the nor

mal functioning of the myocardium. For a more detailed 

.

12.10  Force Production: 
The Crossbridge Cycle

During diastole, myosin crossbridges bind ATP and hydrolyze 

it, but cannot use the energy released during hydrolysis to pro

duce force (Fig. 

events (Fig. 

myosin that allow it to hold on to the products of ATP hydro

lysis (inorganic phosphate (Pi) and adenosine diphosphate 

(ADP)). The myosin heads then retain most of the energy 

bond of ATP. During systole, calcium from the extracellular 

raising the intracellular calcium concentration from micro

molar to millimolar levels. As discussed above, the binding 

ing inhibition. The energized myosin crossbridges can then 

(Fig. 

conformational change of the myosin head occurs while it is 

bound to actin (Fig. , step 3). The  conformational change 

myosin can rebind ATP (Fig. 

for actin and thus causes crossbridge detachment. The subse

cycle. The cycle continues as long as the intracellular calcium 

M** ∑ ADP ∑ Pi

A

A

1

2

Calcium

3

4

M* ∑ ATP

ATP

ADP

Pi

A ∑ M** ∑ ADP ∑ Pi

A ∑ M

Fig. 12.8

the rapid release of ATP hydrolysis products ADP and Pi from the cross

of the crossbridge domain which produces force, pulling the actin thin 

changes again. The crossbridge cycle continues as long as the intracellu

lar calcium concentration is high. At rest the system sits with myosin in 

12 Cellular Myocytes
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12.11  Length–Tension Relationship

with shortening of a cardiac cell occurring with each systolic 

contraction and stretch of the cell occurring during each 

cardiac muscle cells.

μm, this 

overlap of actin and myosin is optimal, and nearly all of the 

myosin crossbridge domains are in position to bind to the 

maximal isometric (isovolumic) force production (Fig. ). 

because of the decrease in the overlap region of crossbridge, 

ments. Thus, the decreased force development is directly the 

result of the reduced potential for possible crossbridge for

mations as the cell is stretched (Fig. 

shortened from the full overlap position and then activated, 

the subsequent force generation also decreases but for a dif

ferent reason. We have already stated that the arrangement 

talline. When the cells become over shortened, several types 

sarcomere. The disorder and/or interference that may occur 

in an overly shortened sarcomere is the cause for the 

tension relationship (Fig. 

resenting the noncompressed full overlap position. 

Fig. 12.9

μm, there is complete overlap 

their maximal force production potential. At sarcomere lengths less 

μ

interfere with one another, reducing the force that can be produced. As 

the sarcomere length is increased from the region that produces maxi

generating potential

V.A. Barnett



209

cycle, the cell shortens during systole and has its length 

(or pressure) that can be generated, it is sometimes referred 

to as the preload of the cell.

12.11.1  Practical Applications of the Length–
Tension Relationship

trolled in vivo through their shortening during systole and 

their being stretched during diastole (Fig. ). That the set 

relationship (Fig. ), this length change produces an 

alignment of the contractile proteins that can then result in 

then also follows that the increased force, which can occur 

during the isovolumic (isometric) phase of systole, will result 

dilated myopathies, myocytes may be overstretched during 

diastole, reducing the pressure building capacity of ventricu

lar muscle.

12.12  Force and Velocity

The velocity of muscle cell shortening depends on the load 

ventricle is the systemic blood pressure, and it is referred to as 

the afterload

of myocyte, shortening decreases. This relationship can 

expelling blood against high systemic pressures.

12.13  Myocyte Hypertrophy

The structure of all muscle cells in the human body respond 

lifetime maintain the healthy muscular tone of the myocytes. 

place stresses on the heart that lead to remodeling. The remod

eling of the myocardium, due to increased biomechanical 

stress, triggers activation of biochemical and neurohormonal 

signaling pathways that are dependent on the manner in 

which the stresses are applied to the heart.

produce a higher internal pressure than normally required 

time, this pressure overload will result in left ventricular 

hypertrophy. As more and more effort is required by the 

heart to compensate for the hypertension, myocardial pro

tein synthesis is stimulated, and there is an increase in the 

production of sarcomeric proteins (myosin, actin, etc.). 

These myocardial proteins are then assembled to build addi

to the sarcolemma expanding their diameter and ultimately 

adaptation to hypertension has been termed concentric 

hypertrophy , ].

pregnancy, or an arteriovenous shunt can cause the ventricles 

to experience a volume overload

a structural adaptation of cardiac myocytes. The stimulation 

of protein synthesis of sarcomeric proteins in these cases 

results in the addition of additional sarcomeres to existing 

modated by incorporation of additional phospholipids the 

plasma membrane resulting in an expansion of cardiac myo

eccentric 

hypertrophy , ].

An interesting component of these changes in cellular mor

phology is that the concentric hypertrophy triggers an increase 

in protein synthesis during early phases of the hypertrophic 

12.14  Cardiac Cell Action Potentials

The electrical activity of cardiac muscle cells is fundamental 

the cell membrane to selectively pass charged species from 

gradient through the action of ion pumps and ion selective 

channels. The charge difference across a membrane creates 

12 Cellular Myocytes
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carries a negative charge relative to the exterior interstitial 

environment. The energy available through the discharging 

of this potential is commonly coupled with cellular func

potential (action potentials) are used either to communicate 

excitation- 

contraction coupling.

to that of blood serum. The total intracellular concentration 

of calcium is higher, but much of it is bound to proteins or 

sequestered in organelles (mitochondria, sarcoplasmic 

trations are very low and are in the micromolar range 

(Table ).

and ion exchange proteins are all required to maintain the 

difference in ion concentrations. This separation of charged 

species across a resistive barrier (in this case, the cell mem

brane) generates the electrical potential (Eion) mentioned 

above. For individual ions, the value of this potential can be 

 

E
RT

zF
ion

outside

inside
= -

[ ]

[ ]
ln

 

where R is the gas constant, T is the temperature (K), z is the 

valence of the ion (charge and magnitude), and F is the 

Faraday constant.

, the concentrations of the ions (inside and 

outside the cell) that play a role in the resting membrane 

potential of cardiac muscle cells are shown with their 

respective calculated equilibrium potentials. The measured 

membrane potential of a cardiac muscle cell is in the range 

measurements of ion movement have shown that chloride is 

distributed passively across the cell membrane (because of 

its negative charge, it follows positive ion movement) and 

potassium as the dominant ion species in determining the 

resting potential of the cardiac myocyte.

on their potassium distribution but also on several parame

cies on both sides of the given cell membrane as well as their 

relative permeability. To determine the overall membrane 

potential (Em

individual ions and the permeability (conductance) of the 

 

E
g

g
E

g

g
E

g

g
E

m

Na

tot

Na

K

tot

K

Ca

tot

Ca
= + +

 

where g gK 

is the membrane conductance for potassium (K), g  is the 

gT is the total 

membrane conductance, E  is the equilibrium potential for 

sodium, EK is the equilibrium potential for potassium, and 

E

Table  and the conductance values for sodium, potas

for a cardiac myocyte at rest.

As noted above, cells can have a variety of ion selective 

channels in their membranes. The term gating refers to the 

channels that have a random frequency of opening and clos

their ion selectivity and/or the direction of ion passage that 

such a channel facilitates.

+ , and K+. 

An initial electrical depolarization initiated by current 

+ channels (Figs. , 

, and 

transient increase in sodium permeability which further 

depolarizes the cell and drives the membrane potential 

toward the (positive) sodium equilibrium potential 

(Table  and ). Action potential ini

Table 12.1
cardiac muscle cells

Ratio of inside/

outside E ion (mV)

Potassium

Eion
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 and K+ channels. The subse

 

duration) calcium channels allows calcium to enter the 

myocyte and sustains the depolarized state, despite the 
+

gated K+ channels is delayed in time and results in potas

concentration gradient. This drives the membrane poten

negative). The timing of these changes depends on the iso

 and K+ channel proteins present in each 

cell with sinoatrial and atrioventricular action potentials 

). The primary 

difference between these cell types is often the duration of 

 channels (Figs.  

and ).

The various phases of the cardiac action potential are 

the cell membrane. Atrial and ventricular cardiac muscle 

cells have an extremely rapid initial transition from the 

resting membrane potential to depolarization (phase 0

). As the 

sodium channels begin to close, phase 1

Fig. 12.10
the plateau of the cardiac action potential. The rise in intracellular cal

cium concentration triggers additional calcium release from the sarco

cycling begins generating tension in the cardiac myocytes

12 Cellular Myocytes
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+ channels. This 

balance results in the electrically positive plateau (phase 2) 

+ channels begins to 

dominate the membrane potential, and repolarization of the 

cells begins (phase 3). Phase 4 is the restoration of the rest

ing membrane potential and the closing of the K+ channels. 

From the initiation of the action potential through approxi

mately half of the repolarization, the cell is considered 

refractory, meaning that it could not respond to a new 

depolarization signal.

12.15  Pacemaker Cells

The sinoatrial (right atrium) and atrioventricular (interven

tricular septum) nodal cells have what are considered to be 

calcium channels. The movement of calcium into the cells 

absent. Repolarization (phase 3) is accomplished through 

Fig. 12.11 Relaxation of cardiac muscle cells. The depolarization 

environment that existed before the cell was activated

V.A. Barnett
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+

+ channels) contribute to instability of the resting potential 

 

channels (Fig. ).

The sinoatrial node is a specialized collection of car

diac myocytes in the right atrium. These cells have unsta

ble resting potentials that lead to spontaneous 

depolarizations of this cell cluster with a relatively rapid 

and regular repeat (i.e., more rapid than all other myo

overdrive suppression. This principle states that the myo

cytes with the most rapid frequency of depolarization con

trol the overall rhythm of the heart. Furthermore, the 

action potential of the sinoatrial node is referred to as a 

provide the contractile force during atrial or ventricular 

control of the heart rate. For additional details on this pro

.

12.16  Summary

contractions of its chambers to move blood throughout the 

body. These contractions are produced by cardiac myocytes, 

the muscle cells of the heart. This chapter describes the struc

ture and function of these cells and provides insights into 

adaptations of the heart due to normal and pathophysiological 

changes over the course of a lifetime.

Fig. 12.12
cells. Ventricular cell (left

upstroke). A small depolarizing event 

initial 

repolarization

plateau repolarization, 

potential grows more negative, eventually returning to resting membrane 

potential

meaning that another depolarization would not trigger the opening of the 

(RRP), during which a new depolarizing signal would cause some of the 

Nodal cell (right

ent electrical signature to their action potentials. The cells spontaneously 

channels causes repolarization, phase 3, ultimately reaching an unstable 

resting potential minimum from which the cells repeat the cycle. The 

12 Cellular Myocytes
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Fig. 12.13
tricular action potential. The inward current associated with the 

channels while the K channels are still passing an outward current 

causes the repolarization (phase 3) and return to the resting membrane 
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Abstract

The intrinsic conduction system of the heart is comprised of several specialized subpopula-

tions of cells that either spontaneously generate electrical activity (pacemaker cells) or pref-

erentially conduct this activity throughout the chambers in a coordinated fashion. This 

chapter will discuss the details of this known anatomy as well as put such discoveries into 

a historical context. The cardiac action potential underlies signaling within the heart, and 

the various populations of myocytes will elicit signature waveforms. The recording or 

active sensing of these potentials is important in both research and clinical arenas. This 

chapter aims to present a basic understanding of the cardiac conduction system to provide 

the reader with a foundation for future research and reading on this topic. The information 

in this chapter is not comprehensive and should not be used to make decisions relating to 

patient care.
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13.1  Introduction

Orderly contractions of the atria and ventricles are regulated 

by the transmission of electrical impulses that pass through 

an intricate network of modified cardiac muscle cells, the 

cardiac conduction system. These cells are interposed within 

the contractile myocardium. This intrinsic conduction system 

is comprised of several specialized subpopulations of cells 

that spontaneously generate electrical activity (pacemaker 

the heart. Following an initiating activation (or depolariza-

tion) within the myocardium, this electrical excitation spreads 

throughout the heart in a rapid and highly coordinated fash-

ion. This system of cells also functionally controls the timing 

http://dx.doi.org/10.1007/978-3-319-19464-6_13
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of the transfer of activity between the atrial and ventricular 

present in mammals, but significant interspecies differences 

exist at the histologic level [ , ] (see also Chap. ).

within the heart are relatively recent relative to cardiac func-

electrophysiologist, coined the phrase heart block

-

tricular rate to disassociation with the atria [ ]. The discovery 

Journal of Anatomy 

and Physiology

functionality of this node are still being made today [ ].

The elucidation of the bundle of His is attributed to its 

namesake, Wilhelm His Jr [ ], who described the presence in 

the heart of a conduction pathway from the atrioventricular 

node through the cardiac skeleton that eventually connected to 

the ventricles. Tawara later verified the existence of the bundle 

atrioventricular nodal tissue from surrounding tissue, he 

defined the beginning of the bundle of His as the point at which 

these specialized atrioventricular nodal cells enter the central 

fibrous body (which delineates the atria from the ventricles). 

Tawara is also credited with being the first to clearly identify 

the specialized conduction tissues (modified myocytes) that 

span from the atrial septum to the ventricular apex, including 

the right atrium of the heart that marks the atrioventricular 

node (known today as Koch’s triangle -

ble research findings was his hypothesis that the last part of 

the heart to lose activity when the whole organ died was the 

pacemaker region (ultimum moriens). Koch localized this 

last region of the heart to lose function through his detailed 

anatomical and histological studies of the hearts of animals 

and stillborn human fetuses. He postulated that the cardiac 

region near the opening of the wall of the coronary sinus was 

the true pacemaker of the heart [ , ]; the atrioventricular 

node will elicit an escape rhythm when the sinoatrial node in 

the right atrium fails (see below).

Early discoveries by distinguished researchers such as 

have been immortalized in medical terminology (Koch’s tri-

-

onstrates, a thorough understanding of the anatomy and 

function of the cardiac conduction system is important for 

repair, repair of septal defects, coronary bypass grafting, con-

genital heart repair, etc.) are commonly associated with tempo-

rary or permanent heart block due to damage of the conduction 

]. Hence, if 

-

lar structures of the conduction system. For example, advances 

in surgical techniques for the repair of ventricular septal 

defects have reduced the incidence of complete atrioventricu-

, 

-

makers and defibrillators aim to return the patient to a normal 

rhythm and contraction sequence [ ]. Research has also 

continued relative to the repair or replacement of the intrinsic 

].

heart’s conduction system is critical to the design of devices 

and procedures is the therapeutic use of cardiac ablation. 

destroy portions of the conduction system (e.g., atrioventricu-

lar nodal ablation in patients with permanent atrial fibrilla-

destroy inappropriate substrate behavior (e.g., ablation of 

ectopic foci or reentrant pathways in ventricular tachycardias, 

ablation for treatment of atrial fibrillation, etc.) [ ].

13.2  Overview of Cardiac Conduction

The sinoatrial node is located in the right atrium in the healthy 

heart and serves as the natural pacemaker (Fig. ). These 

pacemaker cells manifest spontaneous depolarizations and are 

thus responsible for generating the normal cardiac rhythm, 

also described as intrinsic or automatic -

quency of this earliest depolarization is modulated by both 

addition, the nodal rate can also be modulated by local changes 

the atrial rhythms normally emanate from the sinoatrial node, 

variations in the initiation site of atrial depolarization have 

been documented outside of the histological nodal tissues, 

particularly when high atrial rates are elicited [ ].

One of the most conspicuous features of sinoatrial nodal 

cells is that they possess poorly developed contractile appa-

rati (a common feature to all myocytes specialized for con-

volume [

the location of the sinoatrial node is on the “roof” of the right 

]. For 

more details on cardiac anatomy, refer to Chaps.  and .
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spreads throughout the atria. The exact mechanisms involved 

in the spread of impulses (excitation) from the sinoatrial 

node across the atria are somewhat controversial [ ]. 

pathways allow this excitation to rapidly transverse the right 

is believed that there are three preferential anatomic conduc-

tion pathways from the sinoatrial node to the atrioventricular 

node (known as the node of Tawara) [

can be considered as the shortest electrical routes between 

the nodes. They are microscopically identifiable structures, 

appearing to be preferentially oriented fibers that provide a 

(tracts are shown as dashed lines in Fig. ; also see 

Fig.  -

cally, the anterior tract is described as extending from the 

anterior part of the sinoatrial node, bifurcating into the so-

called Bachmann’s bundle (delivering impulses to the left 

atrium) and a second tract that descends along the interatrial 

septum which connects to the anterior part of the atrioven-

tricular node. The middle (or Wenckebach’s pathway) 

extends from the superior part of the sinoatrial node, runs 

posteriorly to the superior vena cava, then descends within 

the atrioventricular node. The third pathway is described as 

being posterior (Thorel’s) which, in general, is considered to 

extend from the inferior part of the sinoatrial node, passing 

through the crista terminalis and the Eustachian valve past 

the coronary sinus to enter the posterior portion of the atrio-

-

ential conduction pathways, general excitation spreads from 

cell to cell throughout the entire atrial myocardium via the 

specialized connections between cells, the gap junctions, 

which exist between all myocardial cell types (see below).

Toward the end of atrial depolarization, the excitatory sig-

nal reaches the atrioventricular node. This excitation reaches 

these cells via the aforementioned atrial routes, with the final 

excitation of the atrioventricular node generally described as 

occurring via the slow or fast pathways. The slow and fast 

pathways are functionally, and usually anatomically, distinct 

routes to the atrioventricular node. The slow pathway gener-

ally crosses the isthmus between the coronary sinus and the 

tricuspid annulus and has a longer conduction time but a 

shorter effective refractory period than the fast pathway. The 

fast pathway is commonly a superior route, emanating from 

the interatrial septum, and has a faster conduction rate but, in 

during sinus rhythm occurs along the fast pathway, but 

through the slow pathway, since the fast pathway may be 

refractory at these rates.

Recent advances in the optical mapping of the human 

electrophysiology [ -

Fig. 13.1 Conduction system 

excitation originates in the 

sinoatrial node and then 

propagates through both atria 

(internodal tracts shown as 

dashed lines). The atrial 

depolarization spreads to the 

atrioventricular node and 

passes through the bundle of 

His (not labeled) and then to 

make up the left and right 

bundle branches; 

subsequently all ventricular 

muscle becomes activated. AV 

atrioventricular, SA sinoatrial
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duration and amplitude is applied followed by a second stim-

interval is iteratively reduced until conduction block in the 

fast pathway occurs due to the long refractory period [ ].

Though the primary function of the atrioventricular node 

may seem simple, that is, to relay conduction between the 

to describe these complexities, mathematical arrays and 

finite element analysis models have been constructed to elu-

node [ ]. Figure 

region using a model of the heart stained with the voltage 

histological and immunolabeling of marker proteins to iden-

tify various tissue types. Figure  shows the nodal recon-

struction of a normal human heart as well as one from a 

patient who had an implanted left ventricular assist device. 

, , 

and  in the online supplemental material.

called floor of the right atrium, over the muscular part of the 

interventricular septum and inferior to the membranous sep-

tum. Following atrioventricular nodal excitation, impulses 

are conducted to the His bundle (note that the bundle of His 

has also been referred to as the common bundle or His bun-

dle -

above, the anatomical region in which the His bundle and the 

Fig. 13.2
A E F J K O). 

A, F, and K

B, G, and L

removed. C, H, and M D, I, 

and N

system outlined. E, J, and O

superimposed on a photograph of the tissue used for its creation. P: key 

to the colors in A O. AVN atrioventricular node, CFB central fibrous 

body, HB His bundle, LINE leftward inferior nodal extension, RINE 

rightward inferior nodal extension, TV tricuspid valve
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atrioventricular node both reside has been termed the trian-

gle of Koch. The triangle is bordered by the coronary sinus, 

the tricuspid valve annulus along the septal leaflet, and the 

tendon of Todaro.

-

diac depolarization spreads to both the left and right bundle 

branches; these pathways carry depolarization to the left and 

right ventricles, respectively. Finally, the signal broadly trav-

-

 in the 

online supplemental material).

direct connections to the ventricular myocardium from the 

atrioventricular node and the penetrating portion of the bun-

dle of His have been described in humans [ ]. The function 

and prevalence of these connections, termed Mahaim fibers, 

between the atria and ventricles has been termed the bundle of 

Kent (the clinical manifestation of ventricular tachycardia due 

to the presence of this pathway is termed Wolff Parkinson

White syndrome); this pathway is commonly ablated.

are shown in Figs.  and 

portion of the conduction system are shown in Fig. . 

below the endocardium (these can be visualized with proper 

-

midway to the apex of the left ventricle, the left bundle sepa-

branches (or fascicles). These divisions extend to the base of 

contrast, the right bundle branch continues inferiorly, as if it 

were a continuation of the bundle of His, traveling along the 

right side of the muscular interventricular septum. This bun-

its course runs slightly inferior to the septal papillary muscle 

of the tricuspid valve before dividing into fibers that spread 

throughout the right ventricle. The complex network of con-

ducting fibers that extends from either the right or left bundle 

branches is composed of the rapid conduction cells known as 

Purkinje fibers

ventricles act as preferential conduction pathways to provide 

rapid activation and coordinate the  excitation pattern within 

Fig. 13.3
reconstruction with normal 

and pathologic human hearts. 

The normal human heart (left) 

and the heart of a left 

ventricular assist device 

patient (right) show different 

proportions of tissue type in 

the nodal region

Fig. 13.4 -

nates in the sinoatrial node then propagates through both atria. The 

atrial depolarization spreads to the atrioventricular node and passes 

AV 

atrioventricular, SA sinoatrial
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Fig. 13.5
atrioventricular nodal region. 

The so-called slow and fast 

conduction pathways are 

indicated by the arrows. To 

improve clarity in the 

visualization of the 

conduction anatomy, the 

fascicles of the 

atrioventricular node are not 

drawn to scale (their size was 

increased to allow the reader 

to visualize the tortuosity of 

the conduction pathway) and 

the central fibrous body has 

been thinned. AV 

atrioventricular

A.V. Node

Right Bundle Branch

Bundle of His

Left Bundle Branch

LEFTRIGHT

Purkinje Fiber Network

Fig. 13.6
conduction system. The 

interspecies and intraspecies 

variation, which likely results 

in variability in excitation and 

contractile patterns within the 

ventricles. This variability is 

evident in the dramatic 

differences seen in the degree 

and morphology of the 

cardiac trabeculations (which 

typically contain these fibers). 

T.G. Laske et al.
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described by Tawara, these fibers travel within the trabecula-

tions of the right and left ventricles, as well as within the myo-

morphology of trabeculations existing within and between 

species, it is likely that variations in the left ventricular con-

most easily recognized conduction pathways found in mam-

fibers from the right bundle branch (see also Chap. ).

Three criteria for considering a myocardial cell as a spe-

cialized conduction cell ] 

cells with the ability to track cells from section to section; 

only the cells within the bundle of His, the left and right bun-

-

ing Bachmann’s bundle, the sinoatrial node, and the atrio-

ventricular node (which are all uninsulated tissues).

13.3  Cardiac Rate Control

-

maker of the heart is the sinoatrial node which, in adults, 

-

lation by the parasympathetic nervous system dominates 

potentials per minute (or beats per minute when contractions 

are elicited).

-

cialized conduction system cells are capable of developing 

spontaneous diastolic depolarization, specifically those 

minute in the human heart (Fig. ). These lower-rate 

rhythms are commonly referred to as ventricular escape 

rhythms and are important for patient survival, since they 

maintain some degree of cardiac output in situations when 

-

ulations of pacemaker myocytes (i.e., in the sinoatrial and 

atrioventricular nodes) elicit so-called slow-type action 

potentials (slow-response action potential; see below).

-

cardial tissue can also exhibit abnormal self-excitability; 

such a site is also called an ectopic pacemaker or ectopic 

focus. This pacemaker may operate only occasionally, pro-

ducing extra beats, or it may induce a new cardiac rhythm for 

toxic reactions to drugs such as digitalis. For more detail on 

rate control of the heart, refer to Chap. .

Fig. 13.7 Conduction velocities and intrinsic pacemaker rates of vari-

ous structures within the cardiac conduction pathway. The structures 

are listed in the order of activation during a normal cardiac contraction, 

rate is slower in structures further along the activation pathway. For 

example, the atrioventricular nodal rate is slower than the sinoatrial 

nodal rate. This prevents the atrioventricular node from generating a 

spontaneous rhythm under normal conditions, since it remains refrac-

-

tive, the atrioventricular nodal rate will then determine the ventricular 
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13.4  Cardiac Action Potentials

each other (mechanically via the intercalated disk and electri-

heart is thought to form two separate functional networks—

the atria and the ventricles. The atrial and ventricular tissues 

are separated by the fibrous skeleton of the heart (the central 

fibrous body). This skeleton is comprised of dense connective 

tissue rings that surround the valves of the heart, fuse with one 

another, and merge with the interventricular septum. The skel-

serve as a point of insertion for cardiac muscle bundles, and 

Chap.  for further details on the cardiac skeleton.

-

-

cellular and extracellular concentrations of ions [X], where 

X is the ion:
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ated when this resting potential becomes shifted toward a 

(Fig. 
+ channels open and begin a cascade of events 

-

tion, this shift of the resting potential and subsequent depo-

larization is produced by the excitation delivered through the 

pacing system. The typical ion concentrations for a mam-

malian cardiac myocyte are summarized in Table  and 

graphically depicted in Fig. .

When a myocyte is brought to the threshold potential, 
+ chan-

nels actively open (activation gates); the permeability of the 

sarcolemma (plasma membrane) to sodium ions ( P
Na

+
) dra-

matically increases. Because the cytosol is electrically more 
+ concentration is 

+ rapidly crosses the cell 

+ channels automatically inactivate (inactivation gates) 

and P
Na

+
 decreases.

The membrane depolarization due to the activation of the 
+ induces the opening of the voltage-gated slow Ca  

channels located within both the sarcolemma and sarcoplas-

mic reticulum (internal storage site for Ca ) membranes. 

+ 20

0

0

1
2

3

4

Phase 4

Phase 0

Threshold Potential

Membrane Resting Potential

Threshold Potential

Membrane Resting Potential

Millivolts

– 20
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Fig. 13.8 Typical cardiac action potentials (slow on top and fast 

below). The resting membrane potential, the threshold potential, and 

Table 13.1

Extracellular 

Chloride (Cl)

Calcium (Ca)

Fig. 13.9 Cardiac cell at rest. 

The intracellular space is 

dominated by potassium ions, 

while the extracellular space 

has a higher concentration of 

sodium and calcium ions

T.G. Laske et al.
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Thus, there is an increase in the permeability of Ca  ( P
Ca

2+ ), 

which allows the concentration to dramatically increase 

intracellularly (Fig. 

permeability to K+ ions decreases due to closing of K+ chan-

-
+

the inflow of Ca

K+ channels open and active repolarization is initiated. The 

opening of these K+ channels (increased membrane permea-

bility) allows for K+ to diffuse out of the cell due to its con-

 channels begin to 

close, and net charge movement is dominated by the outward 

flux of the positively charged K+, restoring the negative rest-

(Figs.  and ).

-

ited in the cardiac myocardium have the same time course; 

slow- and fast-response cells have differing shaped action 

potentials with different electrical properties in each phase. 

Recall that the pacemaker cells (slow-response type) have 

the ability to spontaneously depolarize until they reach 

from such cells are also characterized by a slower initial 

depolarization phase, a lower amplitude overshoot, a shorter 

and less stable plateau phase, and repolarization to an unsta-

ble, slowly depolarizing resting potential (Fig. 

pacemaker cells, at least three mechanisms are thought to 

P
K
+

slight increase in P
Na

+
P
Ca

2+ .

13.5  Gap Junctions (Cell-to-Cell 
Conduction)

end to end by structures known as intercalated disks. These 

are irregular transverse thickenings of the sarcolemma, 

within which there are desmosomes that hold the cells 

action potentials to directly spread from one myocyte to the 

both mechanical attachment and protein channels. The firm 

cell membranes by proteins called adherins in the desmo-

somes. The electrical connections (low-resistance pathways, 

formed by the protein connexin. These channels allow ion 

movements between cells (Fig. ).

potentials, even though excitation is propagated from cell to 

potentials elicited in the sinoatrial nodal cells are of the 

slow- response type and those in the remainder of the atria 

have a more rapid depolarization rate (Fig. 

a significant temporal displacement in the action potentials 

elicited by the myocytes of the two nodes (sinoatrial and 

atrioventricular) occurs, the action potential morphologies 

are similar.

between the sinoatrial and atrioventricular nodes, and atrial 

(Fig. ). The speed at which an action potential propa-

gates through a region of cardiac tissue is called the conduc-

tion velocity (Fig. ). The conduction velocity varies 

considerably in the heart and is directly dependent on the 

diameter of a given myocyte. For example, action potential 

conduction is greatly slowed as it passes through the atrio-

ventricular node. This is due to the small diameter of these 

nodal cells, the tortuosity of the cellular pathway [ ], and the 

slow rate of rise of their elicited action potentials. This delay 

is important to allow adequate time for ventricular filling.

response type (Fig. ), i.e., rapid depolarization rates 

that, in part, are due to their large diameters. This feature 

Fig. 13.10
the phases of a cardiac action 

potential
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unison. Because of the high conduction velocity in these 

cells which span the myocardium, there is a minimal delay in 

-

tricular cells that are last to depolarize have shorter duration 

action potentials (shorter Ca  current) and thus are the first 

to repolarize. The ventricular myocardium repolarizes within 

the time period represented by the T-wave in the 

electrocardiogram.

13.6  The Atrioventricular Node and Bundle 
of His: Specific Features

The atrioventricular node and the bundle of His play critical 

roles in the maintenance and control of ventricular rhythms. 

-

-

Fig. 13.11
underlying ion currents. The resting membrane potential is approxi-

+

-
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generally expressed in the slow conduction pathway [ ]. 

The expression of these proteins is also species dependent; it 

].

-

-

-

rounding tissues to terminate aberrant behaviors (e.g., reen-

trant tachycardias) or to prevent atrioventricular conduction 

in patients with chronic atrial fibrillation. Today, there is a 

strong interest by the medical device designer to understand 

the details of the structural and functional properties of the 

atrioventricular node and the bundle of His to develop new 

Fig. 13.12 The comparative 

time course of membrane 

potentials and ion 

permeabilities that would 

typically occur in a fast-

response (left: ventricular 

myocyte) and a slow-response 

cell (right: nodal myocyte). 

Fig. 13.13
The depolarization that occurred in the cell on the left causes depolar- action potential initiated in any of these cells will be conducted from 

cell to cell in either direction
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The myocytes located within the region of the atrioven-

tricular node and the bundle of His have many unique char-

His bundle are comprised primarily of “spiraled” myofibers 

that are then combined to form many collagen-encased fas-

cicles. These fascicles are generally arranged in a parallel 

region of the atrioventricular node transitioning from the 

atrium into the body of the nodal tissues) and the distal atrio-

bundle of His) and are interwoven within the atrioventricular 

node itself (the tortuosity of the cellular pathway within the 

-

duction delay in this region; Fig. -

atrioventricular node, and the perinuclear regions of these 

myocytes are filled with glycogen. These cells uniquely uti-

lize anaerobic metabolism instead of the normal aerobic 

metabolism used by the more abundant contractile myocar-

dium. His myocytes have longer intercalated disks and, 

although all of the nodal tissues have thin end processes, they 

are less numerous in the His. His myocytes are innervated, 

but to a lesser extent than those in the atrioventricular node. 

-

dle has no large blood vessels that supply it specifically. 

Table  provides a summary of histological characteris-

tics of the His in comparison to the other nodal tissues.

from both the atrioventricular node and from transitional 

atrioventricular node and slightly proximal to the right bun-

dle branch and left bundle branch. The functional origin may 

be ill defined, but it is typically considered to anatomically 

begin at the point where the atrioventricular nodal tissue 

enters the central fibrous body. The bundle of His is described 

as having three regions—the penetrating bundle, nonbranch-

ing bundle, and branching bundle. The penetrating bundle is 

the His fascicles are insulated but are surrounded by atrial 

Fig. 13.14 -

ative time, in ms, that cells in these various regions become activated 

following an initial depolarization within the sinoatrial node. To the 

right are typical action potential waveforms that would be recorded 

from myocytes in these specific locations. The sinoatrial and atrioven-

tricular nodal cells have similar shaped actions potentials. The non-

pacemaker atrial cells elicit action potentials that have shapes somewhat 

between the slow-response (nodal) and fast-response cells (e.g., ven-

tricular myocytes). The ventricular cells elicit fast-response- type action 

-

T.G. Laske et al.
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Table 13.2

Feature His bundle)

Clear perinuclear zone filled 

with glycogen

Clear perinuclear zone filled with 

glycogen

Clear perinuclear zone filled with 

glycogen

Yes Yes Yes

collagen

Yes Yes Yes

Yes Yes Yes

collagen

Yes Yes Yes

Fascicular arrangement

fascicles

Cross striations

End processes present on the 

proximal parallel myofibers to 

central whorled fibers

Yes

Broad Form short stacks Broadest

Fat vacuoles Yes

packets or fascicles of nerve 

endings present

Fascicles of boutons, tendrils 

(sympathetic), and varicosities 

(parasympathetic) present

Fascicles of boutons, tendrils 

(sympathetic), and varicosities 

of nerve endings extend along the 

length of the myofibers

Compiled from Racker and Kadish [ ]

tissue (superiorly and anteriorly), the ventricular septum 

(inferiorly), and the central fibrous body (posteriorly). Thus, 

the exact point where the atrioventricular nodal tissues end 

and the bundle begins is difficult to define, since it occurs 

over a transitional region. The penetrating bundle has been 

[ ]. The nonbranching bundle passes through the central 

fibrous body and is surrounded on all sides by the central 

atrial tissue superior and anterior to it, the ventricular septum 

inferior to it, and now the aortic and mitral valves posterior 

to it. The branching bundle is described to begin as the His 

the membranous septum and superior to the ventricular sep-

tum. The bundle is also at its closest proximity to both the 

-

ing the central fibrous body, the bundle then bifurcates into 

the bundle branches; the right bundle branch passes into the 

myocardium of the interventricular septum and the left bun-

dle branch travels subendocardially along the septum in the 

left ventricle. Figures  and  show canine 

 histological sections of the bundle of His as they exit the 

central fibrous body (the branching bundle).

Electrophysiologic studies of the bundle of His com-

monly have been performed using catheters with polished 

electrodes and a short interelectrode spacing (i.e., those with 

This high-pass setting must be used in order to separate the 

His signal from the low-frequency shift in the isopotential 

line between the atrial depolarization and the atrial repolar-

-

monly be mapped by deploying an electrode in one of three 

-

ally at the base of the aorta near the right atrial appendage, or 

[ , , ].

Today, His potentials are commonly mapped to provide a 

landmark for ablation of the atrioventricular node as well as to 

-

cal mapping, much can be learned about the general anatomi-

cal and functional properties of the cells lying within the 

bundle via attempts to directly stimulate it. For example, 

direct stimulation of the His produces normal ventricular acti-

vation due to the initiation of depolarization into the intrinsic 

conduction pathway [ , , ]. Thus, if one frequently 
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228

experiences failed attempts to selectively stimulate the His 

].

The His bundle has historically been thought to act only as 

rhythms have been known to emanate from the His, but it was 

considered to be, in general, a relatively simple structure. To 

the contrary, recent evidence indicates that at least two gen-

eral sources serve as inputs to the His and that it functions as 

(alternate beat variation in the direction, amplitude, and dura-

-

physiology was recently demonstrated in isolated preparations 

from the region of the triangle of Koch in rabbit hearts [ ].

13.7  Comparative Anatomy

-

ilar conduction system with these main components: sinoatrial 

node, atrioventricular node, bundle of His, right and left main 

-

tions are well recognized [ , ]. For a summary of the 

between human, pig, dog, and sheep hearts, refer to Chap. .

-

iologic properties of the swine and human heart (Table ) 

[

the authors also found significantly more autonomic innerva-

tion within the atrioventricular node and penetrating bundle 

of the swine heart (thought to be both adrenergic and cholin-

ergic). They concluded that this indicates a more important 

neurogenic component to the swine conduction system, rela-

using swine as a model for assessing cardiac arrhythmias. 

swine are significant in vivo, isolation of such hearts results 

in denervation of the conduction system and thus reduces or 

eliminates the relevance of this finding.

The canine is another commonly used model in biomedi-

was published by Karpawich et al. [ ]. These researchers 

placed tripolar electrodes on the right atrial epicardium near 

the noncoronary cusp of the aorta of canines; the resulting 

timing recorded was extracted from the paper and is tabu-

lated in Table .

13.8  The Recording of Action Potentials 
and/or the Spread of Excitation 
Through the Myocardium

the epicardial, endocardial, or transmural surfaces of the 

-

mapping. Contact or noncontact endocardial mapping tech-

nologies measure primarily the intracardiac electrograms 

(endocardial, see also Chap. ) rather than those from the 

epicardial surface or globally from the whole myocardium, 

many ablative arrhythmia therapies, the measurement of 

intracardiac electrograms within a given cardiac chamber is 

more common than the recordings from the epicardium (see 

Chaps.  and ) [ ]. Furthermore, algorithms employed 

by implantable devices such as pacemakers and defibrillators 

typically use the intercardiac (transmural) electrogram 

-

tion it is common to use active fixation leads with distal elec-

trodes screwed into the myocardium [ ].

Typically, glass micropipettes are produced from small- 

diameter capillary tubing and then employed for intracellular 

recordings. These glass tubes are heated (with a burner or 

Fig. 13.15 Histologic section through the bundle of His in a canine 

blue red). 

Ao aorta, HB His bundle, IVS interventricular septum, LA left atrium, 

LV left ventricular endocardium, RA right atrial endocardium, RV right 

ventricular endocardium, TV tricuspid valve

T.G. Laske et al.
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heating element) and then, under tension, elongated (stretched) 

to produce a constriction that eventually breaks. Currently, 

this process is typically facilitated by a commercially avail-

able micropipette puller which reproducibly creates electrodes 

μ Ω. The 

silver, platinum, or stainless steel wire is then positioned inside 

the pipette until it is in contact with the electrolytic solution 

[ ]. The user must be careful manipulating the fragile elec-

trode tip, especially when recording directly from a beating, 

moving cell. The ultimate goal of this recording approach is to 

impale the microelectrode through the cell membrane, so that 

the tip is into the myoplasm of a single cell while not inducing 

and the cell does not become depolarized.

There are various designs for metal recording electrodes 

which can be employed to monitor action potential wave-

Fig. 13.16 Histologic section 

through the bundle of His in a 

canine heart. The region 

enlarged is noted by the 

dashed lines in the original 

histologic section. Both 

sections were prepared using 

nuclei stain blue

red). 

Ao aorta, CFB central fibrous 

body (provides structure and 

isolates the atrial from the 

ventricular tissues), HB His 

bundle, IVS interventricular 

septum, LA left atrium, LV 

left ventricular endocardium, 

RA right atrial endocardium, 

RV right ventricular 

endocardium, TV tricuspid 

valve

Table 13.3 Comparison of swine to human electrophysiology

Heart rate (beats 

per minute)

QT interval (ms)

H His, HR heart rate, HRA high right atrium, LRA low right atrium, V 

ventricle

]

Table 13.4 Tabulation of activation timing

R-wave 

interval (ms)

to His bundle 

electrogram (ms)

His bundle electrogram 

to ventricular activation 

(ms)

]
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forms extracellularly. One of the most common methods is to 

use a needle with two closely spaced embedded conductors. 

Yet, the relative spacing between the active and reference 

conductors can be manipulated to control the sensing area 

[

such cases, the internal conducting wire is electrically 

needle is a single shaft, and the reference is taken from the 

can be recorded with each are shown in Fig. 

the morphology of a recorded signal will typically depend 

-

wall recording location (endocardial, epicardial, or transmu-

larger surface area on the skin and thus detect potential 

changes from a large transmural field, whereas a bipolar con-

centric needle placed epicardially records from a focal popu-

whole heart, while the small bipolar needle electrode pro-

vides a much more localized signal.

action potential waveforms, commonly used today in either 

unipolar or bipolar configurations (i.e., with those leads that 

have both a distal-tip electrode and a distal-ring electrode). 

-

sions will ultimately dictate the size of the field from which 

-

tion lead or metal electrode which is engaged into the myo-

placement [ ]. The current trend in the pacing lead industry 

is to continually decrease the diameter of both the body and 

and clinical trials).

One can consider that an extension of the single-electrode 

such systems consist of an array of equally spaced electrodes 

supported by a base. Conducting wires are attached to the 

more of the electrodes on the array can serve as the reference 

electrode, while the others become the active electrodes. 

These arrays allow for the mapping of electrical potentials 

within a given region of the heart [ ]. The designer or even-

tual user must determine the appropriate electrode spacing 

for a given application while also considering the relative 

density of electrodes necessary to elucidate or monitor the 

nature of the desired local events.

Catheter-based cardiac mapping systems are primarily 

used to understand the underlying mechanisms of arrhyth-

activation sequences of the chamber of interest. Briefly, in 

sequential mapping systems, mapping catheters with radio-

frequency capability are placed into the heart chamber with 

pads located under the patient’s bed. The sensor tip of the 

catheter attains data in order to compute information regard-

ing magnetic field amplitude, frequency, and phase to recon-

sequential recording of electrical activation is recorded by 

dragging the catheter along the endocardial wall. The inter-

cardiac electrogram is measured and typically the activation 

Fig. 13.17 Representative cardiac signals. The leftmost signal is from 

® -

-

between conductors. The last endocardial signal was obtained with a 

-

gram has key fiducial points marked

T.G. Laske et al.
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resembling a contour map. The reconstruction process can be 

conducted in real time; however, the process is time consum-

can gain insights on the relative spread of excitation through 

a given chamber or portions of the conduction system.

Contact mapping can also be conducted with basket cath-

-

surface is mapped at the basket’s splines, making contact with 

the chamber wall. This technique has limitations, however, 

since a catheter that is too small or too large will result in 

poor-quality electrogram recordings. The technique is also 

susceptible to movement artifacts from the continuously beat-

ing heart [ , -

cal activities through the heart with these methodologies.

® system 

laser-etched unipolar electrodes that lies within the chamber; 

one can track, on a beat-to-beat basis, the activation and repo-

larization patterns in a given chamber (see Chap.  for more 

details on these systems and new non-invasive mapping tech-

systems that helps physicians localize sites for catheter abla-

tion for the treatment of complex cardiac arrhythmias such as 

tachycardia or atrial fibrillation [ , ]. Catheters used for 

noncontact cardiac mapping of endocardial activation and 

13.9  Future Research

and controversy remains related to our understanding of the 

the anatomy and electrophysiology of the atrioventricular 

nodal region and the bundle of His continues to be an area of 

great scientific interest and debate [ ]. For example, 

current clinical interest in the atrioventricular node and His 

bundle has focused research on their potential stimulation to 

ultimately improve hemodynamics in patients requiring pac-

ing [ ], as well as their use in treating atrioventricular 

nodal reentrant tachycardias [ , , , 

increasing evidence about the critical role that cardiac inner-

vation plays in the control and modulation of rhythms, 

including evidence of ganglia in the pulmonary vein sleeves 

modulating the rate of the sinus node [

has also been discovered in the pulmonary vein sleeves, in 

the atrial tissue, and in the ventricular myocardium. These 

telocytes) are leading to new 

hypotheses regarding the origins of rhythms, arrhythmias, 

and coordination of intercellular signaling [ -

tion to a potential source of arrhythmias, these cells may 

prove to be an additional source of the ventricular rescue 

rhythms. Future scientific investigations will serve to 

improve our understanding of the fundamental physiology of 

the heart’s conduction system and the mechanisms of cardiac 

activation in normal and diseased tissues. The findings from 

these studies will provide a better foundation for future ther-

apies. For additional reviews on the human cardiac conduc-

].

13.10  Summary

This chapter reviewed the basic architecture and function of 

the cardiac conduction system in order to provide the reader 

with a working knowledge and vocabulary related to this 

topic. While a great deal of literature exists regarding the 

cardiac conduction system, numerous questions remain 

related to the detailed histological anatomy and cellular 

physiology of these specialized conduction tissues and how 

they become modified in disease states. Future findings asso-

ciated with the function and anatomy of the cardiac conduc-

tion system will likely lead to improvements in therapeutic 

approaches and medical devices.
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    Abstract  

  The autonomic nervous system and the role it plays in governing the behavior of the cardio-

vascular system are signifi cant in both its complexity and importance for one’s quality of 

life. The hypothalamus is the brain center which governs all essential “homeostatic” func-

tions of the human body; these integrative functions include control over the autonomic 

nervous system, various somatic pathways, and the body’s hormonal systems. The auto-

nomic nervous system can be considered to have two subdivisions that are considered 

somewhat antagonistic but also function in a complementary nature; simultaneous changes 

within the parasympathetic and sympathetic branches of this system allow for rapid and 

essential changes in cardiac parameters such as heart rate, contractility, and/or stroke vol-

ume. Increased sympathetic outfl ow relative to normal resting conditions most often causes 

an excitatory response in physiologic parameters (such as increases in heart rate and/or 

smooth muscle contraction), whereas parasympathetic stimulation usually results in calm-

ing adjustments (lower heart rates, decreased contractility, and/or vasodilatation). Alterations 

of the cardiac and aortic baroreceptors, as well as the autonomic nerves that innervate the 

heart, are important to consider in many disease states.  
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14.1         Introduction 

 The  autonomic nervous system   coordinates the involuntary 

control of the viscera and other tissues throughout the body, 

with the primary exception of skeletal muscle. The hypothal-

amus is the brain center which governs all essential  homeo-

static  functions of the human body; these integrative 

functions include control over the autonomic nervous sys-

tem, various somatic pathways, and the body’s hormonal sys-

tems. Briefl y, h omeostasis  can be defi ned as the control of the 

internal milieu, which in general is kept nearly constant 

within quite narrow limits, despite potential severe perturba-

tions that human bodies can experience (e.g., extreme hot 

and cold temperatures). The hypothalamus is a small part of 

the brain considered as a neuronal continuum extending from 

the midbrain through to the basal regions of the telencepha-

lon. Further, the lateral hypothalamus can be thought to be 

reciprocally connected with the upper brainstem and the lim-

bic system (these are the brain centers which control emo-

tions, learning, etc.). As such, it receives primary sensory 

inputs from afferents near the body surface and from internal 

structures via the ascending spinobulboreticular pathways. 
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 In contrast, the medial hypothalamus receives main inputs 

from the lateral hypothalamic regions. This brain region of 

the hypothalamus contains specialized neurons important for 

sensing the conditions of the blood and cerebrospinal fl uid. 

In turn the medial hypothalamus makes numerous connec-

tions to the pituitary (hypophysis) and there are two main 

types: (1) neuronal connections to the neurohypophysis 

(axonal) and (2) hormonal releases affecting the adenohy-

pophysis (anterior region). Thus, these multimodal connec-

tions are referred to as a  neuroendocrine interface  (Fig.  14.1 ). 

Also known as the hypothalamo-pituitary system, the activ-

ity of most endocrine glands is regulated by hormones from 

the adenohypophysis (anterior pituitary). The hypothalamus 

releases both stimulating and inhibitory-releasing hormones. 

It should be noted that there is a built-in, multilevel, negative 

feedback system (via blood concentrations).

   The tight control of homeostatic functions that are modu-

lated via the hormone system is accomplished by a multi-

level, multi-hormone feedback mechanism. For example, the 

blood levels of releasing hormones and the released hor-

mones can both be sensed within the medial hypothalamus 

(Fig.  14.2 ). Interestingly, electrical stimulation of nearly any 

region in the hypothalamus is likely to cause a cardiovascu-

lar response (change in activity). The hypothalamic effects 

on this system are mediated through both synergistic para-

sympathetic and sympathetic pathways. Additionally, affer-

ent inputs for this control are many and include those from 

baro-, chemo-, and mechanoreceptors in the atria, ventricles, 

aorta, and elsewhere (see below).

   In other words, the hypothalamus controls the autonomic 

nervous system which is organized into parasympathetic 

and sympathetic subdivisions and integrates efferent and 

afferent fi bers that regulate the activities of the majority of 

organs (including the heart), glands, and smooth muscula-

ture found in the human body. The presynaptic cell bodies 

of these neurons originate in the gray matter of the spinal 

column but are classifi ed by fundamental differences. 

Anatomically, the origin of the sympathetic (thoracolum-

bar) division of the central nervous system lies between the 

fi rst thoracic (T1) and the second or third lumbar section 

(L2 or L3). In contrast, the exiting fi bers of the parasympa-

thetic division (craniosacral) originate from both the 

medulla oblongata and sacral portion of the spinal cord (S2–

S4). The primary neurotransmitter released during depolar-

ization is another means of characterizing these two 

subdivisions of the autonomic nervous system. In the sym-

pathetic branch, norepinephrine is the principal postsynap-

tic neurotransmitter, whereas acetylcholine is the chief 

neurotransmitter found throughout the parasympathetic 

fi bers. The primary physiological response induced by each 

respective neurotransmitter is also a useful way to catego-

rize the divisions of the autonomic nervous system. Such 
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classifi cations are important considerations when investi-

gating the autonomic nervous system regulation of the heart.  

14.2     Sympathetic Anatomy 

 Cell bodies of presynaptic sympathetic efferent neurons are 

found in the paired lateral horns of the spinal cord, an area 

identifi able between the T1 and L2 or L3 vertebrae. The 

axons of these cells exit the interior of the spinal cord through 

ventral rootlets, which coalesce to form the larger ventral 

roots and eventually become ventral rami. Sympathetic fi bers 

almost immediately divert into white rami communicantes 

(Fig.  14.3 ) branching from these spinal nerves, which con-

nect them to paired columns of sympathetic ganglia located 

on either side of the spinal cord called the  sympathetic trunks . 

Vertebrae from T1 to S5 have corresponding pairs of ganglia, 

each of which are interconnected with both ascending and 

descending nerve fi bers, forming the complex column-like 

structures; these structures allow for rapid, coordinated, 

multi-segmental control of the cardiovascular system.

    Preganglionic sympathetic neurons synapse within   the 

ganglia of the sympathetic trunk. The 10–20 nm separation 

distance [ 1 ] between presynaptic and postsynaptic cells is 

called the synaptic cleft, where neurotransmitter is released 

from synaptic vesicles. Note that acetylcholine is the neu-

rotransmitter released from preganglionic neurons in both the 

sympathetic and parasympathetic branches of the autonomic 

nervous system (Fig.  14.4 ). This compound binds to recep-

tors on postsynaptic cell bodies, causing localized depolar-

ization of cell membranes, which may subsequently initiate 

action potentials that propagate down the axons of postsynap-

tic cells. In the sympathetic nervous system, norepinephrine 

is the primary postsynaptic neurotransmitter released. Such 

junctions can also be activated by epinephrine, and both can 

often be found with cotransmitters such as dopamine [ 2 ] and/

or histamine [ 3 ]. Both  norepinephrine and epinephrine   play 

important roles during sympathetic stimulation of the heart, 

as will be discussed in later portions of this chapter.

   Three primary paths of travel are commonly identifi ed for 

presynaptic (also referred to as  preganglionic ) nerve fi bers 

upon reaching the sympathetic trunk. A preganglionic fi ber 

can immediately synapse on the cell body of a postgangli-

onic fi ber at the level of the trunk upon which the fi ber 

entered. Preganglionic fi bers can also follow a route that tra-

verses through the sympathetic trunk, either ascending or 

descending to synapse within a higher- or lower-level gan-

glion. A third but less common path of travel for presynaptic 

neurons involves passing through the sympathetic trunk 

completely, then synapsing within a prevertebral ganglion in 

close proximity to the viscera innervated. In general,  presyn-

aptic fi bers   traveling to the head, neck, thoracic cavity, and 

limbs will follow one of the fi rst two courses. Innervation of 

organs and glands located in the abdominopelvic cavity fol-

low the third path through prevertebral ganglia (Fig.  14.3 ). 

 A variation of the second path discussed above occurs pri-

marily with innervation of sweat glands, hair follicles, and 

peripheral arteries. Presynaptic nerves that arrive at the 

paired sympathetic ganglion, as discussed previously, tra-

verse through the white rami communicantes. Rather than 

immediately continuing to peripheral regions of the body 

after synapsing, the postsynaptic neurons next travel through 

gray (unmyelinated) rami (Fig.  14.3 ) and exit along large 

bundles of nerve fi bers called  primary rami . From the pri-

  Fig. 14.2    Multilevel feedback loops are employed to regulate both 

hormone levels and neural responses. For example, the medial hypo-

thalamus can sense blood levels of releasing hormones, the hormone 

levels released by the pituitary gland, and also those released by target 

endocrine glands       

 

14 Autonomic Nervous System



238

mary rami, smaller nerve branches bifurcate and act to con-

trol the vasculature (either vasodilatation or vasoconstriction), 

hair follicle stimulation, and/or sweating. If the nerves are 

destined for the head, their cell bodies are located in the 

superior cervical ganglion and their axons follow the path of 

the carotid arteries to their respective destinations; the mus-

cles of the eye are also innervated by this collection of sym-

pathetic neurons. 

 Nerve fi bers traveling from the central nervous system to 

a destination elsewhere in the body are termed  efferents . In 

contrast,  afferents  carry sensory information from various 

locations in the body to the central nervous system. Frequently, 

these respective paths of travel occur in parallel but the fl ow 

of excitation is in the opposite direction; these fi bers are typi-

cally bunched closely together to form larger nerve branches. 

The main nerve branches controlling the sympathetic behav-

ior of the heart and lungs are the cardiopulmonary splanchnic 

nerves, which consist of both efferent and afferent fi bers. 

Efferent nerves navigate a route originating from the ganglia 

in the upper cervical region (superior, middle, and inferior 

cervical ganglia) and the upper thoracic (T1–T5) levels of the 

sympathetic trunk. The inferior, middle, and superior cardiac 

nerves, in turn, originate from corresponding cervical ganglia 

and approach the base of the heart before splitting into smaller 

nerves and distributing themselves throughout much of the 

myocardium and vasculature. The cardiac plexus can be con-

sidered as groupings of the nerve bundles destined to and 

originating from the heart (Fig.  14.4 ); they are extremely dif-

fi cult to visualize with the naked eye. 

 Incoming  postsynaptic sympathetic neurons  , which 

innervate the human heart, are highly concentrated around 

and near the aortic arch. Some of this innervation occurs 

throughout the aortic arch itself, as well as at the base of the 

ascending portion of this vessel. Many branches from these 

nerves continue down the aorta or under the arch to the pul-

monary trunk, where they again diverge and track with the 

  Fig. 14.3    Pathways of 

sympathetic motor  fi bers  . The 

three potential paths of travel 

taken by presynaptic 

sympathetic motor fi bers are 

shown. Preganglionic fi bers 

traveling to the heart and 

other areas of the thoracic 

cavity synapse either 

immediately upon reaching 

the sympathetic trunk or 

traverse to other spinal levels 

to synapse. Complete passage 

through the paired trunks also 

occurs with prevertebral 

ganglia. Modifi ed from 

Moore and Dalley [ 1 ]       
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pulmonary arteries. Still more neuronal bifurcations have 

been identifi ed which extend to reach other areas of the 

heart, including both atria and the right and left ventricles. 

Sympathetic innervation of both the sinoatrial and 

 atrioventricular nodes is important for control of heart rate, 

but has not been distinguished in greater concentration at 

these areas relative to elsewhere in the atria [ 5 ,  6 ]. Such 

nerves have been identifi ed epicardially, often following the 

path of the coronary arteries and veins [ 5 ,  7 ]. In general, 

sympathetic innervation is more highly concentrated in the 

ventricles than in the atria [ 8 ]. Within the ventricles, a higher 

distribution is observed toward the base of the heart as 

opposed to the apex, with nerves in the epicardium at a 

slightly greater concentration than in the endocardium. This 

latter tendency is also evident in the atria [ 8 ].  

14.3      Adrenal Medulla   

 The sympathetic nervous system also controls the hor-

monal secretions of the paired suprarenal (adrenal) glands 

lying within the abdomen, considered as components of 

the endocrine system. Specifi cally, preganglionic fi bers, 

with their cell bodies located in the lower thoracic (T10–

T12) segments of the spinal cord, travel to the adrenal 

medulla by means of the abdominopelvic splanchnic 

nerves. It is in the medulla, or central portions of these 

suprarenal glands, that both norepinephrine and epineph-

rine are released into the bloodstream [ 1 ]. The release of 

these  catecholamines  into the blood is considered a post-

synaptic response initiated from this type of sympathetic 

  Fig. 14.4    Autonomic 

innervation of the  heart  . Vagal 

innervation of the right atrium 

can be observed. The area 

where many axons congregate 

just prior to innervation of the 

heart is depicted as the 

cardiac plexus. Sympathetic 

fi bers branching from an 

arbitrary vertebral level of the 

paired sympathetic trunks is 

also illustrated.  AV  

atrioventricular,  SA  sinoatrial. 

Modifi ed from Martini [ 4 ]       
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activation. Specifi cally, the cortex surrounding the medulla 

portions of the adrenal glands are responsible for produc-

ing multiple steroid hormones. As blood drains from the 

highly vascularized cortex to the medulla, the aforemen-

tioned hormones can be used to convert norepinephrine to 

epinephrine. The respective mechanisms of action for 

these two similarly structured catecholamines will be dis-

cussed later in this  chapter  .  

14.4     Parasympathetic  Anatomy   

 The parasympathetic (craniosacral) nervous system 

branches from four paired cranial nerves and the lower 

sacral segment of the spinal cord (S2–S4). The vagus nerve 

(cranial nerve X) is the main effector pathway for modulat-

ing cardiac function, i.e., controlled by input from the para-

sympathetic subdivision of the autonomic nervous system 

(Fig.  14.4 ). Efferent fi bers of the vagus nerves originate in 

the medulla oblongata and weave through the neck along-

side the carotid arteries to the thoracic and abdominopelvic 

cavities, bifurcating many times along the way to innervate 

an assortment of organs including the heart. More specifi -

cally, the efferent fi bers of the cranial parasympathetic 

branch communicate with blood vessels of the head and 

other viscera; the sacral portion of the spinal cord innervates 

viscera of the lower abdominopelvic cavity like the urinary 

bladder and colon, as well as their respective blood vessels. 

 Unlike the short sympathetic preganglionic fi bers, the 

parasympathetic division of the autonomic nervous system 

generally has very long preganglionic fi bers and short post-

synaptic fi bers. Hence, the parasympathetic ganglia are often 

located very proximal to, or actually within, the target organ. 

As discussed previously, acetylcholine is this branch of the 

autonomic nervous system and is the primary neurotransmit-

ter released at both preganglionic and postganglionic 

junctions. 

 Within the heart, the majority of the parasympathetic 

ganglia are located near the sinoatrial node and within the 

conduction tissue surrounding the atrioventricular node 

[ 5 ]. Consequently, the right and left vagus nerves envelope 

a large and overlapping portion of the atria, where short 

postsynaptic fi bers from both branches act on the conduc-

tion centers of the heart (Fig.  14.4 ). However, the endings 

of the right vagus primarily innervate the sinoatrial nodal 

region, while a great number of projections from the left 

are typically observed innervating the atrioventricular 

node [ 5 ]. In fact, high concentrations of vagal innervation 

situated within a localized region of epicardial fat near the 

atrioventricular node have been described for the human 

heart, and it is hypothesized that nerves located within this 

“pad” have little effect on behavior of the sinoatrial node 

[ 9 ]. Thus, it is likely that each region is controlled inde-

pendently of the other. Parasympathetic junctions are also 

observed in the ventricles, but only at one-half to one-sixth 

as frequently as sympathetic innervation [ 8 ]. Nevertheless, 

nerves of the parasympathetic division of the autonomic 

nervous system outnumber those of the sympathetic divi-

sion in the atria by some 30–60 % [ 8 ]. Interestingly, while 

sympathetic innervation has been described to occur at 

approximately an equal distribution between the endocar-

dial and epicardial surfaces of the heart, vagal nerve end-

ings are reportedly located at almost twice the density 

(1.7–1) transmurally (within the myocardium) when com-

pared with their epicardial distribution [ 8 ]   .  

14.5     Baroreceptors 

 The autonomic nervous system plays a vital role in the 

overall regulation of blood pressure within the human 

body. Specialized receptors sensitive to changes in arterial 

diameter are located at various strategic locations within 

the upper thoracic cavity and neck; these nerve clusters 

are commonly known as  arterial    baroreceptors   . 

Substantial groupings of such baroreceptors can be found 

at the arch of the aorta and on the internal carotid arteries 

(just distal to where the common carotid bifurcates). This 

focal density of carotid baroreceptors is also referred to as 

a   carotid sinus   . The majority of receptors are located at 

areas within these arteries where the walls decrease in 

thickness, enabling pressure changes to be somewhat 

magnifi ed at these locations (Fig.  14.5 ). Under even mini-

mal pressure increases, these large arteries will elicit 

detectable wall dilatations. In contrast, under decreased 

pressure, their internal diameters will decline, also result-

ing in changes of the fi ring frequencies of these receptors. 

The axons of these afferent neurons travel from barore-

ceptors along parasympathetic corridors to the medullary 

cardiovascular center in the brainstem. Under increases in 

the mean pressure detected by these arterial baroreceptors, 

efferent sympathetic stimulation will decrease, which is 

accompanied by an increase in parasympathetic outfl ow to 

the heart. This neural activity is intended to return the 

mean blood pressure to a normal state. The opposite auto-

nomic response would commence if the mean arterial 

pressure at the baroreceptor locations decreased. The syn-

ergistic functioning, briefl y noted here between both divi-

sions of the autonomic nervous system, will be discussed 

in much greater detail in the following sections. It should 

be noted that the direct application of pressure to an indi-

vidual’s neck at the site of the carotid sinus can induce a 

refl ex decrease in blood pressure, even to the point of 

causing unconsciousness, i.e., the so-called  sleeper hold .
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14.6         Homeostasis   

 The tendency to maintain the internal environment of the 

body at a relatively constant level is known as  homeostasis . 

The heart itself exerts perhaps the greatest control on  countless 

parameters involving the circulation of blood throughout the 

body. The heart communicates with the central nervous sys-

tem via both branches of the autonomic nervous system. Both 

the sympathetic and parasympathetic divisions work together 

in synergistic control of their antagonistic infl uences, in order 

to prevent potentially harmful fl uctuations in many vital 

bodily functions. While it is obvious that signifi cant changes 

do occur, an array of physiologic responses involving the 

heart (homeostatic control mechanisms) mediated by the 

autonomic nervous system quickly reverses these changes to 

return within the reasonable ranges required to maintain over-

all health. In general, homeostatic control functions are the 

underlying determinants of the relative degrees of both para-

sympathetic and sympathetic  activation  .  

14.7      Hypothalamic Control   

 More specifically, the autonomic control of the heart is 

greatly influenced by activity within the portion of the 

brain known as the  hypothalamus . Afferent fibers from 

the brainstem (medulla oblongata) and spinal cord con-

vey information via the autonomic afferent system to the 

hypothalamic nuclei within the central nervous system 

[ 11 ], whereas impulses that leave the hypothalamus 

travel along efferent fibers to the various sympathetic and 

parasympathetic ganglia as noted above. Most parasym-

pathetic response signals have been determined to origi-

nate from the anterior portions of the hypothalamus, 

while sympathetic activity stems primarily from the pos-

terior portions [ 6 ,  11 ]. Direct electrical stimulation of 

specific sites within the hypothalamus can initiate pre-

programmed, simultaneous, patterned changes in heart 

rate, blood pressure, and peripheral resistance [ 5 ] 

(Fig.  14.6 ).

  Fig. 14.5    Arterial 

baroreceptors. Receptors 

located at the bifurcations of 

the carotid arteries and aortic 

arch convey information to 

the brain and vasculature to 

help regulate pressure 

fl uctuations. Modifi ed from 

Mountcastle [ 10 ]       
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   As noted above, afferent axons from the aortic and 

carotid baroreceptors principally travel to the medullary 

cardiovascular centers, with neural pathways continuing 

onward to the hypothalamus [ 6 ]. Temperature regulation of 

the body is also centered within the hypothalamus. Thus, 

during exposure to cold, the hypothalamus initiates appro-

priate autonomic responses to maintain body temperature, 

such as vasoconstriction and shivering. The contraction of 

the peripheral vasculature motivates a redistribution of 

blood fl ow to vital organs like the heart and brain, in order 

to maintain their suitable function [ 2 ]. The shiver refl ex 

induced by the hypothalamus increases heat production 

which, in turn, causes additional adjustments in blood fl ow 

and cardiac activity. The opposite outcome occurs during 

exposure to high degrees of heat, such that sweating is initi-

ated via postganglionic sympathetic neurons and vasodila-

tion of the vasculature supplying the skin is amplifi ed. The 

regulation of bodily processes is an important responsibil-

ity of the hypothalamus, and it performs such tasks via the 

autonomic pathways, hence regulating countless systems 

within the body simultaneously. Keeping this relative state 

of constancy throughout the body regardless of extreme 

external changes is referred to as  homeostasis ; in nearly all 

cases, there are direct effects on cardiac performance. 

 In addition to the infl uence the hypothalamus has on auto-

nomic pathways, emotional and hormonal changes are con-

trolled in this region of the brain in order to promote 

homeostasis. The pituitary gland function is also mediated 

by the hypothalamus, initiating or suppressing hormonal 

release from this important part of the endocrine system to 

the rest of the body. Some of these hormones act as cotrans-

mitters in the presence of acetylcholine or norepinephrine 

during synapses eliciting parasympathetic or sympathetic 

activity [ 2 ], dopamine being one  example  .  

14.8     Effector Pathways to the  Heart   

 Within the myocardium, parasympathetic nerve fi bers release 

acetylcholine upon stimulation. Cardiac cells contain musca-

rinic receptors embedded within their lipid bilayer, which 

can activate G proteins found in their cytoplasm upon bind-

ing with acetylcholine. Activation occurs when a bound 

GDP (guanosine diphosphate) molecule is replaced by a 

GTP (guanosine triphosphate) structure. Subsequently, this 

response allows the altered protein to bind with potassium 

channels in the membrane and causes them to open, thus 

increasing potassium permeability (Fig.  14.7 ). As a result, 

heart rate will generally decrease due to an effl ux of potas-

sium ions (K + ) from cardiac cells, since the cellular mem-

brane becomes more polarized as the potential moves closer 

to the K +  equilibrium potential of −90 mV [ 6 ]. This hyperpo-

larization makes the spontaneous generation of action poten-

tials more diffi cult and thus slows the rate of fi ring of the 

sinoatrial node. Activated G proteins will remain in such a 

state until GTP is hydrolyzed to form inactive GDP [ 2 ,  12 ].

   The type of regulatory control in the case described above 

involves the direct opening of K +  channels via G proteins 

within a cardiac muscle cell. It should also be noted that indi-

rect opening of potassium channels may also occur after ace-

tylcholine binds to the muscarinic receptors. Furthermore, 

activated G proteins may also cause some increase in the 

production of arachidonic acid, which acts as a secondary 

messenger that can result in increased K +  permeability due to 

cleavage of membrane lipids [ 12 ]. 

 Modulation of G proteins is also an important aspect of 

the underlying sympathetic effects on cardiac behavior. 

Sympathetic fi bers release norepinephrine at postsynaptic 

terminals of cardiac muscle cells, and receptors located 

within the cellular membrane bind with the norepinephrine 

  Fig. 14.6    The body’s 

cardiovascular responses are 

more or less under involuntary 

control and are thus regulated 

by the autonomic nervous 

system (ANS). For example, 

stimulation of any region of the 

medial hypothalamus will 

induce characteristic changes 

in cardiovascular responses. 

These patterned responses are 

commonly associated with 

innate behavior responses that 

are also attributed to the 

hypothalamus, such as feeding 

or defensive behaviors, which 

in turn appropriately modulate 

other body systems under ANS 

control       
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to stimulate β 1  adrenergic receptors. Next, G proteins replace 

GDP at their binding sites with GTP upon activation by the 

excited β 1  receptors, causing an increase in the production of 

cyclic AMP within the cardiac myocytes. The increased 

cAMP levels cause molecules of protein kinase A to phos-

phorylate large numbers of calcium channels within the cel-

lular membrane. This addition of a phosphate group not only 

causes Ca 2+  channels to remain open longer but also allows 

for a greater number of channels to open, thus contributing to 

the infl ux of calcium ions into each cell upon activation [ 6 ]. 

In other words, the threshold for depolarization will be more 

easily attained due to the greater number of available cal-

cium channels, thus allowing greater calcium incursion dur-

ing activation and resulting in higher contraction strength. 

 An advantage of the mechanisms of action involving G 

proteins is that autonomic modulation can be sustained with-

out constant nerve fi ber stimulation. That is, a burst of syn-

aptic activity causing the release of either acetylcholine or 

norepinephrine can initiate the respective processes described 

above. For more details on cardiac receptors and intracellu-

lar signaling, refer to Chap.   15       .  

14.9     Specifi c Sympathetic 
and Parasympathetic Cardiac Controls 

14.9.1      Heart Rate   

 The rate at which a normal adult heart completes cardiac 

cycles during rest is approximately 70 beats/min [ 6 ]. The 

heart rate is maintained at this relatively constant value via a 

continuous fi ring (resting-rate activation) of the vagus nerve, 

called  basal  ( or vagal )  tone . The heart rate will increase when 

vagal tone decreases and is further modulated by increased 

activity of sympathetic nerves to the heart, which releases 

norepinephrine and causes a rise in the sinoatrial nodal depo-

larization rate (Fig.  14.8 ). A rate increase of this nature is 

referred to as a  positive chronotropic effect . As stated above, 

the fundamental cause of this increase in heart rate is due to 

an increase in activated calcium channels in myocardial cell 

membranes, increasing the speed at which depolarization 

occurs. This increased sympathetic outfl ow can be initiated 

by a large array of internal and external stimuli, including but 

not limited to: exercise, an increase in body temperature, 

trauma, and/or emotional stress. Additionally, a concurrent 

release of epinephrine from the adrenal medulla can further 

amplify these same effects on myocardial ion channels, 

although to elicit a signifi cant rise in heart rate, the amount of 

the hormone liberated must be fairly substantial [ 6 ].

   Parasympathetic discharge, in part, increases potassium 

ion permeability in cardiac myocytes, thus increasing the 

threshold for depolarization to occur spontaneously particu-

larly within the sinoatrial node; as a result, the heart rate 

declines (Fig.  14.8 ). This autonomic neural input predomi-

nates during sleep and other sedentary states, eliciting an 

increase in cardiac cycle time and therefore enabling the 

heart to expend less energy [ 2 ]. In addition to decreasing the 

slope of the pacemaker potential, parasympathetic stimula-

tion may also induce a so-called pacemaker shift [ 5 ]; true 

pacemaker cells can become more inhibited than the latent 

pacemakers, thus shifting the initiation of spontaneous depo-

larization from the true pacemakers to the latent ones [ 5 ]. 

 Conduction velocity is the measure of the spread of action 

potentials through the heart. Parasympathetic stimulation 

above normal tonic activity also slows cardiac conduction 

velocity, and this response is termed  negative dromotropic . It 

  Fig. 14.7    The effect of 

acetylcholine on cardiac 

muscle cells. Potassium 

channels within a cellular 

membrane are opened as a 

result of binding an activated 

G protein. Acetylcholine 

released by parasympathetic 

neurons activates these G 

proteins by binding with 

muscarinic receptors within 

the membrane. The effect of 

norepinephrine on cardiac 

muscle cells is propagated in 

a similar manner, with 

differences as described in the 

text.  GTP  guanosine 

triphosphate       
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follows that an increase in conduction velocity, which com-

monly accompanies sympathetic stimulation, has a  positive 

dromotropic  effect. The atrioventricular node is the location 

within the heart where conduction speed variations are most 

notable. The reader is referred to Chap.   13     for more details 

on specifi c mechanisms of cardiac pacemaker mechanisms. 

 The control mechanisms of heart rate are also, in part, 

dependent on gender [ 13 ]. For example, women have been 

shown to exhibit higher-frequency parasympathetic input 

(using spectral analysis procedures) than men of similar age, 

possibly indicating a more dominant control of heart rate via 

vagal stimulation than their male counterparts [ 13 ]   .  

14.9.2     Stroke Volume and Contractility 

 Like heart rate, the amount of blood ejected from the ventri-

cles during systole is greater when the heart is modulated by 

an increased sympathetic input (Fig.  14.9 ). The underlying 

mechanism for this increased stroke volume is enhanced car-

diac myocyte contractility, and the magnitude of this response 

is strongly affected by preload and afterload conditions, as 

predicted by  the   Frank–Starling Law [ 6 ]. Such an increase in 

contractility is characterized as a  positive inotropic  effect. By 

and large, myocytes increase in length in proportion to their 

preload, and since they become more elongated, they also 

have the capability to shorten over this greater distance. The 

increased amount of shortening leads to an enhanced strength 

of contraction of the heart by also increasing the number of 

available cross-bridge formations between the actin and 

myosin molecules (see also Chap.   12    ). As described previ-

ously, sympathetic excitation also facilitates a larger and 

more rapid Ca 2+  infl ux into cardiac cells, which further aug-

ments the degree of overall contraction during systole [ 12 ].

   Combined with a larger preload, the increased contractil-

ity due to calcium ion infl ux will raise the stroke volume of 

the heart (Fig.  14.10 ). Likewise, the ejection fraction of 

blood from a given chamber of the heart also elevates accord-

ingly [ 2 ]. However, stroke volume is also dependent on 

afterload created by the relative diameter of the peripheral 

arteries and will not increase as signifi cantly under sympa-

thetic  stimulation   if the afterload is elevated due to vasocon-

striction. As expected from the often antagonistic nature of 

the autonomic nervous system, parasympathetic stimulation 

decreases contractility. However, the relative decrease in 

contractility is much less signifi cant than the increase in this 

parameter that sympathetic input provides [ 2 ].

   An important concept to note involves simultaneous 

increases in heart rate and stroke volume. Since cardiac out-

put is the product of these two factors, its overall value typi-

cally increases with sympathetic stimulation. Conversely, 

cardiac output normally decreases with a higher rate of para-

sympathetic input. This happens when the body is in a seden-

  Fig. 14.9    Effect of increased sympathetic stimulation on contractility 

(see text for details)       

  Fig. 14.8    The effects of 

changes in sympathetic and 

parasympathetic outfl ow to 

the heart. The heart will 

increase its rate of contraction 

during increased sympathetic 

neural stimulation. 

This decreases the time 

required for the cardiac 

pacemaker cells to reach 

threshold. In contrast, 

increased parasympathetic 

outfl ow will decrease the 

heart rate and increase the 

time to threshold       
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tary state; hence, tissue oxygen and metabolite requirements 

are not as high. 

 The time necessary for the heart to fully contract and 

relax decreases under sympathetic stimulation, due primarily 

to the larger proportion of the cardiac cycle that is made 

available for fi lling. While an increase in heart rate makes 

the total duration of the cardiac cycle shorter [ 2 ], the corre-

sponding rise in contractility causes the muscular contrac-

tions to commence more rapidly and with greater force than 

under resting conditions. This translates to a decrease in the 

amount of time necessary for contraction of the heart during 

a complete cardiac cycle. Thus, the heart is relaxed for a 

greater portion of the cycle, enabling enhanced fi lling of the 

chambers to provide a greater volume of blood ejected for 

each contraction.  

14.9.3     Baroreceptor  Pressure Regulation   

 Arterial pressure, or afterload, is regulated in the short term 

by baroreceptors in the walls of the aorta and carotid arteries. 

In particular, baroreceptors sense both magnitude and the 

rate of stretch of arterial walls due to pressure fl uctuations 

within the vessels [ 6 ]. The afferent fi bers projecting from the 

baroreceptors convey this information concerning pressure 

shifts to the autonomic nervous system which, in turn, 

responds by either increasing or decreasing sympathetic and/

or parasympathetic drive. A basal tonic activity can be iden-

tifi ed from the receptors, which progresses to the higher car-

diovascular centers. The frequency of impulses can be 

observed to increase or decrease in response to these pres-

sure changes. Decreased arterial dilatation causes sympa-

thetic nerves to increase their discharge rate and escalate the 

release of norepinephrine, thus increasing heart rate, stroke 

volume, and peripheral resistance [ 2 ]. The baroreceptor 

refl ex functions as a negative feedback system [ 6 ], such that 

a decrease in arterial stretch will induce an increased sympa-

thetic discharge, accordingly raising cardiac output 

(Fig.  14.11 ). This, in turn, will increase blood delivered to 

the vessels containing baroreceptors, increase pressure, and 

decrease the tonic activity of the receptors. Homeostatic con-

trol of arterial pressure is thus administered, since the 

decreased baroreceptor discharge rate will cause a lowered 

degree of sympathetic activity and revert the cardiac output 

back toward its basal value. In other words, the response of 

the baroreceptors ultimately removes the stimulus causing 

the initial response [ 6 ]. Carotid artery massage is sometimes 

suggested in an attempt to decrease overall sympathetic tone 

in the body, e.g., an individual eliciting an arrhythmia due to 

stress can sometimes convert back to a normal sinus rhythm 

with this maneuver.

   Importantly, long-term pressure regulation is not accom-

plished via baroreceptor input, due to its adaptive nature 

(accommodation). That is, if pressure in the aorta and carotid 

arteries remains elevated for sustained periods, the tonic fi r-

ing rates will eventually return toward resting values regard-

less of whether or not the pressures remain elevated. 

Long-term regulation of pressure involves numerous com-

plex hormonal mechanisms, which are extensively infl u-

enced by the hypothalamic and medullary cardiovascular 

 centers  .  

14.9.4      Arteriolar Pressure Regulation   

 Because the heart is responsible for delivery of blood to every 

part of the body, homeostatic control often involves changing 

the amount of blood provided by the circulatory system to a 

given tissue, organ, or organ system. For example, the gastro-

intestinal system normally receives approximately 20 % of 

the blood pumped by the heart during each cardiac cycle. 

However, during times of intense stress or exertion, the blood 

provided to this area may drastically decrease, while the pro-

portion of blood provided to the heart and skeletal muscles 

may increase notably. Such changes in blood supply are com-

monly mediated by changes in resistance of the peripheral 

vasculature (see also Fig.   1.8     in Chap.   1    ). 

 At rest, the smooth muscle cells in the walls of arterioles 

throughout the body remain slightly contracted due to a com-

bination of infl uences from the central nervous system, hor-

monal distributions within the vasculature, and/or localized 

organ effects. The relative degree of contraction within the 

arterioles is referred to as their basal tone. The stretching of 

the arterioles due to pulsatile blood pressure is thought to be 

the cause of the constant state of stress within such vessels [ 6 ]. 

Arterioles innervated by sympathetic fi bers possess an 

increased contractile tone, termed the  neurogenic tone , due to 

the sustained activation of these fi bers. Control of the vascular 

  Fig. 14.10    The relative effects of increased sympathetic stimulation 

on altering stroke volumes (see text for details)       
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peripheral resistance is achieved by varying the fi ring fre-

quency within these sympathetic fi bers. More specifi cally, 

postganglionic fi bers release the neurotransmitter norepineph-

rine, which binds to alpha (α 1 ) adrenergic receptors within the 

smooth muscle cells in arteriolar walls. Thus, an increase in 

the fi ring activity of these neurons produces an increase in nor-

epinephrine levels which, in turn, binds with more α 1  receptors 

and causes an overall decrease in the diameters of arterioles. In 

contrast, a lowering of the basal tonic activity causes vasodila-

tion, since less neurotransmitter is available for binding, caus-

ing the smooth muscle cells to relax. 

 The relative fi ring rates of arteriolar sympathetic neurons 

innervating a given tissue are also modulated by the need for 

blood elsewhere in the body. For example, if a hemorrhage 

occurs in the abdomen which results in signifi cant bleeding, 

sympathetic activity to that area will increase, causing less 

blood to fl ow to these damaged tissues in an attempt to pre-

serve adequate levels of fl ow to the heart and brain. It should 

be noted that other regulators exist for the control of vasomo-

tion and the tonic activity of the sympathetic system. Local 

increases in extracellular cation concentrations, acetylcho-

line levels, and even norepinephrine itself can act to prevent 

extreme vasoconstriction. Adrenergic receptors that are 

pharmacologically different from those in smooth muscle 

cells [ 6 ] have been identifi ed on postganglionic sympathetic 

neurons themselves and are given an α 2  designation. These 

  Fig. 14.11    The negative 

feedback control of blood 

pressure. In  Panel a , there is 

decreased pressure detected 

by the baroreceptor, and in 

 Panel b  there is an elevated 

pressure. The relative 

responses that occur in order 

to maintain an overall normal 

systemic pressure are 

indicated       
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receptors bind with the neurotransmitter and inhibit its 

release if the amount previously liberated is excessive (nega-

tive feedback). 

 Blood fl ow through the coronary arterioles is primarily reg-

ulated by local metabolic controls that are highly coupled with 

oxygen consumption. That is, subtle increases in oxygen con-

sumption by the heart will result in an increase in blood fl ow 

through the coronaries. Elevated sympathetic activity of the 

systemic vasculature typically induces a subsequent decrease 

in the diameter of the peripheral arteries. However, upon sym-

pathetic excitation, vasodilatation predominates in the coro-

nary arterioles instead of vasoconstriction, since oxygen 

consumption is raised signifi cantly by concurrently inducing 

higher heart rates and levels of contractility. The factors moti-

vating metabolic regulation therefore outweigh the vasocon-

strictive effects of sympathetic innervation of the coronaries. 

 Blood fl ow to the skeletal muscle is controlled in a similar 

manner to that of the coronary arteries, in that local meta-

bolic factors play a vital role in regulating vessel resistance. 

While increased sympathetic activity may decrease the blood 

fl ow to a resting skeletal muscle by a factor of four [ 6 ], a 

muscle undergoing exercise (and thus in the presence of ele-

vated sympathetic activity) can elicit an increase in blood 

fl ow almost 20 times that of normal resting values [ 6 ]. 

However, this muscle response must occur in conjunction 

with a drastic decrease in the blood fl ow to other tissues or 

organs, such as those of the abdominal cavity or nonexercis-

ing muscles. This course of action allows the total peripheral 

resistance to remain at a functional level. Homeostatic con-

trol during exercise also exists at the skin. In order to cool the 

body from the increased metabolic heat production, sweat 

glands become active and cutaneous blood fl ow increases 

signifi cantly over the normal resting value in order to dissi-

pate excess body heat. The active vasodilatation is the result 

of metabolic activity overcoming the increased sympathetic 

outfl ow to skin arterioles. 

 During the digestion of food, remaining sympathetic 

activity predominates at the vasculature of skeletal muscles 

and there are increases in blood fl ow to the stomach and 

intestines. Parasympathetic discharge to the heart increases, 

while the sympathetic stimulus declines, lowering the heart 

rate. This concentration of blood to the abdominal organs 

facilitates the movement of nutrients to areas of the body in 

need; this is a good example of how both branches of the 

autonomic nervous system work together to sustain a level of 

balance throughout the entire body. 

 The suprarenal glands can also contribute to vasomotion. 

Since norepinephrine is released directly into the blood-

stream from these endocrine glands, arteriolar constriction in 

the systemic organs can result. The  fi ght or fl ight  response in 

humans, elicited under stressful or exciting circumstances, 

originates from the hypothalamus via hormones that travel to 

the pituitary gland and later the adrenal cortex, where the 

agent cortisol is released into the bloodstream and adrenal 

medulla. It is in the medulla that cortisol activates the enzyme 

necessary to convert norepinephrine to epinephrine, which is 

released into the bloodstream to amplify increased sympa-

thetic activity [ 2 ,  3 ]. Blood fl ow to the skin and other internal 

organs (like the stomach and intestines) is greatly decreased 

by increasing sympathetic (and decreasing parasympathetic) 

tonic activity, while fl ow to skeletal muscles and the heart 

increases considerably. This process can be thought of as 

simply delivering blood to the areas of the body most in need 

to deal with the demanding circumstances. The direct release 

of these agents into the bloodstream allows for their rapid 

circulation, which helps contract arterioles along with con-

ventional sympathetic outfl ow. The “adrenaline rush” one 

experiences during periods of great tension or exhilaration 

comes from the adrenal glands. 

 Flow regulation through the veins and venules in the body 

is carried out by many of the same mechanisms as that for 

arterioles. While veins have smooth muscle in their walls, 

complete with α 1  receptors that respond to norepinephrine, 

their basal tonic activity is much lower than that observed in 

arterioles. Thus, venules at rest can be considered to be in a 

more dilated state. The wall thickness of veins is also signifi -

cantly less than that found in arteries, which enables the con-

sequences of physical effects to be more prominent in veins. 

That is, the overall blood volume associated with veins can 

be greatly affected by compressive forces. For example, in 

the skeletal muscle, the degree of muscle contraction around 

the vessel can push large amounts of blood back toward the 

heart, which enables quicker fi lling within the right atrium 

and enables sustained physical activity. If skeletal muscles 

surrounding veins are relaxed, the venous system can act as 

a blood reservoir (see also Fig.   1.4     in Chap.   1    ). 

 The vasculature within skeletal muscles and the liver can 

play a unique role relative to homeostasis, via noninner-

vated β 2  receptors located in their arteriolar walls. Increased 

blood levels of epinephrine can activate these receptors 

which, along with G proteins [ 6 ,  12 ], act to catalyze an 

intracellular chemical reaction resulting in decreased cyto-

plasmic levels of Ca 2+  and a hyperpolarization of the cellular 

membranes. This in turn decreases the contractile machin-

ery sensitivity to Ca 2+ , thus causing vasodilatation [ 6 ]. 

Vasodilatation in the presence of epinephrine is in contrast 

to the decrease in vessel diameter caused by the chemically 

similar compound norepinephrine. β 2  receptors are more 

sensitive to epinephrine than α 1  receptors [ 6 ]. Thus, a small 

elevation in the concentration of epinephrine in the blood-

stream (e.g., provided by the adrenal medulla) can cause 

vasodilatation. However, if the level of catecholamine 

increases, the more numerous α 1  receptors will be activated 

and cause vasoconstriction. It is important to note that there 

is no neural input to β 2  receptors; therefore, norepinephrine 

has no effect on their activation. 
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 It can be seen that the parasympathetic and sympathetic 

effects of the heart and vasculature often elicit opposite 

physiologic responses yet work in conjunction to synergisti-

cally maintain  homeostasis  .   

14.10     Cardiac Denervation 

  Denervation   can be divided into two categories—pregangli-

onic and postganglionic. Preganglionic denervation can be 

caused primarily by disease or injury of the vasomotor centers 

in the brain or spinal cord above T10; it leaves intact the post-

ganglionic nerve fi ber and many refl exes that occur at the gan-

glionic level. Preganglionic denervation results not only in loss 

of centrally mediated cardiac refl exes but also leads to abnor-

malities in the control of peripheral vascular tone as well as an 

inability to control blood pressure with changes in body posi-

tion.  Shy–Drager syndrome   is a classic example of pregangli-

onic denervation affecting the cardiovascular system [ 14 ]. 

 Postganglionic  denervation   of the heart occurs as the 

result of several neurodegenerative processes, after certain 

types of cardiac surgery and/or after cardiac transplantation. 

Loss of the postganglionic nerve cell body results in Wallerian 

degeneration of the distal nerve, with loss of axonal integrity 

and neurotransmitters. Loss of neurotransmitters at the neural 

junction with the distal target (e.g., cardiac conduction tissue 

or cardiac myocytes) in turn leads to an increase in neu-

rotransmitter receptor number and density. This, combined 

with a loss of neurotransmitter metabolism by the degener-

ated neurons, makes both the cardiac conduction system and 

muscle hypersensitive to circulating catecholamines (so-

called denervation hypersensitivity). It should be noted that 

cardiac denervation is also considered as a potential means to 

alter the occurrence of arrhythmias in such patients [ 15 ]. 

 Cardiac transplantation is the most complete form of car-

diac denervation, resulting in loss of both sympathetic and 

parasympathetic innervation, with subsequent Wallerian 

degeneration of the intracardiac nerve fi bers [ 16 ]. Diabetes is 

the most common cause of  denervation   in the general non- 

transplant population [ 17 ]. More specifi cally, a diabetic neu-

ropathy can result in loss of both sympathetic and 

parasympathetic efferent and afferent pathways; hence, heart 

rate variability will diminish. As with other neurodegenera-

tive diseases, neuronal loss is typically patchy and perma-

nent. Infi ltrative diseases such as amyloidosis may also lead 

to cardiac denervation. 

14.10.1     Effects of Denervation on  Basal 
Cardiac Function   

 Loss of tonic parasympathetic vagal inhibition of sinus node 

depolarization causes a rise in one's basal heart rate and loss 

of heart rate fl uctuation with respiration, known as  respira-

tory sinus arrhythmia . The resting heart rate of transplant 

patients typically is 95–100 beats/min. Further, the refl exes 

that are mediated primarily through the vagal nerves are 

absent, including carotid sinus slowing of heart rate, the pul-

monary infl ation refl ex, and the  Bezold–Jarisch refl ex     . 

 In contrast, resting inotropic state of the cardiac muscle 

and myocardial blood fl ow remain somewhat normal after 

denervation; basal ventricular function is changed mini-

mally. Further, in such patients the measures of systolic con-

tractility (such as d p /d t , ejection fraction, and cardiac output) 

are usually preserved. Preservation of pump function after 

denervation may be related in part to an upregulation of beta 

catecholamine receptors on both myocytes and the conduc-

tion system, leading to an amplifi cation of the responses to 

blood-borne catecholamines [ 18 ]. 

 Additionally, coronary blood fl ow is unchanged at rest 

and increases normally with exercise. Coronary fl ow reserve 

(a measure of maximal coronary blood fl ow) is normal, 

although in transplanted animals the responses to ischemia 

are blunted [ 19 ,  20 ]. 

 Afferent sensation to pain (e.g., from ischemia), chemore-

ceptor stimulation (e.g., from ischemia, hyperosmolar contrast 

media), and stretch receptor stimulation (e.g., from pressure 

overload) are all initially absent. This aspect of denervation is 

important because coronary occlusion due to transplant-

related coronary arteriopathy is common and the absence of 

anginal pain removes an important warning  symptom  .  

14.10.2     Effects of Denervation on  Exercise 
Hemodynamics   

 Cardiac denervation results in a blunting of the chronotropic 

response to exercise. With exercise, heart rate rises due to an 

increase in plasma catecholamines (released primarily from 

the adrenal glands) rather than from direct sympathetic stim-

ulation of the sinus node. The heart rate increase is 

delayed; i.e., heart rate may peak well after the cessation of 

exertion and remains elevated until the circulating catechol-

amines can be metabolized (Fig.  14.12 ).

   Exercise or stress also results in a delayed increase in ino-

tropic state, similar to the changes in chronotropic response. 

Unlike resting ventricular function, peak inotropic state and 

ejection fraction are typically  reduced  .  

14.10.3      Reinnervation   

 Sympathetic neural reinnervation of the heart has been 

observed in nearly all animals undergoing autotransplanta-

tion and in most patients undergoing orthotropic transplanta-

tion. Reinnervation typically occurs over the aortic and atrial 

suture lines (left more than right), extending from the base of 

the heart to the apex. Yet, the rate of reinnervation is typi-
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cally slow (years), and in humans it is patchy and most often 

incomplete. Yet, it has been noted that the anterior wall typi-

cally reinnervates earlier and more densely than the rest of 

the left ventricle [ 21 ]. The sinus node reinnervates to some 

degree in over 75–80 % of patients. 

 Reinnervation results in partial normalization of the chro-

notropic and inotropic response to exercise [ 22 ,  23 ]. 

Reinnervated patients have been observed to exercise longer 

and have higher maximal oxygen consumption. Additionally, 

cardiac pain sensation (i.e., angina) also returns, although 

the regional nature of reinnervation results in reduced or 

patchy sensation to ischemia in most transplant recipients 

[ 24 ]. Parasympathetic reinnervation has been reported in a 

small number of transplant recipients; it is accompanied by 

return of respiratory mediated fl uctuation in heart rate and 

carotid sinus slowing of heart rate. 

 It should be noted that in some transplant patients, the 

native sinus node is left intact, yet due to the suture line, 

these individuals require pacing therapy. There are known 

causes in which the activity in natively innervated nodes is 

sensed by a pacing system, which then rate adjusts the ven-

tricular pacing accordingly, Hence, a more functional control 

of heart rate is maintained relative to the intrinsic activity 

within the  autonomic nervous system  .   

14.11     Summary 

 The  autonomic nervous system  , and the role it plays in gov-

erning the behavior of the cardiovascular system, is intrinsi-

cally complex and important for sustaining life. The 

antagonistic nature of the parasympathetic and sympathetic 

branches of this system allows rapid and essential changes in 

cardiac parameters such as heart rate, contractility, and 

stroke volume in order to deliver metabolites and nutrients to 

tissues and organs that need them at any given time. Increased 

sympathetic outfl ow relative to normal resting conditions 

most often causes an excitatory response in physiologic 

parameters (such as heart rate and/or smooth muscle contrac-

tion), whereas parasympathetic stimulation usually results in 

calming adjustments (decreased heart rate, contractility, and/

or vasodilatation).      
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      Cardiac and Vascular Receptors 
and Signal Transduction       
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    Abstract  

  Cellular physiological functions are regulated via signaling mechanisms in essentially any 

cell type of any organ within the human body. While myocardial cells are unique in that they 

are interconnected to each other via gap junctions and thus act as an electrical syncytium, a 

vast number of important cellular receptors and signal transduction pathways allow individ-

ual cells to receive and respond to various signals. These receptors and signal transduction 

pathways play important roles in normal cell/organ functions (their physiology), as well as 

in disease processes (pathophysiology). It is the aim of this chapter to review the major role 

and signaling mechanisms of selected physiologically and pathophysiologically important 

cardiac and vascular receptors, with emphasis on G protein-coupled receptors (e.g., beta-

adrenergic receptors) and non-G protein-coupled receptor systems, such as guanylyl cyclase-

related receptors (e.g., receptors for nitric oxide). Finally, we will discuss the importance and 

complexity of infl ammation in the pathobiology of coronary artery disease and its treatment. 

Infl ammation plays a very important role in cardiovascular disease. For example, device-

based interventions such as coronary stenting may activate infl ammation via a series of com-

plex signaling processes. Importantly, infl ammation pathways also play a central role in the 

elicitation of atherosclerosis, myocardial infarction, and/or heart failure.  
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  Abbreviations 

   AC    Adenylyl cyclase   

  ATP    Adenosine triphosphate   

  β-AR    Beta-adrenergic receptor   

  β-ARK    Beta-adrenergic receptor kinase   

  cAMP    Cyclic adenosine monophosphate   

  CDK    Cyclin-dependent kinase   

  cGMP    Cyclic guanosine monophosphate   

  DES    Drug-eluting stent   

  ERK    Extracellular signal-regulated kinase   

  GC    Guanylyl cyclase   

  GDP    Guanosine diphosphate   

  GTP    Guanosine triphosphate   

  IRAK    Interleukin-1 receptor-associated kinase   

  ISR    In-stent restenosis   

  JNK    JUN N-terminal kinase   

  MAPK    Mitogen-activated protein kinase   

  MCP    Monocyte chemoattractant protein   
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  M-CSF    Macrophage colony-stimulating factor   

  NO    Nitric oxide   

  NOS    Nitric oxide synthase   

  pRB    Retinoblastoma gene product   

  PTCA    Percutaneous transluminal coronary angioplasty   

  SMC    Smooth muscle cell   

  TIR    Toll/interleukin-1 receptor   

  TLR    Toll-like receptor   

  TNF    Tumor necrosis factor   

  TNFR    Tumor necrosis factor receptor   

  TRAF    TNFR-associated factor   

15.1           Introduction 

 Cellular physiological functions are regulated via signal-

ing mechanisms in essentially any cell type of any organ. 

While myocardial cells are somewhat unique in that they 

are interconnected to each other with gap junctions and act 

as an electrical syncytium, a vast number of important cel-

lular receptors allow the cells to receive and respond to 

various signals and transduce these signals within the cell. 

Many of these receptors are located on the cellular mem-

brane. It would be beyond the scope of this review to dis-

cuss all the receptors of all the cell types in the 

cardiovascular system. Since our understanding of molecu-

lar cardiovascular biology is continuously growing, it is 

the general aim of this chapter to focus on selected physi-

ologically and pathophysiologically important cardiac and 

vascular receptors. Nevertheless, many of the principles 

and mechanisms discussed in the following pages, using 

certain receptor subtypes as examples, are applicable to 

related receptor systems and should make it easier to study 

and understand a “new” or less well-studied/well-charac-

terized receptor signaling system. Furthermore, a thorough 

review of the normal function of these receptors is impor-

tant and very helpful in understanding the altered function 

of the same receptor systems and associated signaling 

mechanisms in disease states. For example, it will be 

reviewed how a β-receptor antagonist (beta-blocker; a drug 

that is known to depress cardiac contractility) may be ben-

efi cial in the treatment of heart failure, a state of depressed 

cardiac function. This chapter will also focus on the large 

and important family of G protein-coupled receptors, with 

particular emphasis on the β-adrenergic receptor (β-AR) 

signaling system; this system has very important functions 

in both normal cardiac physiology and associated patho-

physiology. Other important G protein- coupled receptors 

will be reviewed, such as α-adrenergic receptors and mus-

carinic receptors. Non-G protein receptor systems, such as 

tyrosine kinase-linked receptors and guanylyl cyclase-

related receptors, will be briefl y discussed. Finally, an 

overview of the basic biology of coronary stenting is pro-

vided. Our goal is to depict the biological cascade that is 

triggered by coronary angioplasty and stenting, as well as 

the complexity of subsequent biological responses, and to 

explain how these responses are modulated by drug- eluting 

stents (DESs).  

15.2     Defi nition 

 Cell receptors allow extracellular substances to bind for reg-

ulation of intracellular function or metabolism, typically 

without having to enter the cell. A number of types of cellu-

lar receptors can initiate a signal that ultimately modulates 

cellular function. Most of the “classic” receptors are cell sur-

face receptors, spanning the whole cell membrane and 

thereby allowing mediation of signals from the extracellular 

site to the intracellular site. The largest, and possibly most 

important, group is the family of G protein-coupled recep-

tors. A classifi cation of cardiovascular receptors either by 

location or by receptor type is provided in Table  15.1 .

15.3        G Protein-Coupled Receptor (Seven-
Transmembrane- Spanning Receptors) 
and Signal Transduction 

15.3.1     Overview 

 G protein-coupled receptors are functionally closely related 

to ion channels. The G protein-coupled receptors are part of 

a gene family being identifi ed that binds agonists such as 

adenosine, catecholamines, acetylcholine, odorants, angio-

tensin, histamine, opioids, and many others.  

15.3.2     Receptor  Structure      

 There are several interesting structural similarities between 

ion channels and G protein-coupled receptors. Both are inte-

gral membrane proteins with seven-transmembrane 

domains, which form bundles with a central pocket. In G 

proteins, the pockets are the binding sites for the receptor 

ligands, and they are typically located on the extracellular 

site of the protein; the N-terminal tail is located extracellu-

   Table 15.1    Classifi cation of cardiovascular  receptors        

  By location   By receptor types 

 Cardiac receptors 

 • Myocardial 

 • Conduction system 

 • Others 

 G protein-coupled receptors 

 Tyrosine kinase-linked receptors 

 Guanylyl cyclase-linked receptors 

 Vascular receptors 

 • Endothelial 

 • Vascular smooth muscle 

 • Others 

 Other receptors (low-sensitivity 

lipoprotein receptor; nicotine 

acetylcholine receptor; peptidergic) 
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larly as are three extracellular loops. Three loops connecting 

the transmembrane domains and the C-terminal domain are 

located intracellularly (Figs.  15.1  and  15.2 ). The exact func-

tion of the extracellular loops remains largely unknown. It is 

considered that the transmembrane domains are involved in 

receptor binding. The intracellular loops, particularly loop 

III and the C-terminal tail, are important for receptor cou-

pling to the associated G protein. Finally, both loop III and 

C-terminal tail are important for regulation of receptor func-

tion and contain phosphorylation and other posttranslational 

modifi cation  sites     .

15.3.3         Receptor  Coupling      

 The G protein receptors interact intimately with G proteins. 

G proteins are complexes consisting of three subunits—α, β, 

and χ. There are different classes of G proteins, and attempts 

have been made to classify them as subtypes. For example, 

common α-subunits include: (1) α s  (stimulatory) which acti-

vates adenylyl cyclase, (2) α i  (inhibitory) which inhibits ade-

nylyl cyclase, (3) α 0  which modulates calcium channels and 

phospholipase C, and (4) α z  which activates phospholipase 

C. In general, each α-subunit contains a region that interacts 

  Fig. 15.1    G protein 

receptor- coupled signaling. 

The ubiquitous seven-

transmembrane receptor 

systems are composed of a 

receptor, a heterotrimeric G 

protein, and an effector 

system. The complexity of 

this system can be appreciated 

by the number of receptor 

types and subtypes, G protein 

subtypes, and different 

effector systems       

  Fig. 15.2    The molecular schematic structure of a β-adrenergic receptor. Note the three main domains—extracellular, transmembrane, and cyto-

plasmic. The transmembrane domains are important for ligand binding. The transmembrane domain, M3-7, is important in agonist binding, 

whereas the domains M6 and M7 are involved in antagonist binding (β-receptor blockers). The cytoplasmic domains contain important binding 

sites for interactions with G proteins, as well as various kinases such as β-AR kinase ( β-ARK )       
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with the receptor, a site that binds guanosine triphosphate 

(GTP), and a site interacting with the effector  system     .  

15.3.4     Receptor  Function and Regulation      

 The traditional concepts of G protein-coupled receptor 

function are best illustrated in Fig.  15.1 . First, an agonist 

binds to a receptor molecule, and then the seven-

transmembrane- spanning receptor molecule interacts with a 

specifi c G protein; this, in turn, modulates a specifi c effec-

tor. Examples of typical agonists, receptors, G proteins, and 

effectors are provided in Fig.  15.1 . While this illustration 

provides a general summary of the individual components 

needed for proper G protein-coupled receptor function, a 

more thorough understanding of the G protein receptor-

mediated signaling, as well as its regulation, is best accom-

plished by the more specifi c example of the well-characterized 

beta-adrenergic receptor (β-AR) system. Therefore, we will 

start our discussion with these physiologically, pathophysi-

ologically, and clinically highly relevant seven-transmem-

brane-spanning β- ARs     .   

15.4      Beta-Adrenergic Receptors (β-ARs)   

15.4.1     Classifi cation of β-Adrenergic 
 Receptors      

 Table  15.2  summarizes the general features of β-AR sub-

types identifi ed to date; note that there are three  subtypes   [ 1 ]. 

While all of the subtypes can be found in the heart, the 

 predominant subtype in the vasculature is the 

β2-AR. Importantly, norepinephrine and epinephrine are the 

endogenous agonists (catecholamines) that bind specifi cally 

to all three β-AR subtypes.

   Pharmacologically, β1- and β2-receptors are character-

ized by an equal affi nity for the exogenous agonists isopro-

terenol and epinephrine, while norepinephrine (the 

neurotransmitter of the sympathetic nervous system) has a 

ten- to thirty-fold greater affi nity for the β1-AR subtype. 

Also, β1-ARs are more closely located to synaptic nerve ter-

mini than β2-ARs, thereby being exposed and activated by 

higher concentrations of released  norepinephrine     .  

15.4.2     β-AR  Activation and Cardiovascular 
Function   

 Cardiac β-ARs are likely one of the most important types of 

receptor systems. β-ARs regulate important cardiovascular 

functions and are integral to the body’s  fl ight or fi ght  

response. For example, during exercise, heart rate and con-

tractility increase, cardiac conduction accelerates, and car-

diac relaxation, an active process requiring adenosine 

triphosphate (ATP), is enhanced. Moreover, vascular relax-

ation (vasodilation) of many vascular beds can be observed 

during exercise (e.g., in skeletal muscles). All these effects 

are at least partially a direct consequence of β-AR activation 

and involve key elements of G protein receptor signaling: (1) 

receptor binding, (2) G protein activation, and (3) activation 

of an effector system. Importantly, most of these specifi c 

physiological cardiac effects are mediated via activation of 

β1-AR, while the vascular effects are mediated through the 

β2-receptor subtype. However, heart muscle also contains 

β2-receptors (as well as β3 receptors). Nevertheless, the 

β1-receptor subtype is the predominant cardiac isoform in 

healthy humans. More specifi cally, while there is a substan-

tial population of β2-receptors in the atria, only around 

20–30 % of the total β-AR population is β2-ARs in the left 

ventricle [ 2 ]. Not only is the activation of β-ARs and their 

associated signaling transduction critical in understanding 

the physiology of the cardiovascular system, but it has been 

recognized over the past decades that β-AR activations also 

play key roles in cardiac disease processes such as heart fail-

ure [ 3 ]. For example, an apparent paradox exists, namely, 

that β-adrenergic blockers (β-receptor antagonists) are ben-

efi cial in patients with heart failure; this will be discussed in 

more detail later in this chapter. 

15.4.2.1     Effects of β-Receptor Activation 

on the  Heart   

 β-Receptor activation on the heart regulates cardiac function 

on a beat-to-beat basis. Specifi cally, β-AR stimulation causes: 

(1) increases in heart rate (positive  chronotropic  effect), (2) 

   Table 15.2    Beta-adrenergic receptor  subtypes  : G proteins, tissue distributions, effectors, and signals   

 Receptor  β1  β2  β3 

 Primary G protein  Gs  Gs/Gi  Gs/Gi 

 Tissue distribution  Heart  Vessels, heart, lung, kidney  Adipose, heart 

 Primary effector in heart tissue  Adenylyl cyclase, L-type calcium channel  Adenylyl cyclase, L-type calcium channel  Adenylyl cyclase 

 Signals  cAMP/PKA  cAMP/PKA, MAPK  cAMP/PKA 

   cAMP  cyclic adenosine 3',5'-monophosphate (cyclic AMP),  Gi  inhibitory G protein,  Gs  stimulatory G protein,  MAPK  mitogen-activated protein 

kinase,  PKA  protein kinase A  
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increases in contractility (positive  inotropic  effect), (3) 

enhancements in cardiac relaxation (positive  lusitropic  

effect), and/or (4) increases in conduction velocities (posi-

tive  dromotropic  effect). The molecular mechanisms leading 

to each of these specifi c effects will be discussed briefl y. For 

further details, the reader is referred to the textbook by Opie 

[ 4 ]. Other important effects on cardiac myocytes that should 

be noted include those due to enhanced metabolism; the 

most signifi cant effects on dilation in the coronary vascula-

ture are mediated via metabolic waste products (CO 2 , etc.). 

Also see Chap.   21     for a detailed discussion of energy metab-

olism and feedback  mechanisms  .  

15.4.2.2      Positive Chronotropic Effect   

 When activated, β-ARs located on the cells that make up the 

sinoatrial node increase the fi ring rate of the sinoatrial node. 

While the mechanisms of these effects are not fully under-

stood, they are known to involve activation of G proteins and 

formation of cyclic adenosine monophosphate (cAMP), 

called a  second messenger . Cyclic AMP can then bind to ion 

channels that are, in part, responsible for the diastolic (phase 

4) depolarization of sinoatrial nodal cells. These ion chan-

nels, referred to as hyperpolarization-activated cyclic 

nucleotide- gated channels, have several unique properties, as 

they: (1) activate during hyperpolarization (more negative 

membrane potentials), (2) are responsive to cAMP, (3) are 

conductive for both Na +  and K +  ions, and (4) can be blocked 

by cesium. Cyclic AMP binding to the intracellular domain 

of these ion channels shifts their activation curves to more 

positive potentials, which increases the rates of “spontane-

ous” depolarization of sinoatrial nodal cells and ultimately 

their fi ring rates. The chronotropic effects can also be medi-

ated via norepinephrine released from sympathetic nerve 

endings in the sinoatrial node and/or from circulating cate-

cholamines (epinephrine and norepinephrine). From an inte-

grative physiology standpoint, an increasing heart rate is an 

adaptive response to an increased demand of oxygen and 

cardiac output in the periphery. Accelerating the heart rate 

will, in turn, increase cardiac output if stroke volume remains 

constant (cardiac output = heart rate × stroke volume)   .  

15.4.2.3      Positive Inotropic Effects   

 As mentioned before, cardiac output needs to increase dur-

ing exercise. One way to accomplish this is by increasing the 

heart rate; another is to increase stroke volume, e.g., by 

increasing cardiac fi lling (or increasing the preload). This 

can be accomplished by increasing the venous tone of the 

great veins that will increase fi lling of the heart chambers. It 

should be noted that this is an effect that is also mediated by 

adrenergic receptors but, in this particular case, by α-ARs 

causing venoconstriction (secondary to increased calcium 

infl ux). Such an increased preload then induces increased 

fi lling (and stretching) of the myocardial chambers, and via 

the Frank-Starling mechanism, stroke volume becomes aug-

mented. However, stroke volume can also be effi ciently 

improved by increasing the contractile force of the heart 

muscle at a given constant muscle length (i.e., independent 

of fi ber length); this is called a positive inotropic effect and 

is mediated by activation of β-ARs, both β1-AR and 

β2-AR. The detailed molecular mechanisms involve the fol-

lowing processes (Fig.  15.3 ):

     1.    β-Agonist binds to either β1- or β2-receptor.   

   2.    GTP binds to the stimulatory α-subunit of the G protein 

(Gαs) and activates it.   

   3.    The G-subunits dissociate (the α-subunit dissociates from 

the β-subunit and χ-subunit).   

   4.    The α-subunit (containing GTP) stimulates an effector 

protein called adenylyl cyclase (AC).   

   5.    Cyclic 3 -5  cAMP is formed and GTP is hydrolyzed to 

GDP (guanosine diphosphate) plus Pi (the α-subunit/GTP 

is a GTPase).   

   6.    The α-subunit/GDP binds to the β- and χ-subunits, and 

the initial (inactive) resting state reforms.       

15.4.2.4       The  Second Messenger Concept   

 cAMP is one of the key effector molecules in many of the 

signaling processes involving β-ARs (but also in many other 

biologic receptor systems). This molecule is commonly 

referred to as a  second messenger  and is one of many such 

molecules identifi ed that are involved in cellular signal trans-

duction. Another highly relevant second messenger is cyclic 

guanosine monophosphate (cGMP); cGMP is typically 

formed in vascular cells after binding nitric oxide, but can 

also be formed in cardiac and other cells after binding natri-

uretic peptides. As the name implies, these molecules trigger 

additional signaling mechanisms. Importantly, cAMP is 

present in all cardiac myocytes; it is rapidly turned over, and 

there is a constant dynamic balance between cAMP genera-

tion and breakdown via phosphodiesterases (enzymes break-

ing down cAMP). While cAMP can increase in response to 

β-adrenergic activation, there are other pharmacologically 

active agents that can lead to increased cAMP levels via 

alternate mechanisms. For example, glucagon is known to 

stimulate AC via a non-β-AR mechanism; forskolin stimu-

lates AC directly; phosphodiesterase inhibitors such as milri-

none, amrinone, and others inhibit the breakdown of cAMP 

resulting in increased cAMP levels. The exact mechanism of 

how formation of cAMP leads to increased cardiac contrac-

tility in cardiac myocytes will be further discussed below. 

 It is known that cAMP enhances the activity of protein 

kinase A. Once activated, protein kinase A causes the subse-

quent phosphorylation of numerous proteins including 

voltage- dependent sarcolemmal calcium channels, phos-

pholamban (located in the sarcoplasmic reticulum), troponin 
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I, and troponin C. The primary effect of phosphorylating the 

calcium channels and phospholamban is that this will 

increase calcium infl ux during a cardiac activation cycle and 

also increase calcium uptake by the sarcoplasmic reticulum. 

Working in concert, these effects will ultimately result in 

increased calcium transients during cardiac excitation- 

contraction coupling. Further, these increased intracellular 

calcium transients will result in increased ATP splitting by the 

myosin ATPase, which then increases the rate of development 

of contractile force (and also increases deinhibition of actin 

and myosin by the interaction of calcium with troponin C), 

ultimately causing an increase in total cardiac force develop-

ment. If this stimulation is maintained, this effect or response 

often becomes attenuated over time. Also, cAMP levels may 

decrease, for example, due to activation of calmodulin that 

activates cAMP breakdown via phosphodiesterase activation 

and also via activation of β-AR kinase (β-ARK activation 

and downregulation). 

 It is important to recognize that the cellular and physiologi-

cal responses to β-AR stimulation cannot simply be explained 

by overall increased tissue levels of cAMP. It has been specu-

lated that cAMP may be compartmentalized in the heart, with 

  Fig. 15.3    G protein receptor 

activation and coupling with 

adenylyl cyclase ( AC ) during 

β-adrenergic receptor 

activation.  Panel A : The 

receptor is inactive; GDP 

(guanosine diphosphate) is 

bound to α-subunit of 

stimulatory G protein.  Panel 

B : The agonist binds to 

receptor which leads to 

receptor G protein interaction; 

GTP (guanosine triphosphate) 

binds to stimulatory G 

proteins (α-subunit, Gαs). 

 Panel C : The G-subunits 

dissociate and Gαs stimulates 

adenylyl cyclase, with 

subsequent formation of 

cAMP (cyclic adenosine 

monophosphate).  Panel D : 

Gαs GTPase becomes active, 

GDP reforms, and the 

activation cycle ends       
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a specifi c compartment available to increase contractility [ 5 ] .  

In addition, it has been shown that β2-ARs and β1-ARs, which 

both mediate positive inotropic responses, are so largely inde-

pendent on cAMP generation. This latter response may, in 

some cases, be one of the myopathic mechanisms in chronic 

heart failure by resulting in increased systolic and diastolic 

calcium levels [ 6 ]. The complexity of the β-AR stimulatory G 

protein adenylyl cyclase signaling system can be further illus-

trated by the fact that there are about 20 identifi ed Gα-subtypes, 

about 5 β-subtypes, and about 11 χ-subtypes, in addition to 

about nine isoforms of AC [ 7 ]. In cardiac tissue, isoforms V 

and VI of AC are considered to predominate. It should also be 

noted that specifi c anchoring proteins enable the juxtaposition 

of protein kinase A with its specifi c target proteins (A-kinase 

anchoring proteins), which may account for the resulting com-

partmentalization (and complexity) of  responses  .  

15.4.2.5      Positive Lusitropic Effects   

 Phospholamban can be activated by protein kinase A (via 

cAMP) or by increased calcium levels subsequent to voltage- 

gated calcium channel activation (secondary to protein 

kinase A phosphorylation). This typical phosphorylation of 

phospholamban leads to increased activity of this enzyme, 

which then results in enhanced calcium removal from the 

cytosol back into the sarcoplasmic reticulum. It is known 

that the activation of troponin I, via protein kinase A, 

increases the rate of cross-bridge detachment and thus relax-

ation. Importantly, both of these responses will increase the 

rate of relaxation, an active process to remove calcium from 

the cytosol. A basic summary of the mechanisms of 

β-adrenergic increase in cardiac contractility and relaxation 

is provided in Fig.  15.4    .

15.4.2.6         Dromotropic Effects   

 Activation of the voltage-gated (L-type) calcium channels in 

the atrioventricular node may enhance conduction in these 

nodal cells, as well as those of the Purkinje  fi bers  .  

15.4.2.7      Metabolic Effects   

 In general, the metabolic effects mediated via the β-AR sys-

tem include (1) increases in glycogen formation (via 

increased glycogenolysis as well as decreased formation of 

glycogen), (2) the stimulation of lipolysis, and/or (3) 

increases in ATP production (via glycolysis/citrate cycle). 

Some of these metabolic effects may be mediated via the 

β3-AR (e.g., control of lipolysis). The β3-AR is also consid-

ered to have some regulatory function in cardiac (and vascu-

lar) contractility (e.g., negative inotropic effects) [ 8 ]    .   

15.4.2.8     Effects of β-Receptor Activation 

in the  Vasculature   

 The main physiological function of β-AR activation in the 

vasculature is induced relaxation (vasodilation), which 

occurs via a reduction of cytosolic calcium levels in the 

smooth muscle cells (SMCs) composing these vessels, with 

relaxation having the greatest importance in arterioles. These 

relaxation responses are mediated via the β2-AR subtype and 

are antagonized by α-AR activation (α1-receptor subtype). 

  Fig. 15.4    The major 

intracellular signaling 

mechanisms involved in the 

regulation of cardiac 

contractility and relaxation 

following β-adrenergic 

receptor activation. It should 

be noted that there is also the 

possibility that L-type 

voltage-dependent calcium 

channels can be activated via 

a direct effect of a stimulatory 

G protein (Gαs) subsequent to 

β-adrenergic receptor (both 

β1- and β2-adrenergic 

receptors) activations. This 

overall signaling pathway is 

cAMP independent. The 

resulting increased systolic 

and diastolic calcium fl uxes 

are considered to become a 

potentially myopathic 

mechanism in chronic heart 

failure       
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The effects of α-receptor signal transduction will be dis-

cussed further  below     .   

15.4.3     β-AR  Regulation   

 To best understand β-AR regulation, it is useful to review the 

molecular structure of this receptor. Basically, the receptor is 

composed of three types of  domains  : (1) the extracellular 

domain, (2) the transmembrane domains which are involved 

in the agonist and antagonist binding (ligand binding), and 

(3) the intracellular or cytoplasmic domains which are impor-

tant for G protein interactions and interactions with kinases 

such as β-ARK (β-adrenergic receptor kinase) (Fig.  15.2 ). 

15.4.3.1     β-Adrenergic Receptor  Desensitization 

and Downregulation   

 Receptor  downregulation  can be defi ned as a reduced pres-

ence in functional numbers of receptors in the cell mem-

brane. Downregulation can result from internalization (and 

destruction in lysosomes), decreased rates of receptor degra-

dation (nonlysosomal), and/or decreased synthesis. 

 Desensitization  is typically defi ned as receptor refractori-

ness, a “state of decreased activity following continued stim-

ulation.” Yet, it should be noted that there is not always clear 

distinction between these two defi nitions in the literature. 

For example, the β-receptor can become desensitized during 

isoproterenol stimulation (a classic pharmacological 

β-adrenergic agonist). In contrast, during continuous β-AR 

stimulation, the enzyme β-ARK increases its activity; β-ARK 

phosphorylates the cytoplasmic domain sites of the β-AR 

(Fig.  15.2 ) and is able to uncouple the receptor from the Gαs 

(stimulatory G protein). This response acts as a block of the 

signal, and activation of adenylyl cyclase is decreased; in 

other words, adenylyl cyclase is uncoupled from the 

β-AR. Resensitization occurs once the receptor has been 

dephosphorylated; this mechanism is called  agonist-specifi c 

desensitization . In contrast,  non-agonist-specifi c  desensitiza-

tion can occur via second messenger cAMP (and also via 

diacylglycerol which activates protein kinases A and C) that 

phosphorylates the G protein-coupled receptors. 

 Specifi c examples of “physical” downregulation include 

internalization of receptors during continuous prolonged 

β-AR stimulation, which can be induced either pharmaco-

logically (such as in an intensive care unit setting) or which is 

observed in heart failure (increased sympathetic tone and cir-

culating catecholamines). This latter response may be a pro-

tective mechanism to minimize calcium overload of the 

cardiac myocytes secondary to β-adrenergic stimulation. 

Additional clinical examples of receptor regulation include 

“hypersensitivity” to β-AR agonists after propranolol (a 

β-AR blocker) withdrawal, following long-term use. This 

enhanced sensitivity is considered to be due to receptor exter-

nalization. Another example is drug tolerance to dobutamine 

(or other β-AR agonists); the molecular mechanisms underly-

ing this clinical phenomenon may be desensitization. 

 While agonist-specifi c and unspecifi c desensitization can 

be viewed as one of the classical concepts of receptor regula-

tion, G protein receptor kinases, such as β-ARK and associ-

ated proteins (β-arrestins), seem to function by other 

mechanisms. For example, β-arrestins are considered to inter-

act with a G protein-coupled receptor and thus inhibit further 

G protein coupling after the receptor has been phosphorylated 

by β-ARK. While this more traditional role is now well estab-

lished, β-arrestins have also been shown to be involved in 

receptor internalization as well as complex additional signal-

ing mechanisms (e.g., mitogen-activated protein kinase path-

ways) [ 9 ,  10 ] .  Internalization (also known as  sequestration  or 

 endocytosis ) is generally considered to serve various other 

functions including receptor resensitization (dephosphoryla-

tion) and recycling and/or altering signaling processes. 

Typically, the mechanisms of internalization involve the clas-

sical described clathrin-coated pit processes (caveolae) and 

also noncoated pit mechanisms. Another interesting role of 

β-arrestins is in ubiquitination; this is a means by which pro-

teins are marked for subsequent degradation. For example, 

β-arrestin ubiquitination is important for β1-AR internaliza-

tion, while receptor ubiquitination is necessary for lysosomal 

targeting and degradation of the receptors [ 11 ] .  The gene reg-

ulation of the β-AR has been reviewed nicely elsewhere [ 7 ])       .     

15.5     The Association Between β-ARs  and 
Cardiac Disease      

 The function of the β-AR signaling pathway is not only of 

great importance in the normal regulation of physiological 

cardiac vascular function but has critical, although different, 

roles in the development of chronic heart failure. In general, 

heart failure is a syndrome defi ned by an inability of the heart 

to pump adequate amounts of blood to the body organs. The 

normal physiological response to an inadequate blood (oxy-

gen) supply is to increase the cardiac output (and thereby oxy-

gen delivery) via activation of the adrenergic nervous system 

(sympathetic nervous system); this response is characterized 

by an increase in circulating catecholamines. While this sym-

pathetic response would intuitively be seen as benefi cial, and 

indeed is also initially adaptive, in reality, the sustained β-AR 

activation and increased norepinephrine tissue levels [ 12 ] are 

considered to be associated with negative biological effects. 

Therefore, a sustained β-AR response in the cardiac patient 

may be, in fact, considered both  maladaptive and inappropri-

ate. Consistent with this notion, adrenergic drive is increased 

in all chronically failing human hearts with systolic dysfunc-

tion, as well as in all animal models of hemodynamic over-

load. Thus, adrenergic drive can also be considered as a 

 servo-control  mechanism to maintain cardiac performance at 

an acceptable level [ 7 ] .  For example, the proportion of β1- to 
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β2-adrenergic subreceptor population in normal human ven-

tricles shifts from 70:30 in diseased human ventricles to about 

50:50 in normal human ventricles [ 1 ] .  Also on the molecular 

level, both receptor subtypes are typically desensitized, due to 

uncoupling of the receptors from their signaling pathways 

associated with both increased β-AR phosphorylation and 

upregulation of the inhibitory G protein, Gi. 

 To illustrate the maladaptive β-AR signaling response, it 

is important to consider that β-adrenergic agonists, given to 

patients with chronic heart failure, may actually increase 

mortality. In contrast, the administration of β-blockers has 

been shown to improve patient survival; β-AR blockers con-

tinue to be one of the cornerstones of medical/drug therapy 

for patients with chronic heart failure. 

 In certain patients with cardiac failure, there is a situation 

where increased adrenergic drive is required to maintain the 

circulatory needs of their bodies; the more the heart is acti-

vated adrenergically, the more profound are the effects of 

desensitization which, in turn, activates the adrenergic sys-

tem even more, ultimately causing myocardial tissue dam-

age. Based on the studies in which β-AR blocking agents 

were administered, it is generally believed that the β-AR sys-

tem is central in this vicious pathological cycle (or positive 

feedback loop), which is commonly characterized by pro-

gressive remodeling and myocardial dysfunction. 

15.5.1     Beta-Adrenergic Signaling and Heart 
Failure 

 One of the hallmarks of chronic heart failure is adrenergic over-

drive leading to β-AR downregulation and desensitization. In 

particular, β1-ARs have been shown to be downregulated 

selectively, while the β2-ARs are relatively increased so that, as 

mentioned above, the population of β1 to β2 shifts from 75/25 

to about 50/50. The marked uncoupling of the β-ARs from the 

G proteins is due to increased levels of β-ARK1, as well as an 

increased inhibitory G protein (Gi) [ 14 ] .  This, in turn, results in 

not only attenuated β-AR signaling but also activation of addi-

tional pathways involved in ventricular remodeling. 

 The shift of the β1-/β2-AR subpopulation to an increased 

number of β2-receptors is only one of the phenomena associ-

ated with chronic heart failure. More specifi cally, β2-ARs 

couple to a number of signaling pathways, including a poten-

tial coupling to an inhibitory G protein (Gαi). Also, β2-ARs 

may modulate several G protein-independent pathways, 

including inhibition of sodium-hydrogen exchanges as well 

as a nonprotein kinase A-dependent interaction with L-type 

calcium channels [ 6 ,  15 ] .  There are other G protein- 

independent pathways in which the β2-ARs have been impli-

cated, such as those associated with phosphatidylinositol 

kinase, phospholipase C/protein kinase C, and/or arachi-

donic acid signaling. And while many details of these path-

ways remain poorly understood, it is becoming more clear 

that some of these pathways play important roles in the 

molecular pathobiology of heart failure. 

 One of the widely recognized mechanisms of β-AR 

desensitization is agonist-dependent β-ARK-mediated phos-

phorylation of the β-AR itself. Moreover, the beta-gamma 

subunits of the G proteins can act as signaling molecules 

themselves, with the potential of activating many down-

stream targets of pathways such as adenylyl cyclases, PLC, 

PLA2, PI3K, K +  channels, and/or Src-Ras-Raf-MEK-MAPK 

(mitogen-activated protein kinase) [ 7 ] .  

 The potentially toxic effects of long-term β1-AR activa-

tion are also illustrated by the fact that selective β1-AR ago-

nist or receptor overexpression leads to increased cardiac 

 apoptosis  or programmed cell death [ 16 – 18 ] .  The mecha-

nisms by which such apoptosis is activated have been attrib-

uted, in part, to initial activation of calcineurin via increased 

intracellular calcium through L-type calcium channels [ 19 ] .  

Additionally, direct toxic effects of catecholamines on the 

myocytes have been described as a result of direct β-AR acti-

vation [ 12 ] .  Other effects of chronic β-AR signaling include 

production of cytotoxicity via calcium overload, increased 

free radical formation, as well as stimulation of pathologic 

hypertrophy [ 7 ] .  For example, the marked uncoupling of β1- 

and β2-receptors from their physiological signaling path-

ways not only results in attenuation of the β-AR signaling 

but also allows for the coupling of the receptors with other 

possible myopathic signaling pathways involved in ventricu-

lar remodeling (e.g., MAPK and PI(3)K cascades). As stated 

earlier, β-receptor antagonists may be a benefi cial therapy in 

the chronic heart failure patient. Specifi cally, the β1-specifi c 

β-AR blocking drug metoprolol produces reverse remodel-

ing similar to a combined α-β-blocker carvedilol, suggesting 

that β1-AR signaling is an important determinant of patho-

logic hypertrophy in human heart failure [ 20 ] .  

 Lastly, genetic heterogeneity in expression of the β-AR in 

the general population has been identifi ed which may be 

associated with disease susceptibility. For example, a substi-

tution of threonine to isoleucine at amino acid 164 in the 

β2-AR has been linked with reduced survival and exercise 

tolerance in patients with heart failure [ 21 ,  22 ] .  

 A summary of the known changes in β-AR signaling is pro-

vided in Table  15.3 . Lastly, it should be mentioned that inves-

   Table 15.3    β-Adrenergic receptor signaling pathways in heart failure   

 Molecule  Change 

 β1-AR  , uncoupled 

 β2-AR  NC, uncoupled 

 β-ARK1   

 β-Arrestins 1 and 2  NC 

 Galpha1   

   AR  adrenergic receptor,  ARK  adrenergic receptor kinase 

 Modifi ed from [ 1 ]  
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tigations using transgenic animal models have greatly helped 

to elucidate some of the important disease  mechanisms associ-

ated with adrenergic receptor reception pathways; they have 

also served as tools in identifying and testing novel or evolv-

ing therapeutic targets for the treatment of heart failure [ 1 ]       . 

15.6         Alpha-Adrenergic 

15.6.1     Physiology 

 Two major α-AR  subtypes   have been identifi ed—α1 and α2. 

The α1-type receptors have been described to be present in 

the heart, as well as in the vessels and smooth muscle. The 

primary response to their activation in cardiac cells is phos-

pholipase C-β which leads to an increase in diacylglycerol 

and inositol triphosphate (InsP 3 ) and also activates both pro-

tein kinase C and MAPKs. Physiological receptor agonists 

include norepinephrine and epinephrine, and a Gq protein is 

the primary associated G protein [ 23 ] .  In general, the pri-

mary physiological importance of α1-receptors is far greater 

in the vasculature, leading to calcium infl ux and vasocon-

striction via the second messenger InsP 3 . In cardiac muscle 

cells, α1-receptors have been shown to induce a positive ino-

tropic effect; like β-receptors, this response is also associated 

with formation of InsP 3  [ 24 ] .  Alpha-2-receptors have been 

identifi ed on coronary vessels, as well as in the central ner-

vous system (presynaptic); they reduce the activity of AC 

(and protein kinase A) via an inhibitory G protein. 

 In summary, the primary physiological role of α1-receptors 

is for the vasculature regulation of tone via vasoconstriction, 

which is secondary to calcium infl ux into the SMCs of the 

circulatory arterioles.  

15.6.2     Role in Disease States 

 In general,    in heart failure patients, the α1-AR system will 

elicit an increase in receptor density and is also characterized 

by changes in inotropic responses [ 25 ] .  In addition, α1-AR 

activation has been shown to promote cardiomyocyte hyper-

trophy via activation of hypertrophic MAPK pathways)      .   

15.7     Role of Adrenergic and Other 
Receptors in Myocardial Hypertrophy 

 Prolonged or  repeated   increased workloads on the heart lead 

to cardiac hypertrophy. Hypertrophy is typically character-

ized by increased contractile protein content (and muscle 

mass), myofi lament reorganization, and reexpression of 

embryonic markers. As discussed earlier, myocyte cell growth 

by G protein-coupled receptors may involve not only Ras and 

MAPK pathways but also other signaling pathways (e.g., cal-

cineurin, PI3K, and phosphatidylinositol-3-OH). Abnormal 

β-AR function with elicited hypertrophy is also characteristic; 

in particular, elevated myocardial levels of β-ARK1 can be 

detected [ 26 ] .  As mentioned above, α1-receptor signaling 

also may be very important in the development of cardiac 

hypertrophy. Specifi cally, Gq-coupled receptors, such as 

angiotensin, α1-AR, and endothelin, can all activate hypertro-

phic MAPK pathways [ 27 ,  28 ] .  To summarize, the cardiac 

hypertrophic response may not be compensatory to reduce 

wall stress but rather maladaptive and thus increase mortality. 

In particular, signaling pathways involving elevated catechol-

amine levels (norepinephrine and epinephrine) and activated 

Gq-coupled receptors seem to promote hypertrophic 

responses. Thus, targeting these specifi c signaling pathways 

may be a novel therapeutic approach for the potential treat-

ment of “maladaptive” cardiac hypertrophy and ultimately 

heart failure. For further details on this topic, the reader is 

referred to the review by Rockman et al. [ 1 ]    .   

15.8     Muscarinic Receptors 

15.8.1     Physiology 

 The muscarinic receptor  system   in the heart is also an associ-

ated G protein-coupled receptor system, one fairly similar to 

the β-AR. The main cardiac receptor subtype (M2 receptor) is 

a cholinergic receptor and thus mediates primary parasympa-

thetic (syn. nervus vagus, cholinergic, acetylcholine medi-

ated) nervous system responses. For more details, refer to 

Chap.   14    . Its general function is to simultaneously balance 

and antagonize the sympathetic effects of β-AR activation, 

with its most pronounced effects on the controls of the sino-

atrial (heart rate, chronotropic effect) and atrioventricular 

nodes (conduction, dromotropic effect). There exist very few 

muscarinic M2 receptors in the ventricles, so activated nega-

tive inotropic (contractility) effects subsequent to M2 recep-

tor activation are very small. The primary control signal 

mediated via the vagus nerve is that which leads to a local 

release of acetylcholine in the sinoatrial and atrioventricular 

nodes. Acetylcholine then binds to the M2 receptor, activates 

an inhibitory G protein (Gαi), and essentially decreases the 

activity of adenylyl cyclase, which directly leads to opening 

of K +  channels. Thus, in the sinoatrial node, vagal stimulation 

tends to a fl attening of the diastolic depolarization, which 

then induces a slowing of heart rate (bradycardia, negative 

chronotropic effect) possibly via the effects of reduced cAMP 

availability on I f  current (hyperpolarization- activated cyclic 

nucleotide-gated channel) but also via activation of a potas-

sium outward current which in concert decreases the sponta-

neous fi ring rate of the sinoatrial node. In the atrioventricular 

nodal tissue, vagal stimulation also activates an inhibitory G 
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protein, which typically causes a slowing conduction velocity 

via a decreased calcium infl ux through L-type calcium chan-

nels. Clinically, the effects of vagal stimulation on the atrio-

ventricular node are detected as increased atrioventricular 

nodal conduction times (e.g., prolonged PR interval). 

 The M3 muscarinic subtype is primarily found in vascular 

SMCs. Its activation leads to contraction of vascular smooth 

muscles via a Gq/11-PLC-InsP3-mediated calcium infl ux (as 

well as diacylglycerol/phospholipase C/protein kinase, 

cAMP elevation)   .   

15.9     Other G Protein-Coupled 
Cardiovascular Receptors 

 There are other G protein- coupled   cardiovascular receptor 

systems which have important roles in cardiac physiology 

and pathophysiology, yet it is beyond the scope of this chap-

ter to review all these systems in detail. However, for some 

degree of comprehensiveness, a current list of important G 

protein-coupled receptor systems and their respective func-

tions is provided in Table  15.4    .

15.10        Receptor Cross Talk 

  Cross talk  between  receptors refers   to a biological phenom-

enon whereby interactive regulatory (or modulatory) mes-

sages are sent from one receptor to another. Many of the 

aforementioned receptor pathways are engaged in some 

degree of cross talk, which is commonly via second messen-

gers and/or protein kinases which, in turn, modulate G 

protein- mediated messages. While the current understanding 

of receptor cross talk is far from being complete, it is clear 

that receptor cross talk is integral for sustaining a coherent 

function of the cardiovascular system and has implications 

in both normal physiology and elicited cardiac disease states. 

 The following is an example of one such cardiovascular 

cross-talk interaction and its relevance to the pharmacologi-

cal treatment of disease. Heart failure is generally character-

ized by dysfunction of the β-AR system (downregulation of 

β1-receptors, uncoupling of β-AR and AC) but also the 

renin-angiotensin system (downregulation of AT1 recep-

tors); distinct signaling pathways have been identifi ed which 

then characterizes both β-AR (e.g., via Gs and AC) and AT1 

receptor signaling (e.g., via Gq/11 and PLCβ). In a recent 

study, it was shown that selective blockade of β-AR inhibited 

angiotensin-induced contractility, while selective blockade 

of AT1 receptors reduced catecholamine-induced reduction 

in heart rate [ 29 ] .  These unusual transinhibitory effects were 

considered to be caused by underlying G protein receptor 

uncoupling. Furthermore, direct interactions of these recep-

tor systems were demonstrated in vivo, and it is speculated 

that such interactions may have a profound role in determin-

ing the ultimate responses to drugs designed to block a given 

receptor subtype (e.g., β-AR blockers, AT1-receptor block-

ers). Note that cardiovascular receptor cross talk has been 

 extensively   reviewed by Dzimiri [ 30 ] .   

15.11     Guanylyl Cyclase-Linked Receptors 

15.11.1     Soluble Guanylyl Cyclase (Receptor 
for Nitric Oxide) 

 Although structurally different,       the general principles of 

receptor signaling as discussed for the β-AR apply also for 

nitric oxide/guanylyl cyclase signaling. Specifi cally, the ago-

   Table 15.4    Other cardiovascular G protein-coupled receptor systems   

 Family  Type  Cardiovascular function  G protein  Signaling 

 Adenosine  A1  Bradycardia  Gi/o  AC inhibition; K +  opening 

 A2A  Vasodilation  Gs/G15  AC, PLCβ 

 A2B  Vascular smooth muscle relaxation  Gq/11?  PLC/AC-mediated calcium activation 

 A3  A1 modulation  Gi3  AC inhibition; PLC, InsP3-mediated calcium increase 

 Angiotensin  AT1  Vascular smooth muscle contraction; 

cell proliferation; cell hypertrophy; 

antinatriuresis 

 Gq/11  PLC/PKC-mediated calcium elevation 

 AT2  Vasodilation; apoptosis; growth 

inhibition; natriuresis; nitric oxide 

production 

 Gia2/Gia3  MAPK activation; K +  opening; PTPase activation 

leading to T-type calcium channel closure 

 Endothelin  ETA  Vasoconstriction  Gq/11  PLC/InsP3; cAMP 

 ETB  Vasodilation/vasoconstriction (ETB2)  Gi; Gq/11  cAMP inhibition; PLC/InsP3 calcium increase 

 Opioid  OP1 (delta), 

OP3 (mu) 

 Central cardiovascular regulation 

(OP1, 3); cardioprotection (OP1) 

 Gialpha1/3; Go  IK conductance activation; reduction in neuronal Ica; 

AC inhibition; PKC and KATP channel activation 

(cardioprotection) 

   AC  adenylyl cyclase,  cAMP  cyclic adenosine monophosphate,  MAPK  mitogen-activated protein kinase,  PKC  phospholipase C/protein kinase  
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nist nitric oxide (NO) is considered as a universal signaling 

molecule present in all tissues, and the role of NO signaling 

is similar to other signal transduction systems, not only 

important in normal cardiac function but also in disease pro-

cesses. Physiologically, nitric oxide is produced by several 

isoforms of the enzyme nitric oxide synthase (NOS). To 

date, three isoforms have been described to function within 

the cardiovascular system—eNOS, iNOS, and nNOS. Nitric 

oxide is a small, lipid-soluble, gas molecule that readily 

crosses cell membranes. Inside the cell, it typically binds to 

a receptor, the soluble (cytoplasmic) guanylyl cyclase (GC, 

an enzyme which converts GTP to cyclic 3 -5  GMP). Cyclic 

GMP is the second messenger in this signaling cascade and, 

in the cardiovascular system, can activate two major effector 

systems—cGMP-regulated phosphodiesterases and cGMP- 

dependent protein kinases (cGKs). 

 In the vascular SMCs, NO inhibits vascular smooth mus-

cle constriction (causes vasodilation) via inhibition of cyto-

plasmic calcium release. However, the underlying 

mechanisms for the important vasodilatory effect of NO are 

complicated and minimally involve a cGMP-dependent pro-

tein kinase (cGKI); these pathways have been reviewed in 

detail elsewhere [ 31 ] .  Nitric oxide has also been shown to 

reduce vascular smooth muscle proliferation (clinically 

important in in-stent restenosis) and migration. It is well 

established that NO release may reduce platelet adhesion and 

activation, as well as vascular infl ammation [ 32 ] .  Importantly, 

NO insuffi ciencies are considered to be an important factor 

in endothelial dysfunction, leading to the increased suscepti-

bility for arterial thrombosis formations [ 33 ] .  

 Nevertheless, the relevance of NO signaling is not limited 

to vascular biology or pathobiology; it has been demon-

strated that NO has an important pathophysiological role in 

heart failure as well, i.e., in the modulation of cardiac func-

tion, cardiovascular protection, and/or in the regulation of 

apoptosis [ 34 – 36 ])       .   

15.11.2     Membrane Guanylyl Cyclase-A 
(Receptors for Natriuretic Peptides) 

 To date, at least seven membrane-bound  enzymes      synthesiz-

ing cyclic GMP (cGMP) have been identifi ed. All seven of 

these membrane guanylyl cyclases (GCs) have a common 

structure (Fig.  15.5 ). For the purpose of this discussion, gua-

nylyl cyclase-A has the greatest importance relative to the 

heart and will be discussed in  detail     .

15.11.3        Physiology 

 Currently, three  natriuretic      peptides have been identifi ed—

ANP, BNP, and CNP. Both ANP and BNP bind to GC-A and 

are released in the heart; they are considered as cardiac hor-

mones. In general, CNP is mainly produced by the vascular 

endothelium and may be a regulator of vascular tone and cell 

growth through GC-B activation. This receptor consists of an 

extracellular domain, a kinase homology domain, an α-helical 

amphipathic region (hinge region), and a C-terminal guanylyl 

cyclase (catalytic) domain (Fig.  15.5 ). This receptor is con-

sidered to exist in dimers (two molecules coupled together). 

 The major effects of GC-A are via the formation of, and 

the activation by, cGMP. Since, in general, the agonists are 

circulating hormones (peptides), a variety of organ systems 

can be affected simultaneously following ANP/BNP release. 

ANP is mainly produced in the atrium, while BNP is pro-

duced primarily in the ventricles. The primary triggering fac-

tors for ANP/BNP release are wall stretch and/or pressure 

increases, but their release may also involve neurohumoral 

factors (glucocorticoids, catecholamines, angiotensin II, 

etc.). The primary effect of ANP/BNP release is modulation 

of blood pressure/volume; the half-lives of ANP/BNP are 

around 2–5 min. Interestingly, although both ANP and BNP 

bind to the same receptors, it has been shown that targeted 

genetic disruption of ANP or BNP in mice induces a unique 

phenotype; ANP-defi cient mice show arterial hypertension, 

hypertrophy, and cardiac death. In contrast, the BNP- 

defi cient mice phenotype is characterized by mostly cardiac 

fi brosis. More specifi cally, BNP has a lower affi nity to GC-A 

than ANP and may act mostly as a local paracrine (antifi -

brotic) factor. Also, under physiological conditions, the ANP 

  Fig. 15.5    Basic topology of membrane GC-A receptor. The membrane 

GC (guanylyl cyclase) form homodimers or higher-order structures 

(modifi ed from [ 37 ]).  cGMP  cyclic guanosine monophosphate,  GTP  

guanosine triphosphate       
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levels are much higher than BNP levels in the circulating 

blood, and the potency for induced vasorelaxation is also less 

for BNP vs. ANP [ 37 ] .  

 Nevertheless, the cardiovascular effects of ANP-GC-A 

are complex, but can generally be summarized as inducing 

hypovolemic and hypotensive effects, which are induced via 

hormonal, renal, vascular, central nervous system, and/or 

other mechanisms. The most important hypotensive effects 

also involve associated decreased sympathetic activity and 

complex renal responses which subsequently lead to 

increased diuresis [ 37 ]       .   

15.11.4     Role in Cardiac Disease 

 During chronic hemodynamic overload,       ANP and, to an even 

greater level, BNP expression in the cardiac ventricles is sig-

nifi cantly increased. This response may not only be for the 

maintenance of arterial blood pressure and volume homeo-

stasis but also as local antihypertrophic (ANP) and antifi -

brotic (BNP) factors. While ANP/BNP levels are increased 

in patients with cardiac hypertrophy and/or heart failure, the 

GC-A-mediated effects of these peptides are diminished. 

Mechanisms for these responses may be postreceptor defects 

such as dephosphorylation of GC-A, sequestration of natri-

uretic peptides by a clearance receptor, altered transcrip-

tional regulation at the gene level, and/or others [ 30 ]      .   

15.12     Vascular Response to Drug Eluting 
Stents (DES): Infl ammation, 
Neointimal Formation, 
and Endothelial Function 

15.12.1     The History of  Angioplasty/Stenting   

  Percutaneous transluminal coronary angioplasty (PTCA)   was 

introduced in 1977 as a novel device-based therapy for occlu-

sive coronary artery disease and has been quickly accepted due 

to its established benefi ts [ 38 ,  39 ] .  Basically, this technology 

enabled the physician to advance a balloon catheter to an 

occluded coronary artery via a minimally invasive image-

guided catheter procedure. After identifi cation of the culprit 

lesion, the physician would advance the catheters to that site 

and, using wire and catheter technology, infl ate the balloon 

catheter to reopen the narrowed vessel and thus restore criti-

cally reduced blood fl ow. While this technique revolutionized 

the treatment of coronary artery disease, it was not without 

problems. Balloon angioplasty may, in itself, result in vessel 

injury, initiating negative vessel remodeling and neointimal 

proliferation, thus leading to a high incidence (30–50 %) of 

restenosis [ 37 ] .  The introduction of bare metal stents in 1994 

changed the face of interventional cardiology. Bare metal 

stents clearly demonstrated superiority over balloon angio-

plasty alone due to prevention of the elastic recoil and the nega-

tive remodeling effects [ 40 – 43 ]; nevertheless, neointimal 

proliferation continued to be a signifi cant problem. In fact, bare 

metal stenting created a new disease—in-stent restenosis 

(ISR). The prevalence of ISR increased proportionally with use 

of stent implantation [ 44 ] .  This was particularly true in patients 

with complex lesion subsets, such as diabetes, bifurcated 

lesions, long diffuse lesions, and/or in small vessels in which 

the restenosis rate remained as high as 30–60 % [ 45 ,  46 ] .  DESs 

were introduced in 2003 to prevent or minimize ISR; they 

combined the mechanical benefi ts of bare metal stents with the 

controlled elution of a pharmacological agent that aimed to 

suppress neointimal proliferation [ 39 ,  47 ,  48 ] .  Most DESs 

employed today consist of a metallic stent and a polymeric 

coating that controls a release of antiproliferative drugs [ 49 ] .  

By 2008, about 6 million people worldwide had been treated 

with DESs [ 50 ] .  DESs have dramatically transformed the land-

scape of interventional cardiology, demonstrating substantial 

reduction in angiographic and clinical restenosis [ 51 ] .  However, 

despite reduced restenosis rates, the frequency of in-stent 

thrombosis has not statistically decreased with DESs com-

pared with bare metal stents [ 52 ,  53 ] .  Stent thrombosis after 

percutaneous coronary intervention is an uncommon and 

potentially catastrophic event that might manifest as myocar-

dial infarction and sudden death. Furthermore, recent data raise 

questions regarding the increased risk of late stent thrombosis; 

these events occur up to 3 years after implantation, and associa-

tion with late stent thrombosis is often a more complex lesion 

in a higher-risk patient [ 54 ,  55 ] .  There is still widespread con-

troversy regarding the actual risks associated with DESs, as it 

relates to high morbidity and mortality [ 56 ]    .   

15.12.2     The  Vascular Biology of Restenosis   

15.12.2.1     Overview 

  Restenosis   can be defi ned as the arterial wall’s healing 

response to mechanical injury, which results in neointimal 

hyperplasia and vessel wall remodeling [ 57 ,  58 ] .  The cellular 

and molecular events and temporal sequence of events leading 

to restenosis have been described in animal models [ 59 ,  60 ] 

and include: (1) platelet aggregation, (2) infl ammatory cell 

infi ltration with release of infl ammatory and growth factors, 

(3) medial SMC modulation and proliferation, and/or (4) pro-

teoglycan deposition and extracellular matrix remodeling. 

 Interestingly, specifi c elastic wall remodeling is virtually 

absent after stent procedures, as observed by studies using 

volumetric intravascular ultrasound. Concerning ISR, the 

current paradigm is that injury, deendothelialization, and 

crush of the plaque due to stent deployment lead to immedi-

ate platelet activation and fi brin deposition [ 61 ] .  The acti-

vated platelets, in turn, recruit circulating leukocytes from 

the blood stream to the injury site via surface expression of 

adhesion molecules, such as P-selectin. The leukocytes then 
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bind tightly to the surface through these leukocyte integrin 

Mac-1 (CD11b/CD18) molecules. Driven by the chemical 

gradients of chemokines released from SMCs and resident 

macrophages, activated leukocytes then migrate into the tis-

sue, and this is where they, in turn, release additional chemo-

kines and growth factors. The growth factors that are 

subsequently released from platelets, leukocytes, and SMCs 

are believed to stimulate the migration of SMCs from the 

media into the neointima. The resultant neointima consists of 

SMCs, extracellular matrix, and macrophages recruited over 

several weeks. Cellular division takes place in this phase, 

which appears to be essential for the subsequent develop-

ment of restenosis [ 61 ] .  Subsequently, the artery enters the 

next phase of cell-driven remodeling involving both extra-

cellular matrix protein degradation and resynthesis. 

Accompanying this period is a shift to fewer cellular ele-

ments and greater production of extracellular matrix protein, 

which is composed of various collagen subtypes and proteo-

glycans and constitutes the major component of the mature 

restenotic plaque. It should be noted that in the balloon- 

angioplastied artery, subsequent reorganization of the extra-

cellular matrix protein (e.g., replacing hydrated molecules 

by collagen) may lead to shrinkage of the entire artery, thus 

negative remodeling [ 62 ] .  In the stented artery, this phase has 

a reduced clinical impact because of negative remodeling, 

although constituents of extracellular matrix protein such as 

hyaluronan, fi bronectin, osteopontin, and vitronectin also 

facilitate SMC migration [ 63 ] .  In both balloon-angioplastied 

and stented arteries, reendothelialization of at least part of 

the injured vessel surface may occur. Continuous endothelial 

coverage, provided that the endothelium is properly func-

tional, endows the stented vessel with a hemocompatible, 

antithrombotic, and anti-infl ammatory lining [ 64 ] .  Refer to 

Table  15.5  for a summary of the pathobiological events asso-

ciated with coronary angioplasty and stenting.

     Biology of Smooth Muscle  Cells   

 In a normal vessel uninterrupted by turbulent fl ow, infl amma-

tion, or vascular disease, the SMCs are quiescent and thus 

elicit low levels of proliferative activity. In contrast, in 

response to mechanical injury following percutaneous coro-

nary intervention and stenting, a biological cascade will be 

triggered that prompts SMCs to progress into an activated 

state [ 58 ] .  More specifi cally, activated SMCs exhibit several 

phenotypic changes including switches in their differentiation 

phenotype (dedifferentiation), migration, proliferation, and/

or increased protein syntheses [ 65 ] .  In general, differentiated 

SMCs are spindle shaped, show contractile properties, and 

exhibit low frequency of proliferation, whereas dedifferenti-

ated SMCs are rhomboid shaped and show a high degree of 

protein synthesis, proliferation, and migratory activity [ 65 ]. 

Platelet-derived growth factor-BB, produced by activated 

platelets, can modulate SMCs to evoke dedifferentiation phe-

notypes and has been shown to induce a suppression of the 

   Table 15.5    Pathobiology of coronary angioplasty and  stenting     

 PCI/stenting-related biology (post-PCI /

stenting)  Effector cells (molecules)  Target cells  Therapeutically relevant agents 

 Endothelial denudation (min)  Endothelial cells  Smooth muscle cells 

 Platelets 

 Nitric oxide inducers 

 Plaque rapture (min-days)  Macrophages (tissue factor, 

infl ammatory cytokines) 

 Platelets  TF antagonists, platelet 

activation inhibitors 

 PAR1 and PAR4 (protease-

activated receptors) antagonists 

 Acute thrombosis (min-days)  Platelets (adhesion molecules)  Leukocytes/monocytes 

 Neutrophils/T cells 

 Platelet activation inhibitors 

 Acute infl ammation (hours-days)  Monocytes (growth factors and 

infl ammatory mediators ) 

 Smooth muscle cells 

 Monocytes 

 Smooth muscle cells Platelets 

 Anti-infl ammatory agents 

 Neointimal formation  Smooth muscle cells 

 Endothelial cells 

 Smooth muscle cells 

 Endothelial cells 

 Inhibitors of cell cycle and 

proliferation 

 Multiple MOA that modulate 

smooth muscle cell phenotype 

 Healing/reendothelialization 

(days-weeks) 

 Endothelial progenitor cells 

 Platelets 

 (SDF alpha, adhesion molecules, 

extracellular matrix) 

 Endothelial cells  Inducers of endothelial growth/ 

function 

 Cell- and gene-based therapy 

aimed at healing 

 Late stent thrombosis 

(30 days to years) 

 Endothelial cells 

 Platelets 

 Monocytes/macrophages 

 NA 

   PAR1  protease-activated receptor 1,  PCI  percutaneous coronary intervention,  TF  tissue factor  
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SMC marker genes such as SM α-actin, SM-myosin heavy 

chain, and SM22α [ 66 ,  67 ] .  

 The source of heterogeneous SMC populations that con-

tributes to this vascular remodeling after vascular interven-

tions is controversial and has been extensively studied by 

many researchers using various preclinical models. It is 

speculated that some of the potential sources of heteroge-

neous SMC are: (1) adventitia [ 68 ,  69 ], (2) in situ differentia-

tion and expansion, and/or (3) distant sources such as the 

bone marrow [ 70 ] .  

 Several signaling pathways have been described to be 

involved in SMC phenotype switching from differentiated 

to dedifferentiated SMCs. The most prominent pathway is 

the MAPK- MEKK1/2-extracellular signal-regulated kinase 

(ERK)1/2 pathway. The transposition of MAPK to the 

nucleus inhibits transcription of genes associated with the 

contractile phenotype and stimulates expression of genes 

associated with growth. The MAPK/ERK cascade is a well- 

known signal transduction pathway which governs migra-

tion, proliferation, survival, and apoptosis responses in 

SMC and various other cell types. MAPK/ERK is also con-

sidered to regulate the induction of growth factor secretion 

[ 70 – 72 ] .  Upstream of the MAPK/ERK is a pertinent pro-

tein-tyrosine kinase receptor that is activated by a growth 

factor, resulting in receptor phosphorylation and binding of 

adaptor proteins such as Grb2 and Shc to the activated 

receptor. Adaptor protein binding leads to Ras activation of 

the GTP-binding protein family by the mammalian Son of 

Sevenless (mSOS; guanine nucleotide exchange factor), 

activating Raf MAPKK/MEK and the downstream mole-

cules, p44 MAPK/p42 MAPK (ERK1/2). Next, phosphory-

lated MAPK enters the nucleus to form a complex with the 

transcriptional factors Elk-1 and Sap1 (an Ets family mem-

ber), inducing transcription by binding to the SRE promoter 

of genes such as c-fos. This mechanism is thought to be 

critical in the regulation of gene expression for prolifera-

tion, migration, differentiation, and phenotypic switching 

[ 73 – 75 ] .  

 It should be noted that Kawai and Owens recently 

reviewed several pathways that may be involved in SMC 

phenotype modulation. Some of these pathways include 

Krüppel-like factor 4, phosphorylated Elk-1, HERP1, 

FOXO4, YY1, FHL2, and several homeobox proteins 

[ 66 ,  76 ,  77 ]    .   

    Extracellular Matrix Accumulation   

 Irrespective of the origin of SMCs in vascular lesions, their 

interactions with the extracellular matrix are fundamental to 

initiate a proliferative response and to direct their migration 

[ 78 ] .  These interactions are dependent upon specifi c cell sur-

face integrins and can trigger intracellular signaling and cell 

cycle entry and also facilitate cell cycle progression induced 

by mitogens. In addition, extracellular matrix interactions 

may also control the availability and activity of growth 

 factors such as heparin-binding mitogens which, in turn, can 

be sequestered by heparan sulfate containing extracellular 

matrix components and thus regulate SMC proliferation 

[ 78 ] .  Extracellular matrix remodeling is the net result of the 

balance of matrix production and degradation; extracellular 

matrix synthesis is generally regulated primarily by the 

matrix metalloproteinases, whereas extracellular matrix deg-

radation is regulated by matrix metalloproteinase inhibitors 

such as the tissue inhibitor of metalloproteinase. Conversely, 

the production and degradation of the extracellular matrix 

following vascular injury are required for SMC migration, 

proliferation, and thus the formation of the neointima [ 79 ] .  

Various mitogens, such as platelet-derived growth factor, 

angiotensin II, and TGF-β, have the ability to control extra-

cellular matrix stability; this occurs primarily by changing 

the extracellular matrix components synthesized and secreted 

by SMCs [ 80 ]    .   

   SMC Cycle and  Proliferation   

 The factors that stimulate SMC proliferation might include 

growth factors, infl ammatory cytokines, coagulation, and 

prothrombotic factors. These factors are produced by SMCs 

and endothelial cells as a result of either vascular wall injury 

or by activation of platelets, leukocytes, monocytes, neutro-

phils, or macrophages. The resultant mitogenic stimuli these 

factors provide will then converge into fi nal common signal-

ing pathway regulating the cell cycle [ 81 ] .  

 When quiescent SMCs enter more proliferative states, 

they fi rst transit from the G0 to the G1 phase of the cell cycle 

and then enter the S phase in order to ultimately undergo 

replication [ 82 ] .  Cell cycle progression is under the control 

of cyclins and cyclin-dependent kinases (CDKs), which 

phosphorylate the retinoblastoma gene product (pRB) [ 83 , 

 84 ] .  pRB phosphorylation represents the critical checkpoint 

of the phase transition, and increased pRB phosphorylation 

correlates with the induction of SMC proliferation in injured 

vessels; high levels of phosphorylated pRB are required for 

the development of intimal hyperplasia following PTCA and 

stenting [ 85 ] (Fig.  15.6 ). Upon pRB phosphorylation, 

sequestered E2F transcription factors are released to induce 

the transcription of genes involved in the regulation of S 

phase DNA synthesis. Through CDK inhibitors such as p27 

(KIP1), the activity of cyclin/CDK complexes in quiescent 

SMCs is inhibited, providing an additional layer of regula-

tion. In response to mitogens, p27 undergoes ubiquitination 

and degradation through the proteasome pathway allowing 

CDK/cyclin complexes to phosphorylate pRB [ 86 – 88 ]    . 

      Drugs for DES    

  The Limus Drugs:   Rapamycin   (sirolimus) was the fi rst DES 

drug that was clinically shown to reduce or inhibit restenosis 

[ 89 ] .  Rapamycin is a natural macrocyclic lactone that is 
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structurally related to the immunosuppressive agents, tacro-

limus and cyclosporine A. Yet, the mechanism of action of 

rapamycin differs signifi cantly from these latter agents, as it 

does not inhibit calcineurin and the subsequent T-cell activa-

tion pathway [ 90 ] .  Rapamycin is a highly specifi c inhibitor 

of a multifunctional serine-threonine kinase, also known as 

the mammalian target of rapamycin. In essence, rapamycin 

gains function by binding to the immunophilin FK506- 

binding protein 12 (FKBP12), and the resultant complex 

inhibits the activity of the mammalian target of rapamycin. 

To date, the mammalian target of rapamycin is known to 

have two main functions: (1) activation of p70S6 kinase and 

(2) activation of the eukaryotic initiation factor 4E-BP1 

(Fig.  15.7 ). The activation of p70S6 kinase leads to phos-

phorylation of 40S ribosomal protein that is phosphorylated 

on multiple sites after mitogen stimuli. These modifi cations 

are believed to favor the recruitment of the 40S subunit into 

actively translating polysomes, resulting in protein synthesis 

and mRNA translation. Furthermore, p70S6 kinase leads to 

an increase in the expression of proliferating nuclear antigen, 

thereby promoting DNA replication.  Rapamycin   blocks the 

activation of these downstream signaling elements, which 

results in G1 cell cycle arrest in various cells, including T 

and B cells, as well as nonimmune cells such as fi broblasts, 

endothelial cells, and SMCs [ 91 ] .  Rapamycin is also thought 

to prevent cyclin-dependent kinase (CDK) activation by the 

induction of its inhibitor, p27, which inhibits pRb phosphor-

ylation and thus accelerates the turnover of cyclin D1; this 

leads to a defi ciency of active cdk4/cyclin D1 complexes, all 

of which potentially contribute to the prominent inhibitory 

effects of rapamycin at the G(1)/S phase transition.

   The fact that  rapamycin   can block the cell cycle progres-

sion of SMCs and inhibit their proliferation was the pri-

mary fi nding that led to its incorporation into DESs [ 92 ] .  

Subsequently, rapamycin has been demonstrated to suc-

cessfully control arterial renarrowing after percutaneous 

intervention and to abolish restenosis [ 93 ] .  Currently, there 

are additional potent analogs of rapamycin which have 

been incorporated into DESs, including zotarolimus and 

everolimus, that exhibit similar mechanisms of action (i.e., 

the inhibition of mammalian target of rapamycin). 

Importantly, they have shown initial clinical effi cacy in 

controlling ISR [ 89 ] .  

  Paclitaxel:   Paclitaxel   is a microtubule-stabilizing agent 

belonging to the chemical class of taxanes, obtained origi-

nally from the yew tree. Paclitaxel promotes the assembly of 

microtubules from tubulin dimers and stabilizes microtu-

bules by preventing depolymerization. This stability results 

in the inhibition of the normal dynamic reorganization of the 

microtubule network that is essential for vital interphase and 

mitotic cellular functions. Furthermore, paclitaxel induces 

abnormal arrays or “bundles” of microtubules throughout 

the cell cycle and multiple asters of microtubules during 

mitosis. Paclitaxel has also demonstrated potent antitumor 

activity and thus is an approved drug for the treatment of 

various types of cancers [ 94 ] .  Paclitaxel inhibits both the 

migration and proliferation of SMCs. More recently, pacli-

  Fig. 15.6    Schematic 

representation of the smooth 

muscle cell ( SMC )  cycle  . ( a ). 

The retinoblastoma gene 

product ( RB ) and the CDK 

inhibitor, p27, are the key 

regulators of the quiescent 

SMC cycle. ( b ). Initiation of a 

proliferative cell cycle in 

SMC, in response to 

mitogens, is controlled via the 

phosphorylation of Rb ( pRb ) 

by cyclins and cyclin-

dependent kinases ( CDKs ) 

and by the removal of p27 

through ubiquitination and 

degradation. The removal of 

the cell cycle inhibition 

allows the transcription factor 

E2F to induce activation of 

genes that are required for 

cell growth and proliferation       
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taxel-eluting stents were shown to effi ciently prevent angio-

graphic and clinical restenosis [ 95 ] .  

  Other Potential Drug Targets for DESs:  Many candidate 

molecules that regulate vascular SMC growth have been 

studied in preclinical models using a variety of pharmaco-

logical and gene therapy approaches [ 96 ] .  Results have 

 suggested important roles in this process for: (1) the renin-

angiotensin system, (2) catecholamines, (3) ET-1, (4) natri-

uretic peptides, (5) thrombin, (6) platelet-derived growth 

factor, (7) TGF and other activins [ 97 ,  98 ], (8) fi broblast 

growth factor, and (9) other stimuli including oxidative stress 

nitric oxide and the estrogen receptor [ 96 ,  99 ,  100 ]    .   

    Endothelial Cells   

 The healthy vascular endothelium is primarily a continuous 

single cell lining of the cardiovascular system that forms a 

critical interface between the blood and its components on 

one side and the tissues and organs on the other. Endothelial 

integrity is essential for maintaining vascular homeostasis 

[ 101 ] .  Yet, the endothelium can also be considered as het-

erogeneous and has many synthetic and metabolic func-

tions, i.e., it can synthesize several powerful vasodilators 

including NO, prostacyclin, and endothelium-derived 

relaxing factors which, in turn, control vascular tone. It 

also acts as a nonthrombogenic, noninfl ammatory, and 

selective permeable barrier. Importantly, endothelium-

derived NO participates in the control of vascular healing 

by attenuating vascular infl ammation and inhibiting SMC 

proliferation and migration [ 102 ] .  Endothelial cells can 

also promote healing by close interaction with the extracel-

lular matrix and with adjacent cells including pericytes and 

SMCs within the vessel wall [ 103 ] .  In response to injury 

such as angioplasty or stenting, vascular endothelium has 

the ability to respond by modulating its microenvironment, 

e.g., activated endothelial cells can rapidly alter the inter-

related processes of coagulation, fi brinolysis, growth, and 

infl ammation by secreting prothrombotic molecules such 

as Willebrand factor and surface expression of adhesion 

molecules such as P-selectin. In addition, activated endo-

thelial cells can induce plasminogen activator (tPA) that, in 

turn, inhibits clot lysis. The endothelium also loses its 

vasodilating ability, rendering the underlying vascular 

smooth muscle susceptible to the effects of vasoconstric-

tive and growth-promoting stimuli [ 104 – 106 ] .  

 Importantly, endothelial denudation during PTCA has 

been postulated to be a fundamental incident contributing to 

development of restenosis. In addition, endothelial dysfunc-

tion has been associated with poor outcomes of coronary 

revascularization [ 107 ] .  The term  endothelial dysfunction  

most commonly refers to impairment of endothelium- 

dependent vasodilation and implies presence of widespread 

abnormalities in endothelial integrity and homeostasis. 

  Fig. 15.7    Schematic 

representation of the mTOR 

signaling pathway and the 

mechanism of action of 

sirolimus (rapamycin). 

Sirolimus forms a complex 

with FKBP 12 which 

modulates downstream 

signaling events.  mTOR  

mammalian target of 

rapamycin       
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 In recent years, endothelial function and regeneration 

have been the focus of multiple preclinical and clinical stud-

ies aimed at establishing the mechanisms of action linking 

incomplete endothelial regeneration, as well as dysfunc-

tional endothelium, with increased risk of vascular disease, 

including the increased risk for restenosis and late stent 

thrombosis [ 108 ] .  Based on the established links, diverse 

strategies are currently being pursued to promote healing 

through restoration of proper endothelial growth and func-

tion. These include: (1) pharmacological modulation strate-

gies to increase eNOS and NO production; (2) tissue 

engineering, gene and stem cell therapies, and procedural 

modifi cations (i.e., direct stenting); (3) vessel reconstruction 

with autologous endothelial cell/fi brin matrix; and (4) the 

use of estrogen-loaded stents and stents designed to capture 

progenitor endothelial cells [ 109 ,  110 ].  

   Effect of Shear Stress on Endothelial Cells 

and the Link to Restenosis 

 Biomechanical forces such as fl uid shear stresses can acti-

vate the endothelium to stimulate the production of an array 

of biological mediators. Some of these mediators act by 

altering gene regulation and are analogous to endothelial 

activation by infl ammatory cytokines [ 44 ,  111 ] .  The endo-

thelial cell is capable of responding not only to the magni-

tude of the applied forces but also to their temporal and 

spatial fl uctuations (e.g., steady versus pulsatile fl ow, uni-

form laminar, disturbed laminar, or turbulent fl ow regions). 

In turn, this suggests the existence of primary fl ow sensors 

(receptors) that are coupled via distinct signaling pathways 

to nuclear events [ 112 ]. Endothelial cells have the capacity to 

discriminate among specifi c biomechanical forces and trans-

late these input stimuli into distinctive phenotypes [ 113 ]. 

 Endothelial cells subjected to weak shear stress exhibit 

increased proliferation, while strong shear stresses are asso-

ciated with increased NO production and inhibition of endo-

thelial cell proliferation [ 114 ]. In addition, in vitro modeling 

studies [ 115 ] have demonstrated focal areas within stents that 

have low shear stress values and may provide a milieu for 

endothelial cell activation and vascular proliferation. In vivo 

coronary stent implantation can change the three- dimensional 

geometry and shear stress distribution of the vessel [ 116 ]       .    

15.12.2.2     The  Role of Infl ammation in Restenosis      

 Based on experimental and clinical data, the important role 

of infl ammation in vascular healing and ISR has been sug-

gested and increasingly emphasized [ 117 ,  118 ] .  Endothelial 

injury, platelet and leukocyte interactions, and subcellular 

infl ammatory mediators are pivotal in the development of 

the infl ammatory response following PTCA and stenting. 

 The modulation of vascular repair by infl ammatory cells 

is achieved via multiple mechanisms: (1) generation of inju-

rious reactive oxygen intermediates, (2) release of growth 

and chemotactic factors, and (3) production of enzymes 

(e.g., matrix metalloproteinases, cathepsin S) capable of 

degrading extracellular constituents and thereby facilitating 

cell migration [ 119 ]       .  

   Leukocyte  Recruitment      

 In animal models in which a stent is deployed to produce 

deep vessel wall trauma, it has been shown that a brisk early 

infl ammatory response can be induced with abundant 

surface- adherent neutrophils and monocytes [ 120 ] .  Days 

and weeks later, macrophages accumulate within the devel-

oping neointima and are observed clustering around stent 

struts. The number of vessel wall monocytes/macrophages 

is positively correlated with the neointimal area, suggesting 

a possible causal role for monocyte activity in restenosis 

[ 121 ] .  The mechanisms that govern leukocytes recruitment 

and infi ltration into these tissues following stent deployment 

are comprised of multistep adhesive and signaling events. 

More specifi cally, the initial adhesion tethering and rolling 

of leukocytes to the activated platelets at the site of stent 

deployment is mediated by the platelet adhesion molecule, 

P-selectin, which then accelerates fi brin formation and 

deposition. P-selectin also mediates the adherence of plate-

lets to neutrophils via specifi c interaction with its endoge-

nous ligand, P-selectin glycoprotein-1 (PSGL-1) [ 121 ] .  

Following initial rolling, the leukocytes adhere more fi rmly 

through the direct interaction of the surface integrin, Mac-1 

(CD11b/ CD18) [ 122 ] ,  with the platelet receptors such as 

GP Ib, and through cross-linking with fi brinogen to the GP 

IIb/IIIa receptor. Migration of leukocytes across the platelet-

fi brin layer and diapedesis into the tissue is then driven by 

the chemical gradients of the chemokines produced by 

infl ammatory cells, by infl ammation deranged SMCs, and 

by the resident macrophages [ 123 ] .  Finally, Mac-1 integrin 

also functions to amplify the infl ammatory response by 

inducing neutrophil activation, upregulating the expression 

of cell adhesion molecules, and generating signals that pro-

mote integrin activation and chemokine  synthesis     .  

    Chemokines and Proinfl ammatory Cytokines      

  Chemokines  are a group of chemoattractant cytokines pro-

duced by a number of somatic cells, including endothelial 

cells, SMCs, and leukocytes. Chemokines elicit a chemotac-

tic stimulus to the adherent leukocytes, directing their migra-

tion into the intima [ 124 ] .  Recent research has identifi ed 

several candidate chemoattractant molecules responsible for 

leukocyte transmigration to areas of vascular injury, includ-

ing monocyte chemoattractant protein (MCP-1) and proin-

fl ammatory cytokines such as TNF alpha and interleukin 

(IL)-1beta [ 125 ,  126 ] .  In addition, T cells encounter signals 

that cause them to elaborate infl ammatory cytokines such as 
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γ-interferon and lymphotoxin (tumor necrosis factor 

[TNF]-β) that, in turn, can stimulate macrophages as well as 

vascular endothelial cells and SMCs. These leukocytes, as 

well as resident vascular wall cells, will secrete cytokines and 

growth factors (such as platelet-derived growth factor, basic 

fi broblast growth factor, and epidermal growth factor) that 

will promote the migration and proliferation of SMCs [ 44 ] .  

   MCP-1:  MCP-1   belongs to the subfamily of CC (beta) che-

mokines and is considered responsible for the direct migra-

tion of monocytes into the intima at sites of lesion formation 

[ 119 ] .  In addition to promoting the transmigration of circulat-

ing monocytes into tissues, MCP-1 exerts various other 

effects on monocytes including superoxide anion induction, 

cytokine production, and adhesion molecule expression. 

Infl ammatory cytokines or peptide growth factors induce 

MCP-1 expression in endothelial cells or vascular SMCs. 

Since elevated levels of MCP-1 have been demonstrated in 

myocardial infarction, heart failure, and after angioplasty, this 

chemokine is considered as a probable key factor in initiating 

the infl ammatory process and maintaining the proliferative 

response to vascular injury restenosis [ 127 ,  128 ] .  Furthermore, 

following stent placement, MCP-1 levels in plasma increase 

after several days and are more likely to be elevated at fol-

low-up 6 months later in patients who have restenosis. 

  M-CSF:  In addition to MCP-1,  macrophage colony- 

stimulating factor (M-CSF)   contributes to the differentiation 

of the blood monocyte into the macrophage foam cell. 

Infl ammatory mediators such as M-CSF augment expression 

of macrophage scavenger receptors, leading to the formation 

of lipid-laden macrophages. M-CSF promotes the replica-

tion of macrophages within the intima as well [ 129 ] .  

Moreover, elevated plasma levels of M-CSF were demon-

strated in patients with restenosis after PTCA compared to 

patients without restenosis. Positive correlation was also 

observed with regard to elevated plasma levels of M-CSF 

and the extent of lumen loss by restenosis [ 130 ] .  

  IL-1beta:   Interleukin-1beta (IL-1beta)   is the prototypical 

infl ammatory cytokine and is believed to be a critical early 

mediator of infl ammation [ 131 ] .  Patients with coronary artery 

disease have markedly elevated levels of IL-1, with its levels 

being particularly elevated in unstable disease. IL-1beta is 

capable of inducing smooth muscle activation and leukocyte 

recruitment in restenosis and atherosclerosis. Recent experi-

mental data reveal that various components of the IL-1 signal-

ing pathway, namely, IL-1beta cytokine, IL-1 receptor 

antagonist (IL-1ra), and IL-1 receptors (IL-1RI and IL-1RII), 

exhibit differential but concomitant expression patterns follow-

ing stenting [ 130 ] and likely play distinct roles in neointima 

formation. In addition, local release of IL-1beta cytokine 

occurs shortly after coronary stent placement, including DESs, 

which is possibly related to plaque rupture and/or endothelium 

trauma following the stenting procedure [ 132 ] .  

 TNF-α: Tumor necrosis factor alpha (TNF alpha)    is a 

multifunctional cytokine which is considered to play a key 

role in infl ammation and immunity, as well as in apoptosis 

and cell survival [ 133 ] .  TNF-α that is secreted from 

 endothelial muscle cells, SMCs, and macrophages has been 

associated with coronary atheroma. It enhances monocyte 

recruitment into developing atherosclerotic lesions and is 

considered as a potential link between obesity and athero-

sclerosis. TNF-α was also shown to act locally at sites of 

tissue injury induced by vessel wall damage and may exert 

critical infl uence on the development of restenosis after per-

cutaneous coronary intervention [ 134 ]          .   

    Systemic Markers of Infl ammation and ISR      

 After balloon angioplasty and/or stenting procedures, there 

are several systemic markers of infl ammation that appear to 

be predictive of restenosis. These markers are upregulated, 

transiently, or sustained following stent implantation and are 

also associated with an increased risk of clinical and angio-

graphic restenosis. They include the C-reactive protein, the 

most common biomarker for infl ammation and coronary dis-

ease. Formerly considered solely as a biomarker for infl am-

mation, C-reactive protein is now viewed as a prominent 

component of the vascular infl ammatory process [ 135 ] .  It 

can activate the complement pathway, induce the secretion 

of infl ammatory and procoagulant cytokines such as inter-

leukin- 6 and endothelin-1, and decrease the expression of 

endothelial NOS in endothelial cells. In addition, the 

C-reactive protein activates macrophages to express cyto-

kine and tissue factors [ 136 ] .  Several studies have indicated 

a positive association between elevated plasma levels of the 

C-reactive protein and stent restenosis [ 137 ] .  

 Other markers of infl ammation and coronary disease 

encompass key components of innate immunity, vascular 

injury, and disruption of the atherosclerotic plaque. These 

include elevated numbers of circulating leukocytes and 

monocytes in peripheral blood [ 138 ,  139 ] ,  as well as 

increased levels of the integrin MAC-1 which marks their 

activation and adhesion [ 122 ] .  Furthermore, levels of the 

proinfl ammatory and proatherothrombotic cytokines, IL-6, 

and soluble CD40L (sCD40L), each located in the culprit 

coronary arteries (measured in blood taken from the coro-

nary artery ostium), have been found to increase early after 

coronary stenting and are associated with risk of restenosis 

of the revascularized coronary artery [ 140 ,  141 ] .  Interleukin-6 

is the principal procoagulant cytokine expressed by various 

cells, including macrophages, T cells, endothelial cells, and 

SMCs. It triggers an increase in plasma concentrations of 

fi brinogen, plasminogen activator inhibitor type 1, and the 

C-reactive protein [ 142 ] .  Similarly, elevated levels of IL-6 

are associated with increased risk of future myocardial 
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infarction in healthy men [ 143 ] .  Furthermore, sCD40L was 

described to be released from activated platelets and inter-

acts with CD40L expressed on vascular cells initiating 

infl ammatory and proatherothrombotic cascade [ 144 ] .  

Importantly, elevated plasma levels of sCD40L can be used 

to identify patients with acute coronary syndromes at height-

ened risk of death and recurrent myocardial infarction, inde-

pendent of other predictive variables [ 145 ]       .   

   The  Cross Talk Between Infl ammation 

and Thrombosis         

 Importantly, plaque rupture, whether spontaneous or as a 

result of stenting, promotes the activation of an infl amma-

tory response. In turn, one of the primary consequences of 

increased proinfl ammatory cytokines in the vasculature is 

the elevated procoagulant state and an increase in thrombo-

sis [ 146 ] .  Proinfl ammatory cytokines such as IL-1β, IL-6, 

MCP- 1, and TNF-αd will then increase the expression of a 

number of other specifi c proteins that serve to regulate coag-

ulation. Foremost among these is the induction of  tissue fac-

tor  expression by endothelial cells, underlying SMCs, and 

monocytes [ 146 ] .  Tissue factor (coagulation factor III or 

CD142) is a 46-kDa transmembrane glycoprotein that serves 

as one of the primary initiators of blood coagulation [ 147 ] .  In 

this biochemical cascade, cell-anchored tissue factor inter-

acts with soluble factor VIIa (FVIIa) to induce factor Xa 

(FXa) activation, leading to cleavage of prothrombin to 

thrombin, the proteolytically active protease. Thrombin, in 

turn, is responsible for conversion of plasma fi brinogen to 

fi brin, which envelopes and stabilizes developing thrombi 

(blood clots). Thrombin also cleaves and activates the plate-

let receptor protease-activated receptor 1 (also known as the 

thrombin receptor), which induces platelet aggregation and 

thrombus growth [ 148 ] .  Activated platelets will release the 

contents of granules, which further promotes platelet recruit-

ment, adhesion, aggregation, and activation. In addition to 

initiating coagulation, interaction of tissue factor with the 

adhesion molecule, P-selectin, has been demonstrated to 

accelerate the rate and extent of fi brin formation and deposi-

tion. P-selectin is expressed on activated platelets and endo-

thelium and serves as the receptor for the endogenous ligand, 

P-selectin glycoprotein-1 (PSGL-1), expressed on various 

leukocytic cell types. In addition to mediating transient inter-

actions between endothelial cells and leukocytes, P-selectin 

has been reported to mediate adherence of platelets to mono-

cytes and neutrophils via specifi c interaction with PSGL-1. 

Finally, P-selectin is rapidly cleaved off the surface of the 

platelet membrane and appears in the circulation as a soluble 

form, which has been reported to be elevated in patients with 

acute coronary syndromes including unstable angina and 

non-Q-wave myocardial infarction [ 146 ]          .   

   The  Molecular Signaling Leading to Infl ammation 

due to Vascular Interventions         

 Infl ammatory responses to vascular interventions are gov-

erned by the activation of signaling cascades central to 

  Fig. 15.8    Schematic 

representation of the cross 

talk between infl ammatory 

and thrombotic signaling 

pathways, including the 

activation of the AP-1 and the 

NFκB transcription factors       
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infl ammation and vascular disease and facilitated via throm-

botic signaling (Fig.  15.8 ). These combine the classic and 

well-studied signal transduction pathways, triggered by the 

proinfl ammatory cytokines, such as TNF-α, IL-1β, and 

CD40L, with other signaling pathways which were recently 

elucidated, including toll-like receptor 2 (TLR2) and toll- 

like receptor 4 (TLR4). It should be noted that metabolic 

abnormalities such as high LDL, high glucose, and insulin 

resistance that are prevalent in diabetic and atherosclerotic 

patients undergoing PTCA can specifi cally impair or trigger 

undesired signaling pathways, which will further accelerate 

infl ammation, coagulation, and/or thrombosis. These include 

impaired IGF-1 signaling, impaired PPAR signaling, and the 

activation of TLR4 signaling [ 149 – 153 ] . 

    TNF-α    Signaling    :  The interaction of TNF-αd with TNF 

receptor 1 and receptor 2 (TNFR-1, TNFR-2) activates sev-

eral signal transduction pathways, leading to the diverse 

functions of TNF-αd. It has been recently shown that in the 

arterial wall, TNFR-1 mediates this signaling that will con-

tribute to the pathogenesis of atherosclerosis; this response 

includes enhancing arterial wall chemokine and adhesion 

molecule expression, as well as augmenting medial SMC 

proliferation and migration [ 154 ] .  The signaling molecules 

of TNFR-1 (collectively called the TNFR-1 signalosome) 

have been elucidated quite well, even though the regulation 

of the signaling still remains unclear .  TNFR-1 signalosome 

consists of signaling proteins that mutual cross talk will trig-

ger the activation of nuclear factor kappa B (NFκB) [ 155 ] .  In 

addition, the TNFR-1 signalosome mediates the activation of 

the mitogen-activated protein kinases (MAPKs), including 

the MEK1 and MEK2 and their substrates extracellular- 

regulated kinases 1 and 2 (ERK1 and ERK2, ERK1/2) path-

way and also the p38 MAPK and c-Jun N-terminal kinase 

(JNK) stress kinase pathways [ 154 ]   . 

   CD40-CD40L Signaling    :  Ligation of CD40 in circulating 

cells or in the vessel wall may promote mononuclear cell 

recruitment, participate in the weakening of the plaque, and 

contribute to thrombosis and neointimal formation [ 156 ] .  

CD40 belongs to the TNF receptor (TNFR) superfamily that 

also includes TNFR-1 and TNFR-2. CD40 has been shown 

to express in vascular cells, endothelial cells, and SMCs and 

in additional cells implicated in vascular disease, such as 

monocytes and macrophages. These cells commonly express 

the receptor constitutively in vitro and show basal expres-

sion in nondiseased tissue. Stimulation with infl ammatory 

cytokines enhances expression of CD40 in vitro [ 157 ,  158 ] .  

CD40 ligand (recently renamed CD154) is a member of the 

TNF gene superfamily that also includes TNF-αd. Numerous 

cell types can express CD40L, particularly those implicated 

in atherogenesis, namely, endothelial cells, SMCs, macro-

phages, and platelets. The precise signaling mechanism by 

which the interaction between CD40L and its receptor CD40 

mediates infl ammatory secretion is not yet fully understood. 

The cytoplasmic region of CD40 consists of two major sig-

naling domains that, through the association with binding 

proteins termed TNFR-associated factors (TRAFs), can trig-

ger the activation of NFκB and MAPKs and ERK1/2, p38 

MAPK, and JNK [ 159 ,  160 ] .  It is notable that this signaling 

activation, resulting from CD40 ligation, appears to be cell 

specifi c and differs signifi cantly within certain cell types and 

at various stages of activation and differentiation [ 160 ] .  For 

example, within endothelial cells, CD40 ligation-induced 

activation of NFκB, interferon regulatory factor-1 (IRF-1), 

JNK and p38 MAPK signaling pathways, and CD40- 

mediated signaling events in SMCs include tyrosine phos-

phorylation as well as the activation of NFκB. In monocytes, 

ligation of CD40 triggers activation of MEK1/2 -ERK1/2, as 

well as the JNK  pathway  . 

  IL-1β    Signaling    : I ncreased levels of IL-1 enhance vascu-

lar adhesion, vascular permeability, macrophage activation, 

endothelial cell and SMC proliferation, and protease-induced 

plaque rupture—all key steps in the progression of vascular 

disease [ 161 ] .  IL-1 activity is mediated by the formation of a 

complex involving the type 1 receptor, IL-1R [ 162 ]. This 

receptor is a member of a larger related family, most of 

which are involved in the mechanisms of host defense. IL-1R 

was the fi rst receptor discovered in this superfamily, and the 

IL-1-mediated signaling pathway serves as a prototype for 

the other family members. This large superfamily is collec-

tively called toll/interleukin-1 receptor (TIR) and encom-

passes the Ig domain family (IL-1 receptors, IL-18 receptors, 

and IL-1R-like receptors), the leucine-rich domain family 

(the toll-like receptors and similar receptors), and a series of 

TIR domain-containing intracellular adapter molecules. 

IL-1R mediates a complex pathway involving a cascade of 

kinases organized by multiple adapter molecules into signal-

ing complexes, leading to activation of the transcription fac-

tors NFκB, p38 MAPK (activating the transcription factor 

ATF), and JNK pathways (activating the transcription com-

plex AP-1, activator protein 1) [ 163 ] .  

 Remarkably IL-1- and TNF-mediated signaling pathways 

also share several biological properties, particularly the 

infl ammatory molecules they trigger (secretion of infl amma-

tory cytokines and expression of surface adhesion molecules) 

and the downstream signaling activation such as NFκB and 

MAPK, p38, and JNK pathways. The prominent difference 

is that TNF receptor signaling induces programmed cell 

death, whereas IL-1 receptor signaling does not. 

 Initiation of IL-1R activation requires the assistance of 

the receptor accessory protein (IL-1RAcP) after which the 

death domain (containing protein MyD88) is recruited to the 

activated receptor complex. MyD88 functions as an adaptor 

to recruit the serine-threonine IL-1 receptor-associated 

kinase IRAK to the receptor through its death domain. IRAK 

then leaves the receptor complex and interacts with TRAF6, 

another adaptor signaling molecule that is required for the 
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activation of NFκB. To date, the TRAF family of adaptor 

proteins (a total of six) has been elucidated in several signal-

ing pathways that lead to NFκB activation, such as TNF and 

CD40L. Finally, different TRAFs have been found to be used 

by the various NFκB-dependent pathways [ 164 ,  165 ]    .  

  Toll-Like Receptors and Vascular Pathogenesis:  Members of 

the TLR subfamily (TLR1–9) will identify alarm indications 

incoming from microbial pathogens or the host itself and 

then, in response, mediate the initiation of the innate immu-

nity [ 163 ] .  Toll-like receptor ligation induces expression of a 

wide variety of genes such as genes encoding proteins 

involved in cytokine production (TLR4 in particular), leuko-

cyte recruitment, and phagocytosis that all contribute to the 

infl ammatory response. Toll-like receptors can form dimeric 

receptor complexes consisting of two different TLRs or 

homodimers in the case of TLR4. Recently, the expression of 

TLRs (TLR1, TLR2, and TLR4) was described in human 

atherosclerotic plaques [ 166 ,  167 ], and a signifi cant amount 

of evidence is beginning to accumulate indicating that the 

TLRs are important in cardiovascular pathologies. Toll-like 

receptor expression has been shown to be elicited by both 

arterial and myocardial cells. The importance of TLR4 as 

well as TLR2 was recently considered to be verifi ed through 

mouse knockout studies [ 168 ] .  Among other data, it was 

demonstrated that the endothelium-dependent dilation in 

response to acetylcholine in vessels from TLR4(-/-) mice 

was greatly reduced, thus illustrating a novel role for TLR4 in 

the homeostatic control of a functional endothelium [ 169 ] .  In 

addition, TLR2(-/-) mice exhibited marked suppression of 

neointimal hyperplasia. Endogenous TLR2 seems to play 

signifi cant role in infl ammatory responses and ROS produc-

tion after vascular injury. Also, fl ow-dependent regulation of 

TLR2 was demonstrated in endothelial cells, both in vitro 

and in vivo; expression of endothelial TLR2 is induced under 

disturbed fl ow, but not laminar fl ow, which may explain how 

a TLR2 could be involved in atherogenesis with regional 

specifi city of lesion development [ 170 ] .  Similarly, human 

studies on polymorphisms also point to a role of TLR4 in 

neointima formation and atherosclerosis. 

 More specifi cally, TLRs are type I transmembrane recep-

tors with extracellular leucine repeats and a carboxy- terminal 

intracellular tail containing a conserved region called TIR 

homology domain. The TIR domain is indispensable for sig-

nal transduction since it serves as a scaffold for a series of 

protein-protein interactions which result in the activation of 

a unique signaling module consisting of the adaptor protein 

myeloid differentiation factor 88 (MyD88), interleukin-1 

receptor-associated kinase (IRAK) family members, and 

Tollip, which is used exclusively by TIR family members. 

Subsequently, several central signaling pathways are acti-

vated in parallel, the activation of NF κ B being the most 

prominent event of the infl ammatory response. 

 The extracellular domains of these receptors are involved 

in ligand binding, but are also necessary for dimerization; 

various ligands have been identifi ed through in vitro systems 

or knockout mouse models. Most of these ligands can be 

classifi ed as pathogen-associated molecular pattern mole-

cules which are highly conserved. However, recent evidence 

suggests that TLR4 and TLR2 also respond to endogenous 

factors produced by stress or cell damaging, like heat shock 

proteins, extracellular matrix components of fi bronectin and 

hyaluronan, and disturbed shear fl ow [ 163 ,  171 ] .  

   NFκB    :  Among the various signal transduction pathways that 

are triggered by vascular infl ammation, the activation of the 

transcription factor NFκB is considered today as the most 

prominent one. TNF-α, CD40L, IL-1β, and TLR vascular 

receptors use parallel proximal signaling components that 

distally converge into the activation of the transcriptional 

factor NFκB (Fig.  15.8 ). Once NFκB is fully activated, it 

participates in the regulation of various target genes in differ-

ent vascular and immune cells to exert its biological func-

tions. NFκB controls the expression of many infl ammatory 

cytokines, chemokines, immune receptors, and cell surface 

adhesion molecules. 

  NFκB   is also a collective term for a family of proteins 

that exist either as heterodimers or homodimers. In unstim-

ulated cells, NFκB is sequestered in the cytoplasm because 

of its association with a member of the IκB family of inhibi-

tory proteins [ 172 ] .  IκB makes multiple contacts with 

NFκB, and these interactions mask the nuclear localization 

sequence of NFκB and can interfere with sequences impor-

tant for DNA binding [ 173 ] .  Infl ammatory stimulation leads 

to the phosphorylation of IκBs by IκB kinases, which then 

targets the IκB for proteasomal degradation [ 174 ] .  After 

IκB degradation, liberated NFκB translocates to the nucleus 

and triggers the transcription of its target genes. More 

recently, a second level of regulation of NFκB was demon-

strated that relies on the phosphorylation of members of the 

second group of NFκB proteins (p65/RelA, RelB, and 

c-Rel), resulting in the activation of transcriptional activity 

of NFκB [ 175 ]          .    

15.12.2.3      Late Stent Thrombosis   

 Although rare, stent thrombosis remains a severe complica-

tion after stent implantation owing to its associated high 

morbidity and mortality. Following stent implantation, 

patients are typically treated with antiplatelet agents such as 

clopidogrel and/or aspirin. Defi ned by the time of occur-

rence, thrombosis after stenting can be acute (<24 hours), 

subacute (<30 days), late (>30 days), or very late (>12 

months) [ 54 ] .  Recent data have associated the use of DESs 

with late and very late thrombosis, i.e., up to 3 years after 

implantation and predominantly after discontinuation of the 

antiplatelet therapy. Notable is a recent meta-analysis on 14 
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contemporary clinical trials that compared DESs (paclitaxel 

or sirolimus) with bare metal stents; the authors concluded 

that even though the overall incidence of late stent thrombo-

sis (more than 1 year after coronary revascularization) was 

low (~0.5 %), DES appeared to increase the risk for late 

stent thrombosis [ 176 ] .  However, this remains a topic of 

lively debate, as some data from large registries and meta-

analyses of randomized trials have indicated a higher risk 

for DES thrombosis, whereas others suggest an absence of 

such a risk. 

 The factors that are associated with an increased risk of 

late stent thrombosis include: (1) the procedure itself (such 

as stent malapposition), (2) the patient and his/her general 

health, and (3) specifi cs of lesion characteristics (such as 

small vessels) [ 54 ,  177 ] .  In addition, the drugs that are 

released from current DES exert their biological effects 

through inhibition of the cell cycle, aimed at preventing vas-

cular SMC proliferation. Nevertheless, a combination of 

drug-induced inhibition of proliferation of endothelial cells, 

with denudation of endothelial cell layer caused by PTCA 

and stenting may, in fact, impair the reendothelialization and 

compromise arterial healing [ 178 ] .  In addition, current DES 

drugs, such as sirolimus and paclitaxel, have been reported to 

induce tissue factor expression [ 179 ] ,  which results in a pro-

thrombogenic environment and might ultimately increase 

the risk of late thrombosis. For example, it has been reported 

previously that the nonerodible polymers of the Cypher and 

Taxus stents provoke chronic eosinophilic infi ltration of the 

arterial wall, suggestive of hypersensitivity reactions in a 

small number of cases [ 180 ] .  

 A recently developed network to perform meta-analyses 

investigated the relative safety and effi cacy of bioabsorbable 

polymer-based biolimus-eluting stents, which were com-

pared to durable polymer DES or bare metal stents. It was 

previously suggested that bioabsorbable polymer-based 

biolimus- eluting stents might reduce the risks of stent throm-

bosis and late adverse outcomes, compared with fi rst- 

generation DES. Yet as of this date, the relative safety and 

effi cacy of these bioabsorbable polymer-based biolimus- 

eluting stents versus newer-generation DESs coated with 

more biocompatible drug polymers have not been investi-

gated in depth. However, analyses of 89 randomized con-

trolled trials, including data from 85,490 patients, found that 

at 1-year follow-up, bioabsorbable polymer-based biolimus- 

eluting stents were associated with lower rates of cardiac 

death and myocardial infarction. Further, target vessel revas-

cularization was better than for bare metal stents and also 

had lower rates of target vessel revascularization compared 

to fast-release zotarolimus-eluting stents. It was reported that 

these bioabsorbable polymer-based biolimus-eluting stents 

had similar rates of cardiac death, myocardial infarction, and 

target vessel revascularization compared with other second- 

generation durable polymer DESs, but elicited higher rates 

of 1-year stent thrombosis than cobalt-chromium everolimus- 

eluting stents. Interestingly, the bioabsorbable polymer- 

based biolimus-eluting stents were associated with improved 

late outcomes compared with bare metal stents, as well as 

paclitaxel-eluting stents (considering the latest follow-up 

data available, with nonsignifi cant outcomes compared with 

other durable polymer DESs, although higher rates of defi -

nite stent thromboses were noted compared with cobalt- 

chromium everolimus-eluting stents). In other words, 

bioabsorbable polymer-based biolimus-eluting stents were 

associated with superior clinical outcomes compared with 

bare metal stents and fi rst-generation drug-eluting stents and 

elicited similar rates of cardiac death, myocardial infarction, 

and target vessel revascularization compared with second- 

generation durable polymer drug-eluting stents. Yet, higher 

rates of defi nite stent thrombosis were noted compared to the 

cobalt-chromium everolimus-eluting stents [ 181 ] .  

 In general, overwhelming evidence suggests a pivotal 

role of infl ammation in restenosis following stent placement. 

Infl ammation plays a role during initial stent placement 

through progression of restenosis and most likely critically 

infl uences the pathobiology of stent-based thrombosis. It is 

unclear whether the striking similarities in the pathophysiol-

ogy markers of atherosclerosis, restenosis, and the risk of 

cardiac events are due to underlying common pathologies or 

due to more direct, causal  etiologies  .    

15.13     Summary 

 Cellular physiological functions are regulated via signaling 

mechanisms in essentially any cell type of any organ. While 

myocardial cells are unique in that they are interconnected to 

each other with gap junctions and act as an electrical syncy-

tium, there are nevertheless an enormous number of impor-

tant cellular receptors that allow the cells to receive and 

respond to various signals. Infl ammation plays a very impor-

tant role in cardiovascular disease. For example, device- 

based interventions such as coronary stenting may activate 

infl ammation via a series of complex signaling processes. 

Importantly, infl ammation also plays a central role in athero-

sclerosis, myocardial infarction, and heart failure. It was the 

general aim of this chapter to review the role and signaling 

mechanisms of selected physiologically and pathophysio-

logically important cardiac and vascular receptors with 

emphasis on G protein-coupled receptors (e.g., beta- 

adrenergic receptors) and non-G protein-coupled receptor 

systems, such as guanylyl cyclase-related receptors (e.g., 

receptors for nitric oxide), and, fi nally, to discuss the impor-

tance and complexity of infl ammation in the pathobiology of 

coronary artery disease and stenting.     
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 16

16.1         Introduction 

 The goal of this chapter is to provide the reader with a 

 general review of the physiology and pathophysiology of 

 myocardial ischemia . In the past, it was thought that a lack 

of blood fl ow to the heart resulted in irreversible myocar-

dial damage and necrosis (infarction). However, continued 

evidence has suggested that there are several identifi able 

clinical scenarios that present between these basic defi ni-

tions of  ischemia  and  infarction , and actually the heart may 

recover a variable degree of preischemic function, even 

when eliciting some degree of necrosis. Furthermore, with 

recent technological advances involving intentional cardiac 

arrest during cardiac surgery and noninvasive cardiac 

angioplasty (opening) of occluded coronary arteries, the 

phenomenon of reperfusion injury has also presented as a 

sometimes debilitating clinical syndrome. This chapter will 

explore these ischemic syndromes and present an up-to-

date overview of several methods that can be employed to 

protect the heart from these conditions (cardioprotection).  

16.2     Basic Cardiac Metabolism 

 The average healthy human heart weighs between 300 and 

400 g and is approximately 0.5 % of the total body mass, yet 

the oxygen demand of the heart accounts for 7 % of the rest-

ing body oxygen consumption and, consequently, 5 % of the 

cardiac output. The normal myocardial oxygen consumption 

(MVO 2 ) is approximately 8 mL O 2 /100 g/min, yet this varies 

widely in normal, diseased, and/or exercising states. The 

MVO 2  is primarily dependent on coronary blood fl ow (CBF) 

and the removal of oxygen from the coronary blood— arterial 

(CaO 2 ) minus venous (coronary sinus, CSO 2 ) contents—

such that
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MVO CBF CaO CSO

2 2 2
= ´( )– .    

Secondary determinants infl uencing MVO 2  include (1) the 

relative heart rate, (2) myocardial stroke work, (3) imposed 

afterloads, and/or (4) the inotropic state of the myocardium. 

 Importantly, associated with cardiac surgery, MVO 2  can 

vary extensively, with the greatest MVO 2  occurring immedi-

ately after bypass; replenishing energy stores requires a high 

oxygen demand (i.e., repaying oxygen debt). In contrast, car-

diac arrest combined with myocardial hypothermia dramati-

cally reduces MVO 2  (Fig.  16.1 ). It should be noted that 

hypothermic and normothermic modes of cardiac arrest dif-

fer in their degrees of MVO 2  reduction. However, in all cases, 

the arrested heart still elicits an oxygen demand; hence, there 

will always be some degree of imbalance between oxygen 

demand and delivery, with ischemia resulting. See Chap.   33     

for additional information about cardioprotection during 

surgery.

16.3        Myocardial Ischemia 

 The basic defi nition of  myocardial ischemia  is a greater 

myocardial tissue oxygen demand than supply. During short- 

term ischemic episodes, the heart’s defense mechanism 

seeks to remedy this imbalance by downregulating myocar-

dial contractile function and, concomitantly, increasing the 

rate of glycolysis (anaerobic energy production) from pre-

ferred lipid metabolism. Consequently, sarcolemmal glucose 

transport increases, and intracellular acidosis resulting from 

a buildup of the glycolytic breakdown products causes 

 further inhibition of the contractile apparatus. Even though 

energy production continues in the absence of oxygen, the 

glycolytic pathway is an ineffi cient means for producing 

ATP. As an ischemic episode becomes more severe or pro-

longed, the heart becomes unable to produce enough energy 

via glycolysis and cellular necrosis ensues. For example, 

10 min of ischemia generally results in about 50 % depletion 

of ATP; after approximately 30 min of normothermic isch-

emia without signifi cant collateral blood fl ow, irreversible 

damage or necrosis occurs [ 1 ]. Anatomically, the most vul-

nerable layer of the heart is the subendocardium, due to the 

higher systolic wall stress in this layer compared to the mid- 

and epicardial layers; there exists a relatively greater meta-

bolic demand. For additional discussion on myocardial 

energetics, see Chaps.   15     and   21    .  

16.4     Ischemic Syndromes 

 In the past, it was generally believed that extending the peri-

ods of myocardial ischemia would, in turn, lead to irrevers-

ible damage of the myocardial or infarcted (necrotic) tissue. 

However, between the clinical conditions of transient isch-

emia (angina pectoris) and myocardial infarction, fi ve addi-

tional ischemic syndromes have been described (Figs.  16.2  

and  16.3 ) [ 2 ,  3 ]. The  stunned myocardium  is characterized 

by postischemic impairment of myocardial function, but it is 

considered acute and completely reversible. The  hibernating 

myocardium  is also characterized by depressed myocardial 

  Fig. 16.1    Infl uence of 

temperature on myocardial 

metabolism. While it is 

expected that hypothermia 

decreases myocardial oxygen 

consumption in the beating 

and fi brillating heart, there 

also exists a signifi cant 

difference between the 

normothermic and 

hypothermic arrested heart. 

This indicates that the heart 

still has a measurable oxygen 

demand while arrested. Also 

notable is the difference in 

myocardial oxygen 

consumption between the 

fi brillating and arrested heart 

at either temperature       
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function of variable duration, primarily caused by impaired 

oxygen delivery through an occluded vessel, and,  importantly, 

recovery of function occurs upon refl ow to the ischemic 

region. Note that the hibernating myocardium is similar to 

the stunned myocardium, with the main difference being that 

reperfusion is not the cause of myocardial hibernation, as is 

the case with myocardial stunning. On the other hand, hiber-

nation can be considered as a state of chronic stunning, yet 

the exact mechanism of hibernation remains largely unknown 

[ 4 ]. The  maimed myocardium  is considered the most severe 

of such syndromes and is characterized by irreversible myo-

cardial damage that follows ischemia and reperfusion and in 

which there is a delayed recovery to only partial preischemic 

function.  Ischemic preconditioning  is the condition where 

multiple brief ischemic episodes (<5 min) followed by reper-

fusion subsequently enhance the myocardial tolerances to a 

longer (<45 min) ischemic event (Figs.  16.3  and  16.4 ). 

Finally, patients with ECG changes of ischemia and contrac-

tile failure who lack chest pain may be experiencing  silent 

ischemia . It has been proposed that these patients are either 

less sensitive to painful stimuli or the ischemia is somewhat 

milder [ 3 ].

  Fig. 16.2    Consequences of myocardial ischemia. The stunned 

myocardium usually results from a transient coronary occlusion fol-

lowed by prompt reperfusion; however, it may also occur after pro-

longed ischemia in the preconditioned heart. Preconditioning 

lessens the infarct area following a sustained coronary occlusion, 

but only the area is reperfused. The relationship between precondi-

tioning and the maimed myocardium is unknown. Modifi ed from 

Boden et al. [ 17 ]       
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  Fig. 16.3    New ischemic 

syndromes. New ischemic 

syndromes that do not fall 

within the realm of classic 

acute reversible and 

irreversible myocardial 

ischemia. ( a ) The stunned 

myocardium is characterized 

by a decrease in function 

following an ischemic event 

in which there is a complete 

absence of necrosis from 

ischemia or reperfusion and a 

complete functional recovery 

hours to days later. ( b ) The 

hibernating myocardium is 

characterized by chronic 

depressed myocardial function 

due to sublethal ischemia 

lasting for weeks to months, 

and revascularization may 

result in complete recovery of 

function. ( c ) The maimed 

myocardium has permanent 

damage resulting from a 

prolonged ischemic episode 

and has some functional 

recovery that does not return 

to preischemic levels. ( d ) 

Ischemic preconditioning 

exists when short ischemic 

episodes followed by 

reperfusion confer myocardial 

protection during a subsequent 

prolonged ischemic event. 

However, two areas of 

uncertainty exist in the 

preconditioning phenomenon: 

(1) functional recovery 

following the preceding short 

ischemic events may not 

return to preischemic levels; 

and (2) while it is known that 

ischemic preconditioning 

lessens infarct size, it is 

uncertain whether long-term 

functional recovery following 

the prolonged ischemic 

episode is signifi cantly 

improved (via decreased 

myocardial stunning). Only 

delayed ischemic 

preconditioning has been 

shown to attenuate myocardial 

stunning. Modifi ed from 

Boden et al. [ 17 ]       
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16.4.1         Myocardial Stunning 

 There are two general theories for explaining the pathomech-

anisms underlying myocardial stunning, and they are gener-

ally not considered to be mutually exclusive. Episodes of 

ischemia are caused by: (1) the formation of free radical 

 reactive species and/or (2) alterations in intracellular calcium 

regulation [ 5 ]. Furthermore, in such cases, intracellular aci-

dosis occurring during ischemia can potentially generate 

intracellular calcium oscillations and calcium overload upon 

reperfusion via activation of the sarcolemmal Na + /H +  

exchanger (NHE) (Fig.  16.4 ) [ 6 ]. 

 Experimental studies have shown that the calcium sensi-

tivity of the contractile apparatus is decreased in the stunned 

myocardium, thereby resulting in lower maximal force gen-

eration even at higher than normal transient calcium levels 

[ 7 ,  8 ]. Furthermore, decreased myofi lament sensitivity to 

calcium is considered primarily responsible for systolic 

dysfunction; for example, the stunned myocardium is still 

responsive to inotropic stimulation. Of additional interest is 

the fi nding that troponin I (cTnI) degradation products were 

discovered in the human myocardium during aortic cross- 

clamping with bypass and that serum levels of cTnI 

increased during reperfusion, peaking approximately 24 h 

following cross-clamp removal [ 9 ]. This preliminary evi-

dence further suggests that cTnI degradation products may 

potentially be utilized as biomarkers for occurrence of 

myocardial stunning. 

 During the early stage of stunning, it is considered 

 benefi cial to prevent calcium oscillations and thus attenuate 

signifi cant injury caused by reperfusion. This has been 

accomplished experimentally by utilizing Ca 2+  antagonists, 

inorganic blockers, ryanodine, low-calcium reperfusion buf-

fers, and/or NHE blockers [ 10 ]. Conversely, when contractil-

ity is suppressed, as in the late stage of stunning, therapies 

should include those that increase the amplitudes of intracel-

lular calcium transients, inducing inotropic responses. 

Included in this subset of therapeutics are high calcium buf-

fers, Ca 2+  agonists, catecholamines, and/or phosphodiesterase 

inhibitors. Importantly, many of these therapies are specifi c to 

the stage or degree of stunning, and hence, the timing of their 

use is critical, so as not to become a detrimental therapy. For 

instance, hypocalcemia during and following cardiopulmo-

nary bypass is a common occurrence mainly attributed to the 

utilization of priming fl uids, citrated blood, and large doses of 

heparin during bypass [ 11 ]. Normally, hypocalcemia is suc-

cessfully corrected with the administration of calcium chlo-

ride; however, calcium levels may return to preoperative 

levels prior to removal from cardiopulmonary bypass without 

supplemental calcium [ 12 ]. Therefore, the risk of stunning 

and myocardial damage may actually be increased with gen-

eralized calcium chloride administration. While it may be 

used for post-bypass cardiac resuscitation, current Advanced 

Cardiac Life Support (ACLS) guidelines do not indicate cal-

cium chloride for general resuscitation purposes, and admin-

istration if done at all is on an “as necessary” basis [ 13 ].  

  Fig. 16.4    Reperfusion injury via the Na + –H +  exchanger. Reperfusion 

injury-induced calcium overload can be explained, in part, by activa-

tion of the Na + –H +  exchanger (NHE). ( 1 ) Intracellular acidosis from a 

prior ischemic episode activates the NHE upon reperfusion, thereby 

decreasing intracellular acidosis and increasing Na +  infl ux. ( 2 ) 

Intracellular sodium is primarily removed from the cell via the Na + –

K + ATPase during normal myocardial function. However, after ischemia 

(i.e., during the early stages of reperfusion), the lack of abundance of 

ATP does not allow for normal operation of the pump and intracellular 

Na +  increase. ( 3 ) Consequently, the Na + –Ca 2+  exchanger (NCE), which 

normally operates by extruding Ca 2+  from the cytoplasm, is the primary 

mechanism for intracellular Na +  removal operating in a reverse mode. 

( 4 ) Intracellular Ca 2+  overload results from NCE activation, possibly 

causing arrhythmias, stunning, and necrosis       
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16.4.2     Hibernating Myocardium 

 As previously discussed, myocardial stunning and hibernation 

are related in that a depressed state of contractility exists and, 

yet importantly, there is the potential to reversibly return the 

dysfunctional myocardium back to normal. However, it must 

again be restated that while stunning can be attributed to the 

reperfusion following a brief bout of ischemia, the hibernating 

myocardium is in a chronic hypocontractile state, due to a 

decreased oxygen supply and thus may only recover full func-

tion with revascularization therapy. In other words, this reduc-

tion in oxygen delivery is attributable to reductions in local 

perfusion, and the corresponding reduction in contractility has 

been shown to be a proportional response of the myocardium, 

termed  perfusion-contraction matching  and elucidated by 

John Ross [ 14 ]. It may be benefi cial to consider the hibernat-

ing myocardium as a viable tissue which is simply eliciting 

necessary physiological compromises in response to locally 

limited blood fl ow. Additionally, many of the underlying 

mechanisms of stunning are considered directly related to the 

detrimental effects of reperfusion injury (to be discussed later) 

[ 15 ]. While there is a general absence of necrosis with myo-

cardial hibernation, morphological changes to the myocardial 

architecture, such as loss of myofi brils and increased intersti-

tial fi brosis, may occur if this state persists [ 16 ].  

16.4.3     Maimed Myocardium 

 The maimed myocardium closely resembles that of a heart 

with a classic myocardial infarction in that ischemia-induced 

necrosis leads to loss of contractile performance. In these 

cases, unlike in myocardial stunning, the duration of ischemia 

is long enough to result in necrosis. Importantly there can be 

partial recovery of function in this ischemic region, i.e., fol-

lowing timely reperfusion [ 17 ] .  An example of the maimed 

myocardium syndrome would be a patient that exhibits an 

incomplete recovery of myocardial function following drug-

induced or mechanical (angioplasty) reperfusion of an 

occluded coronary artery and then subsequently demonstrates 

regions of viable myocardium in the original ischemic area.  

16.4.4     Ischemic Preconditioning 

 Ischemic preconditioning is a biological phenomenon 

whereby brief ischemic episodes followed by adequate reper-

fusion protect tissue from a subsequent  prolonged ischemic 

event  [ 18 ]. In general, cardiac protection from ischemic pre-

conditioning has been characterized as biphasic. The fi rst 

window of protection occurs immediately following the isch-

emic event for approximately 3 h mediated by effectors. The 

second window of protection occurs some 24 h after the isch-

emic event and can last for up to 3 days and is mediated by an 

upregulation of cardioprotective proteins. There are several 

signaling pathways that are involved in these mechanisms of 

ischemic preconditioning, including the activation of potas-

sium channels that are located in the inner membrane of the 

mitochondria of the cardiac myocytes [ 19 ]. These pathways 

can be utilized as drug delivery targets for the therapeutic 

treatment of prevention for ischemic injury, by mimicking the 

natural progression of limited ischemic preconditioning. In 

the myocardium, ischemic preconditioning has been shown 

to be potentially infarct limiting [ 18 ] as well as antiarrhyth-

mic [ 20 ], although the latter of these effects can be agent spe-

cifi c. It is also well established that endogenous opioid 

receptor activation participates in myocardial ischemic pre-

conditioning [ 21 ] and that preischemic administration of syn-

thetic opioid agonists can mimic the benefi ts of ischemic 

preconditioning [ 22 ]. While ischemic and opioid precondi-

tioning have both been convincingly shown to delay cell 

death in various experimental animal models, the clinical 

applicability of these therapies in humans may be limited to 

situations where the ischemic event can be anticipated (e.g., 

on- or off-bypass cardiac surgery, percutaneous transluminal 

coronary angioplasty, or stenting procedures) [ 23 ]. For a 

more comprehensive review of ischemic and opioid precon-

ditioning, see articles by Yellon and Downey [ 24 ] ( ischemic 

preconditioning)  and Gross [ 25 ] ( opioid preconditioning ).  

16.4.5     Silent Ischemia 

  Silent ischemia  refers to single or multiple asymptomatic epi-

sodes of transient ischemia. In some cases, silent ischemia can 

occur in the week(s) following an acute myocardial infarction 

in patients with a history of coronary artery disease. In other 

scenarios, seemingly normal healthy individuals may experi-

ence episodes of silent ischemia that go relatively unnoticed. 

Detection of silent ischemia primarily relies on electrocardio-

graphic monitoring, either in the form of 24-h Holter monitor-

ing (ambulatory) or exercise- and/or stress-induced assessment. 

In both cases, ischemia is typically detected by asymptomatic 

ST-segment elevations in an ECG tracing [ 26 ]; see also 

Chap.   19    . Silent ischemia is postulated to be related to a lack 

of oxygen supply rather than an increase in oxygen demand; 

however, controversy remains regarding the mechanisms 

whereby silent ischemia can proceed unnoticed.  

16.4.6     How Can the Heart Be Protected 
from Ischemia? 

 As shown in Fig.  16.1 , there are several means of decreasing 

myocardial oxygen demand when the oxygen supply is 

 compromised. These include hypothermia, pharmacologically 

decreasing the heart rate, and/or controlled cardiac arrest. 

Additionally, as mentioned above, ischemic and  pharmacological 
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preconditioning of the heart are other ways to protect the myo-

cardium from an ischemic episode and, hence, induce cardio-

protection. However, these therapies require the anticipation of 

the ischemic event, such that treatment can be administered 

prior to or early during the ischemia. In situations where antici-

pation of ischemia is not possible, for example, in acute myo-

cardial infarction, interventions which reestablish blood fl ow 

and oxygen to the ischemic zone (reperfusion) are the primary 

therapies. Nevertheless, it should be noted that dietary supple-

ments such as omega-3 fatty acids have been considered as a 

potential means for prevention [ 27 ,  28 ] .    

16.5     Reperfusion Injury 

 While immediate restoration of blood fl ow and oxygen to 

ischemic tissue is ultimately a benefi cial and important 

therapy, it should be noted that additional myocardial dam-

age can occur with such myocardial reperfusion itself. In 

what has been termed the  oxygen paradox , the resupply of 

oxygen to a hypoxic cell simultaneously activates two 

intracellular processes of particular interest—the mem-

brane-bound calcium pumps and the contractile apparatus. 

Resumption of contractile activity in the presence of oscil-

lating and increasing intracellular Ca 2+  levels can force the 

heart into a state of hypercontracture and thus cause intra-

cellular edema. 

 Another proposed mechanism of injury during reperfu-

sion can result from xanthine oxidase. During periods of 

ischemia, ATP is catabolized and ATP is reduced to ADP, 

AMP, adenosine, and inosine and further reduced to xan-

thine. Xanthine alone is not cytotoxic, but when oxygen is 

reintroduced, the product is xanthine oxidase. This in turn 

releases free radicals into the myocardial tissue via super 

oxide dismutase, hydrogen peroxide, and uric acid [ 29 ]. 

Hence, the administration of xanthine oxidase inhibitors can 

diminish the effects of free radical production when a proce-

dure is planned. For example, a patient could be given pro-

phylactic xanthine oxidase inhibitors prior to a coronary 

artery bypass graft when reperfusion injury is anticipated. 

Collectively, these etiologies may ultimately result in mem-

brane disruption and even cell death. 

 Reperfusion injury can present in (or is associated with) 

one or more of the following pathologies: (1) reperfusion 

arrhythmias, (2) microvascular damage and no-refl ow, (3) 

accelerated cell death, (4) myocardial stunning, and/or (5) 

post-pump syndrome in procedures requiring cardiopulmo-

nary bypass (Fig.  16.5 ). Further, reperfusion injury may 

  Fig. 16.5    Aspects of 

reperfusion injury .  While 

reperfusion remains the most 

benefi cial therapy for 

ischemia, any combination 

of stunning, accelerated cell 

death, arrhythmias, 

microvascular damage, or 

post-pump syndrome could 

occur, thus leading to 

postischemic dysfunction 

or necrosis       
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cause immediate myocardial necrosis in severely damaged 

cells and delayed necrosis in cells adjacent to the ischemic 

region; conversely, complete recovery of myocardial func-

tion may occur despite an ischemic episode. Of importance, 

necrosis occurring during the ischemic episode must be dif-

ferentiated from that which may occur following reperfu-

sion, especially when discussing clinical therapies targeted 

at attenuating reperfusion injury.

   Assessment of reperfusion injury following ischemia is 

often diffi cult, especially in postsurgical patients. Yet, the 

determination of reperfusion injury and the relative extent of 

injury can be indirectly accomplished by hemodynamic mon-

itoring (pressures, cardiac outputs, and echocardiography) 

and examination of blood levels of cardiac enzymes (CK-

MB, troponin I, LDH, and AST). Ideally, left ventricular end-

diastolic pressure volume measurements will provide both 

functional and quantitative information relative to the degree 

of reperfusion injury; yet, such data are diffi cult and rarely 

feasible to obtain clinically. With recent advances in echocar-

diography, relative changes in cardiac function and regional 

wall motion can be assessed more readily in such patients 

(see Chap.   22    ). Furthermore, improvements in cardiac mag-

netic resonance imaging have allowed for the functional 

 mapping of ischemic myocardial zones (see Chap.   24    ). 

 Myocardial viability can be fairly easily assessed with 

inotropic stimulation, as the postischemic stunned (or the 

potentially reversibly injured) myocardium will display an 

increased heart rate and contractility. In contrast, the irre-

versibly injured (necrotic) myocardium exhibits little to no 

response to the inotrope (e.g., by dopamine stress echocar-

diography). Note that, by defi nition, myocardial stunning is 

reversible; therefore, within days, a depressed cardiac func-

tion due to stunning should recover (Figs.  16.2  and  16.3 ). 

This phenomenon is commonly observed clinically when 

patients following coronary artery bypass grafting require 

24–48 h of inotropic support. 

16.5.1     Aspects of Reperfusion Injury 

16.5.1.1     Myocardial Stunning 

 The presence of intracellular oxygen free radicals and 

increased intracellular calcium during reperfusion leads to a 

reversible hypocontractile state of variability, yet this is rela-

tively brief in duration.  

16.5.1.2     Accelerated Cell Death 

 Typically, accelerated cell death upon reperfusion refers to 

cells that have been irreversibly damaged during the prior 

ischemic episode and are destined to die despite reperfusion. 

However, irreversible damage is not a prerequisite for cell 

death; upon reperfusion, detrimental ischemia-induced intra-

cellular alterations may also occur in viable cells. More 

 specifi cally, during reperfusion, the development of increased 

sarcolemmal permeability due to ischemia allows for the 

uncontrolled infl ux of calcium resulting in hypercontracture, 

decreased energy production, and/or cell death. Additionally, 

it should be noted that there is the paradoxical fi nding that 

apoptosis-related cell death in postischemic viable myocar-

dium is reduced by early reperfusion and is accelerated in 

irreversibly ischemic-damaged cells [ 30 ].  

16.5.1.3     Arrhythmias 

 Similar to myocardial stunning, increased episodes of 

arrhythmia upon reperfusion may be due, in part, to the pres-

ence of free radicals during ischemia and/or intracellular cal-

cium oscillations at refl ow. The restoration of fl ow enables 

the cell to resynthesize ATP. This abundance of energy and 

increased intracellular calcium at reperfusion may lead to 

excess cycling which, in turn, may cause delayed afterdepo-

larizations and ventricular automaticity [ 31 ]. Interestingly, a 

bell-shaped relationship has been described between duration 

of ischemia and severity of reperfusion arrhythmias, with the 

peak occurring with reperfusion after 5–20 min of ischemia 

[ 3 ]. This is presumably due to the fi nding that, in severe isch-

emic episodes, the production of ATP during reperfusion is 

limited due to increased cellular necrosis, and consequently 

energy-dependent calcium oscillations are reduced [ 32 ]. 

 The timing and speed of the myocardial reperfusion are 

also considered to infl uence the occurrence and severity of 

induced arrhythmias. It has been speculated that sudden 

reperfusion is associated with a higher incidence of arrhyth-

mias compared with a gradual reperfusion. Whether this 

phenomenon occurs in humans is unclear; for example, in 

one study comparing revascularization of patients diagnosed 

with acute myocardial infarction with either thrombolysis 

(a relatively slow reperfusion) or percutaneous transluminal 

coronary angioplasty (rapid reperfusion), researchers 

revealed no differences in the occurrence of arrhythmias 

upon reperfusion [ 33 ]. Yet, in a study from our laboratory, 

the pericardial administration of omega-3 fatty acids as a 

preconditioning agent signifi cantly reduced elicited arrhyth-

mias during induced ischemia (coronary artery clamping) 

and also somewhat during subsequent reperfusion [ 28 ].  

16.5.1.4     Microvascular Damage and No-Refl ow 

 The  no-refl ow  phenomenon is defi ned to occur when an 

attempt to reperfuse an ischemic area, by removing an occlu-

sion regionally or reestablishing coronary fl ow globally, 

does not result in refl ow to the area at risk. In fact, a recent 

study in patients diagnosed with acute myocardial infarction 

and treated with thrombolytic therapy revealed that approxi-

mately one-third of this study group showed impaired 

regional coronary fl ow 5 days after treatment [ 34 ]. There are 

several proposed mechanisms to explain this immediate or 

delayed no-refl ow, including the following: (1) endothelial 
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damage due to free radicals causes edema development and 

inhibits the release of vasodilatory agents into the coronary 

circulation; (2) ischemic contractures of the myocardium 

mechanically constrict fl ow through the coronary system [ 3 ]; 

(3) the accumulation of leukocytes causes vascular plugging; 

and/or (4) there exists cellular damage from mechanical 

compression (edema) [ 35 ]. Additionally, activated neutro-

phils reintroduced upon reperfusion can adhere to damaged 

endothelium and, in severe cases, cause platelet aggregation 

and thus restenosis [ 36 ]. It is important to note that, in some 

cases, cardioplegia-induced global myocardial ischemia 

itself can cause regional no-fl ow and regional infarctions 

which will develop as a consequence of this phenomenon.  

16.5.1.5     Post-pump Syndrome 

 When blood comes in contact with foreign non-tissue sur-

faces, such as during cardiopulmonary bypass, a circulatory 

infl ammatory response may be triggered. A large number of 

cells are typically activated during such a foreign body 

response, including monocytes, macrophages, endothelial 

cells, T cells, and eventually neutrophils. In a process col-

lectively referred to as  neutrophil traffi cking , these cells 

accumulate and adhere to the damaged endothelial layer [ 3 ]. 

They then migrate into the vascular interstitial space, the lat-

ter of which results in liberation of free radicals and leukot-

rienes [ 3 ]. This phenomenon may promote not only 

postsurgical myocardial damage but also widespread sys-

temic damage and/or even multiorgan dysfunction [ 37 ]. For 

example, it has been reported that cases of cerebral edema 

can develop after cardiopulmonary bypass which is consid-

ered to be mediated by bypass-related infl ammation and 

endothelial cell activation [ 38 ]. For an additional discussion 

on the syndrome, see also Chap.   33    .    

16.6     Examples of Current Pharmacological 
Cardioprotective Therapies 

 Listed below are current examples of pharmacological thera-

pies targeted at protecting the myocardium from damage due 

to ischemia and reperfusion injury. As noted above, our labo-

ratory has investigated the pericardial delivery of omega-3 

fatty acids, and we have observed signifi cantly reduced 

infarct sizes in a swine model of ischemia/reperfusion injury 

by 50 % [ 28 ] .  We are currently evaluating other potential 

agents (see below). 

16.6.1     Na + /H +  Exchange Blockers 

 While activation of the exchanger in response to acidosis is a 

feedback mechanism that enables the myocardial cell to 

maintain a fairly stable pH range, it should be noted that 

NHE activation may not always be benefi cial. During 

 ischemia, there is often a buildup of metabolic products due 

to the anaerobic breakdown of ATP; the production of lactate 

and high CO 2  levels drive the intracellular pH below a toler-

able level. However, a comparable decrease in the extracel-

lular pH occurs during low-fl ow and no-fl ow ischemia, and, 

importantly, NHE activity is inhibited. When blood fl ow is 

reestablished to the ischemic region, this inhibition is 

removed, and both the NHE and the Na-HCO 3  
−  symport are 

simultaneously activated in an attempt to rapidly restore the 

internal pH [ 39 ]. With the normalization of intracellular pH 

via NHE, there is an associated increase in internal Na + . 

Under normal conditions, cells primarily extrude Na +  via the 

Na + –K +  ATPase exchanger; however, due to depleted energy 

reserves of such hearts, the postischemic cell relies on the 

Na + –Ca 2+  exchanger for Na +  normalization. Importantly, this 

results in increased intracellular Ca 2+  levels which, as men-

tioned previously, signifi cantly contribute to the pathology 

of reperfusion injury (Fig.  16.4 ), e.g., the initiation of Ca 2+  

activated proteolytic enzymes. 

 In experimental animals, various NHE inhibitors have 

been shown to be benefi cial when administered either prior 

to ischemia or prior to reperfusion. Specifi cally, cariporide 

(NHE-1 specifi c) has been reported to reduce postischemic 

edema, arrhythmias, apoptosis, infarct size, contracture, 

enzyme effl ux, and hypertrophy, while also minimizing free 

radical damage, preserving ATP, and enhancing myocardial 

preservation following prolonged storage [ 40 – 47 ]. Notably, 

in the GUARDIAN (GUARd During Ischemia Against 

Necrosis) clinical trial, cariporide pretreatment prior to coro-

nary artery bypass grafting resulted in a 25 % reduction in 

mortality or myocardial infarction following surgery [ 48 ]. 

Thus, further supporting its use during routine cardiac sur-

gery, Myers et al. found that hypothermia potentiated the 

benefi ts of cariporide, specifi cally when cariporide was 

administered during reperfusion [ 49 ]. However, in a follow-

 up clinical trial (the ESCAMI trial) where eniporide (another 

NHE-1 inhibitor) was administered upon reperfusion to 

patients undergoing percutaneous transluminal coronary 

angioplasty or thrombolysis for acute myocardial infarction, 

eniporide failed to show any signifi cant reductions in either 

infarct size or the occurrence of clinical events following 

treatment [ 50 ]. Furthermore, cariporide administration dur-

ing reperfusion following global hypothermic ischemia 

failed to show any benefi cial hemodynamic effects relative to 

control hearts (unpublished data from our laboratory). 

Nevertheless, while the use of NHE blockers is still consid-

ered experimental, its future use in cardiac surgery and isch-

emia/reperfusion remains promising. Interestingly, the 

prospect of using NHE blockers as a combined therapy with 

other cardioprotective therapies, such as ischemic precondi-

tioning, is being addressed, and initial results have suggested 

that the combined therapies produce additive benefi t [ 51 ].  
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16.6.2     Antioxidants 

 Antioxidants, or more specifi cally xanthine oxidase inhibi-

tors, are speculated to attenuate or prevent reperfusion injury 

by acting as: (1) free radical scavengers; (2) inhibitors of free 

radical generation; (3) metal chelators, thereby removing the 

free radical generating catalyst; (4) promoters of endogenous 

antioxidant production; and/or (5) specifi c inhibitors of 

apoptosis via the upregulation of Bcl-2 (a gene involved in 

the apoptosis signaling pathway) [ 52 ]. However to date, 

experimental animal models and human clinical trials have 

provided confl icting results relative to the therapeutic 

benefi ts of antioxidants to attenuate reperfusion injury. 

Interestingly, many typical thiol-containing drugs commonly 

used for treating coronary artery disease and heart failure 

have also been shown to exhibit antioxidant-like effects 

within the myocardium; these include β-adrenergic antago-

nists propranolol [ 53 ], metoprolol [ 54 ], and carvedilol [ 55 ] 

as well as angiotensin-converting enzyme inhibitors, iron 

chelating agents, and Ca 2+  channel blockers [ 56 ]. Our labora-

tory is currently investigating the focal delivery of such 

agents into the pericardial space as a potential means to 

allow for higher therapeutic concentrations, but with lower 

systemic effects (Fig.  16.6 .)

16.6.3        Calcium Channel Antagonists 

 Experimentally, the administration of calcium channel 

antagonists was believed to help preserve myocardial func-

tion and metabolism in case studies utilizing normothermic 

ischemia, crystalloid cardioplegia, or blood cardioplegia [ 1 ]. 

More  specifi cally, their use was reported to prevent ATP 

hydrolysis and calcium infl ux during ischemia and also 

improve cardioplegia delivery by eliciting coronary vasodi-

lation. However, the potential use of calcium channel block-

ers for myocardial protection is considered to be limited, due 

to negative inotropic and dromotropic effects which could be 

problematic in patients with preoperative poor ventricular 

function. Hence, further studies are needed to determine the 

potential utility of newer calcium channel antagonists such 

as amlodipine and felodipine, agents, which may elicit fewer 

side effects in very ill patients. Nevertheless, calcium chan-

nel antagonists are typically administered in patients with 

normal preoperative function, but who are at risk for postop-

erative hypertension, tachycardia, coronary spasm, and/or 

ischemia [ 1 ].  

16.6.4     Glucose–Insulin–Potassium 

 Perioperative depletion of myocardial glycogen stores has 

been correlated with higher incidences of arrhythmias, low 

output syndrome, and/or infarction [ 56 ]. In one study, 

Iyengar et al. preoperatively dosed patients with a glucose–

insulin–potassium solution and a bolus of exogenous glu-

cose; subsequently, the researchers observed zero incidences 

of perioperative ischemic complications, compared to a 

44 % occurrence in patients not receiving the solutions [ 56 ]. 

This benefi cial effect was attributed to increased preopera-

tive glycogen stores, enhanced perioperative aerobic metab-

olism, and reduced free fatty acid circulation in the hypoxic 

hearts, all of which are mediated by glucose and insulin. 

Nevertheless, future studies are needed to validate such a 

therapeutic approach.  

16.6.5     Growth Factors 

 The administration of growth factors for cardioprotection 

has been conducted in attempts to minimize or prevent 

apoptosis, which is known to occur in addition to necrosis 

during (prolonged) myocardial ischemia and reperfusion. 

In general, it is thought that reperfusion injury accelerates 

apoptosis in viable postischemic cells, adding to the overall 

necrosis [ 57 ]. More specifi cally, a link was described 

between apoptosis and reperfusion in humans following 

acute myocardial infarction where apoptosis was signifi -

cant in cells within and bordering infarcted regions [ 58 ]. 

Similarly, experimental preclinical studies have provided 

evidence of the infarct- reducing benefi ts of several growth 

factor proteins when given during ischemia and/or during 

reperfusion, including transforming growth factor-β1 

(TGF-β1) [ 59 ], insulin [ 60 ], insulin-like growth factor 

  Fig. 16.6    A proposed mechanism for ischemia–reperfusion injury. 

During the time of ischemia, ATP is catabolized to hypoxanthine that 

accumulates in the ischemic tissue and cells. During the period of reox-

ygenation, xanthine produces xanthine oxidase, and the by-products are 

free radical production of super oxide dismutase, hydrogen peroxide, 

and uric acid       
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(IGF-1) [ 61 ], fi broblast growth factor (FGF-1) [ 62 ], and/or 

cardiotrophin-1 (CT-1) [ 63 ].  

16.6.6     Glutamate/Aspartate 

 The specifi c amino acids, glutamate and aspartate, when 

added to the cardiopulmonary bypass circuit, have been 

shown to reduce lipid peroxidation and preserve myocardial 

function following tissue oxygenation [ 64 ]. Similarly, the 

addition of these amino acids to cardioplegia solutions has 

yielded similar positive results [ 65 ]. It has also been sug-

gested that a combination of these amino acids could be 

administered via the pericardial space, thus as a target deliv-

ery during open heart surgery. In one preclinical study, a 

decrease in ischemic–hypoxic cardiac injury was observed 

via this approach, after extended cross-clamp in a rat model 

[ 66 ]. While most of the benefi ts were attributed to the ability 

of the amino acids to anaerobically produce ATP via substrate 

phosphorylation, subsequent evidence has further linked their 

potential benefi ts to inhibition of free radical production and 

also the better retention of endogenous antioxidants [ 64 ].  

16.6.7     Nitric Oxide (NO) 

 In addition to being a potent vasodilator, nitric oxide has also 

been shown to: (1) reduce platelet aggregation, (2) reduce neu-

trophil adherence, and (3) act as a free radical scavenger. Nitric 

oxide is primarily synthesized from the amino acid  l -arginine 

by nitric oxide synthase. It is thought that  l - arginine  levels 

decline during ischemia leading to lower nitric oxide produc-

tion and thus a greater injury potential [ 1 ]. Furthermore, the 

addition of nitric oxide donors to cardioplegia solutions has 

been shown to benefi cially increase ischemic nitric oxide lev-

els [ 67 ]. Nevertheless, still today there are confl icting opinions 

regarding the benefi ts of nitric oxide due to its negative inotro-

pic effects; hence, future investigation is required.  

16.6.8     Hibernation-Specifi c Proteins 

 Many mammals will go into a hibernating state during the 

winter months, e.g., in locations in which food is scarce 

and/or environmental temperatures are suboptimal. Yet, 

their physiological conditions vary depending on the 

given species. For instance, the American black bear will 

stay relatively normothermic, while the core temperature 

of the hibernating ground squirrel will decrease dramati-

cally to near that of the environment. These behaviors are 

considered to be a unique protective adaptation that may 

even have applications to human medicine. Such insights 

could possibly be used for the treatment or prevention of 

various clinical conditions, such as myocardial insult. For 

decades, numerous researchers have been studying these 

animals to determine what specifi c enzymes or hormones 

play essential roles in cardioprotection during hibernation. 

For example, the enzyme that induces hibernation in 

American black bears, defi ned as  hibernation induction 

trigger (HIT) , has been studied for its cardioprotective 

properties. Data has suggested that HIT minimizes reper-

fusion injury when added to cardioplegia to arrest the 

heart and hence could be benefi cial in various treatment 

strategies for cardioprotection [ 68 – 70 ]. Further, other 

mammals such as the ground squirrel have also shown 

interesting mechanisms for cardioprotection; during the 

winter months, ground squirrels upregulate chaperones 

and heat shock proteins (HSPA4, HSPB6, HSP90AB1) 

that protect against perfusion injury [ 19 ,  71 ].  

16.6.9     Assessment of Pharmaceutical Agents 
via Target Pericardial Delivery 

 All of the aforementioned pharmaceutical agents (and others) 

noted for their potential for cardioprotection can also be 

assessed for their potential utility for target delivery in the 

pericardial space. In preclinical trials, the administration of 

such pharmaceutical agents into the pericardial space can be 

achieved by direct injection or by creating a pericardial cradle 

(Fig.  16.7 ). Further, the formation of pericardial cradles is a 

common surgical technique that provides a fi eld for surgical 

manipulation while stabilizing heart motion. In addition to 

being a more localized application, it has been shown that 

even higher concentrations of agents than those recommended 

for intravenous administration can be used in this target 

approach. Our laboratory has employed this approach to study 

the prevention of reperfusion injury and/or generalized cardio-

protection; such approaches could have translational applica-

tion relative to bypass procedures or during organ recovery 

prior to transplantation. Further, such a targeted delivery 

approach may be optimal for clinical applications when intra-

venous treatments may result in: (1) systemic drops in blood 

pressure, (2) renal dysfunction, (3) anesthesia management 

issues, and/or (4) other long-term side effects. For example, it 

has been reported that hemolysis can occur from the intrave-

nous administration of high levels of therapeutic fatty acids.

   As noted above, these studies are ongoing in our labora-

tory and, in one set of preclinical studies, we have been uti-

lizing Visible Heart ®  methodologies [ 3 ]. We consider that 

this preclinical treatment strategy allows for the observation 

of potential effects of various pharmacological agents admin-

istered alone or in combinations, to determine if they 

decrease the incidence of cardiac arrhythmias and/or 

 ischemic damage that may occur during and after open heart 

surgery or transplantation [ 72 ] (Fig.  16.8 ).
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  Fig. 16.7    A pericardial cradle is 

formed for in situ testing in the 

swine. An epicardial (unipolar) 

pacing lead is placed in the left 

atrial appendage, and a bipolar 

temporary pacing lead is placed 

in the ventricle; additional 

endocardial pacing leads and 

pressure catheters are also placed. 

A piece of gauze is placed over 

the heart to act as a wick over the 

anterior myocardial surface       

  Fig. 16.8    Some results of a preconditioning experiment for monitoring 

hemodynamics in a swine model tracked over the course of an hour for 

an ischemic heart preparation treated with combinations of taurourso-

deoxycholic acid (TO), docosahexaenoic acid (DO), Omegaven ®  

(DTO), and saline controls (C). All combinations here demonstrate an 

initial benefi t immediately following cardiac reanimation; the combina-

tion of Omegaven ®  and tauroursodeoxycholic acid demonstrates the 

best sustained performance over control at the end of the specifi ed hour 

of monitoring ( p  = 0.011). This is only one such metric of global heart 

performance that can be used in assessing the benefi ts of various agents       
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16.6.10        Acute and Global Assessments 
of the Potential Benefi ts of Protective 
Agents Administered to In Vitro 
to Isolated Large Mammalian Hearts 

 In addition to assessing the local mitigation of injury such 

as with direct measurements of infarct size, it can be ben-

efi cial to take a more global perspective for minimizing 

injury and/or preserving function of the heart. It should be 

noted that the use of an isolated heart model for such stud-

ies inherently possesses the risk of ischemic and reperfu-

sion injuries. On the other hand, these attributes may 

actually make these investigations an ideal platform for the 

assessment of such damage (and thus the potential thera-

peutic benefi ts) of these preventative therapies. 

Consequently, numerous studies have utilized mammalian 

heart preparations for such ischemic–reperfusion injury 

investigations [ 73 ]. Our laboratory has uniquely performed 

large mammalian isolated heart investigations (using 

Visible Heart ®  methodologies) to assess the potential thera-

peutic benefi ts of administering such agents and/or the 

delivery of combinations of agents (Fig.  16.8 ). This 

approach has allowed for complete hemodynamic monitor-

ing including the use of 3D echocardiography. To date, we 

have employed this approach to demonstrate the relative 

effectiveness of preventative (preconditioning agents) and 

corrective (postconditioning agents, those administered 

following explant and reanimation) therapies. Again, we 

consider that these investigations of global cardiac treat-

ment may be particularly relevant for the clinical presenta-

tion of acute surgical insults, such as open heart surgery, 

cardiopulmonary bypass, or transplant.   

16.7     Conclusions 

 The intent of this chapter was to outline the principle con-

sequences of ischemia and reperfusion injury and intro-

duce the reader to the concepts of cardioprotective 

treatments. While the intent of many past cardioprotective 

therapies was to protect the myocardium from ischemic 

necrosis, it may be that reperfusion injury following isch-

emia in the forms of stunning, arrhythmias, and/or addi-

tional cellular necrosis may occur despite such 

cardioprotective efforts. Therefore, as the new era of 

hybrid catheterization/operating rooms designed to treat 

critically ill patients (considered too sick to survive open 

heart procedures) with novel interventions, it is imperative 

that myocardial protective strategies be enhanced to 

account for the potential increased risks of ischemia and 

reperfusion injury in such populations.     
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17.1         Introduction 

 Anesthesia is considered necessary for many types of surger-

ies and procedures. Typically, anesthesia provides analgesia, 

amnesia, hypnosis, and/or muscle relaxation. The depth of 

 anesthesia   varies from minimal sedation to general anesthe-

sia (Table  17.1 ). Importantly, medications used for general 

 anesthesia   can cause signifi cant alterations in hemodynam-

ics, especially during induction of anesthesia. Importantly, a 

critical understanding of the anesthetic impact on cardiovas-

cular physiology can allow for both induction and mainte-

nance of anesthesia with minimal alterations from normal 

cardiovascular function. Both inhalational and intravenous 

anesthetics can affect cardiovascular performance; this 

includes effects on cardiac output, heart rate, systemic vas-

cular resistance, the cardiac conduction system, myocardial 

contractility, coronary blood fl ow, and/or blood pressure. 

The choice of  inhalational   and  intravenous   anesthetics is 

typically associated with the patient’s underlying cardiovas-

cular status such as heart failure, cardiac disease, and/or 

hypovolemia. The goal of this chapter is to familiarize the 

reader with commonly employed clinical methodologies and 

anesthetics, with particular attention to potential infl uences 

on the cardiovascular system.

17.2        Anesthesia Induction Sequence 

  A focused  patient   history and physical is necessary and 

required prior to anesthesia, to determine the most appropri-

ate anesthetic management for that individual. Any changes 

to health condition since previous medical examination or 

anesthesia should be documented. Past history of any com-

plications or reactions to anesthetics must also be consid-

ered. For example, patients with a family history of malignant 

hyperthermia are at risk of eliciting an episode of malignant 

hyperthermia when triggering agents such as succinylcho-

line or volatile anesthetics are administered. All patients 

undergoing elective surgery should follow the preoperative 

mailto:loush001@umn.edu
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fasting guidelines established by the American Society  of   

Anesthesiologists (ASAs) [ 1 ]. The ASA guideline recom-

mends the minimum fasting duration for solid foods is six 

hours, breast milk for four hours, and clear fl uids such as 

water for two hours. The NPO guidelines are useful to mini-

mize the risks of gastric regurgitation and thus aspirations of 

stomach contents into the lungs during the induction of anes-

thesia. The need for laboratory or diagnostic studies is guided 

by the preexisting medical condition of each individual 

patient and type of surgery. Other cardiovascular studies 

such as electrocardiograms (ECGs), cardiac echocardiogra-

phy, and/or cardiac stress tests may be considered depending 

on the given patient’s risk factors. 

 Common anesthesia techniques include  sedation   (also 

known as monitored anesthesia care or  MAC ) and  general 

anesthesia  . Note that the choice of anesthesia technique is 

again dependent on the patient and/or proposed surgery or 

procedure. A typical general anesthesia induction sequence 

for an adult is as follows. After establishing intravenous 

access and placement of standard ASA [ 2 ] monitors, a 

patient is preoxygenated with 100 % oxygen by a face mask. 

An induction dose of intravenous medication such as  propo-

fol  , an opioid such as  fentanyl  , and a muscle relaxant such as 

vecuronium are administered to facilitate the subsequent 

smooth induction of general anesthesia. Once the patient is 

rendered unconscious and anesthetized, direct laryngoscopy 

is performed with a laryngoscope and the trachea is intu-

bated with an endotracheal tube. After confi rmation of endo-

tracheal intubation by auscultation of lungs and presence of 

end-tidal carbon dioxide by monitoring, the patient is placed 

on an anesthesia ventilator and ventilated with a combination 

of anesthetic gases, oxygen, and/or air. Note that if a  total 

intravenous anesthetic (TIVA) technique   with propofol and 

fentanyl is chosen, anesthetic gases are not administered. A 

TIVA technique may be chosen for patients who have reac-

tions to volatile anesthetics, such as patients with malignant 

hyperthermia; the TIVA technique may also be utilized in 

patients with signifi cant history of postoperative nausea and 

vomiting following an inhalational anesthetic. The cardio-

vascular depressant effects of most anesthetics typically 

become evident during and immediately following induction 

of anesthesia. Maintaining cardiovascular stability requires 

(1) careful titration of medications, (2) knowledge of both 

clinical and basic science in physiology and pharmacology, 

and (3) diligent monitoring of patients and their vital signs. 

 For the induction of general anesthesia  in young children  , 

a mask induction technique is often utilized. Since place-

ment of an intravenous catheter preinduction may be trau-

matic to the child and/or diffi cult due to noncooperation, 

mask induction with sevofl urane and/or nitrous oxide is fre-

quently employed.  Sevofl urane   is well tolerated and has a 

low risk of causing either laryngospasm or bronchospasm 

and therefore is commonly utilized for mask induction of 

anesthesia. After placement of ASA monitors, a high con-

centration of sevofl urane along with oxygen is administered 

via a face mask until the patient is determined to be anesthe-

tized and unconscious. A peripheral intravenous catheter is 

then placed to administer additional medication, and a gen-

eral anesthesia and airway management sequence subse-

quently follows, similar to the adult patient. Mask induction 

of anesthesia with sevofl urane is also possible for adults. 

 It is important to note that direct  laryngoscopy   and  endo-

tracheal intubation   can often stimulate the upper and lower 

airways which, in turn, may cause signifi cant changes in 

both blood pressure and heart rate, i.e., if airway responses 

are not blunted. In other words, tachycardia or hypertension 

can occur during laryngoscopy. Commonly, titration of anes-

thetics and opioids is administered to blunt these airways and 

associated sympathetic responses. In some patients (or dur-

ing specifi c surgical procedures), it may be required to add 

invasive monitoring along with the  standard   ASA monitors. 

Specifi cally, such monitors may include (1) invasive arterial 

lines, (2) central venous catheters, (3) pulmonary artery cath-

eters, and/or (4) transesophageal echocardiography.   

17.3     Inhalational Anesthetics 

   Commonly  used      inhalational anesthetics include nitrous 

oxide, isofl urane, desfl urane, and sevofl urane (Fig.  17.1 ). 

Each of these inhalational anesthetics has an identifi ed specifi c 

minimum alveolar concentration (MAC) at which general 

   Table 17.1    Continuum of  depth of sedation  , defi nition of  general anesthesia  , and levels of sedation/analgesia   

 Minimal sedation 

(anxiolysis) 

 Moderate sedation/analgesia 

(“conscious sedation”)  Deep sedation/analgesia  General anesthesia 

 Responsiveness  Normal response to 

verbal stimulation 

 Purposeful response to 

verbal or tactile stimulation 

 Purposeful response 

following repeated or 

painful stimulation 

 Unarousable even with 

painful stimulus 

 Airway  Unaffected  No intervention required  Intervention may be 

required 

 Intervention often 

required 

 Spontaneous ventilation  Unaffected  Adequate  May be inadequate  Frequently inadequate 

 Cardiovascular function  Unaffected  Usually maintained  Usually maintained  May be impaired 

  ASA Standards, Guidelines and Statements. American Society of Anesthesiologists, October 2001 [ 2 ]  
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anesthesia is induced (Table  17.2 ). MAC is defi ned as the 

MAC of an inhaled anesthetic required to prevent movement 

in 50 % of patients in response to a painful stimulus such as 

a surgical incision. It is important to note that both infants 

and children will tend to have a higher MAC requirement 

than adults, while pregnant women and elderly patients have 

lower MAC requirements. MAC is additive, that is, 0.5 

MAC of nitrous oxide and 0.5 MAC of isofl urane result in 1 

MAC total anesthesia. More specifi cally, the brain anesthetic 

partial pressure is dependent upon factors such as inspired 

( F  I ) and alveolar ( F  A ) concentrations of a given anesthetic 

gas. Brain ( F  B ) concentration of an anesthetic is dependent 

upon F A  and F I :

  
F F F

I A B
« «    

    In general, anesthetic uptake is determined by (1) the rela-

tive blood solubility, (2) a patient’s instantaneous cardiac 

output, and (3) the difference between alveolar and venous 

partial pressures [ 3 ] .  Note that the greater the uptake of an 

anesthetic gas into the blood, the slower the rate of induction. 

Inhalational anesthetics with lower blood to gas solubility 

(i.e., desfl urane and sevofl urane) will cause a more rapid 

induction and emergence from general anesthesia, yet higher 

concentrations of these agents are needed for the MAC 

requirements.   

17.3.1     Blood Pressure and Systemic Vascular 
Resistance 

    All  volatile    anesthetics      such as isofl urane, desfl urane, sevo-

fl urane, and halothane will cause dose-dependent effects on 

cardiovascular function. For example, these agents typically 

cause a dose-dependent decrease in mean arterial blood pres-

sure [ 4 – 7 ] .  The relative decrease in mean arterial blood pres-

sure is considered due to decreases in systemic vascular 

resistance, myocardial contractility, sympathetic output, and/

or a combination of the above. In particular, isofl urane, des-

fl urane, and sevofl urane will induce greater decreases in sys-

temic vascular resistance when compared to halothane 

(Table  17.3 ). Further, increasing doses of halothane result 

in small changes in systemic vascular resistance [ 8 ] and 

decreases in mean arterial pressure, yet halothane adminis-

tration is associated with decreases in cardiac output. In general, 

volatile anesthetics decrease systemic vascular resistance by 

causing peripheral vasodilation and thus increasing blood 

fl ow to cutaneous and skeletal muscle tissues [ 4 ] .  It should 

be noted that nitrous oxide causes minimal alteration of sys-

temic vascular resistance when administered alone. Typically, 

an initial drop in blood pressure following induction of anes-

thesia is associated with a decrease in systemic vascular 

resistance and the associated preload. Lowered blood pres-

sure can be increased by administration of intravenous fl u-

ids, placing the patient in a Trendelenburg position, and/or 

by giving peripheral vasoconstrictors such as phenylephrine 

or ephedrine.   

17.3.2           The Cardiac Conduction System 
and the Control of Heart Rate 

 Baroreceptors  located    near    the   aortic root, carotid arteries, 

and other sites detect changes in arterial blood pressure and 

will automatically affect cardiovascular function. A typical 

baroreceptor refl ex from the carotid artery includes the affer-

ent (cranial nerve IX) and efferent (cranial nerve X) nerves. 

An increase in arterial blood pressure is detected by the baro-

receptor, causing a refl ex and nearly instantaneous decrease 

  Fig. 17.1    Chemical structure of commonly administered  inhalational 

anesthetics         

   Table 17.2    Minimal  alveolar   concentration (MAC)    of inhalational 

anesthetics   

 Agent  MAC (% of 1 atmosphere)  Vapor pressure (at 20 °C) 

 Desfl urane  6.0  680 

 Halothane  0.75  243 

 Isofl urane  1.2  240 

 Sevofl urane  2.0  160 

 Nitrous oxide  105 

 Xenon  70 
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in the heart rate. A decrease in arterial blood pressure then 

causes a refl ex increase in heart rate, to maintain cardiac out-

put and organ perfusion. Importantly, volatile anesthetics 

will cause dose-dependent decreases in baroreceptor refl ex 

activity [ 9 ]; hence, hemodynamic compensatory responses 

are attenuated by volatile anesthetics [ 10 ,  11 ]. It is common 

that alterations in hemodynamics due to volatile anesthetics 

may require administration of other pressor medications to 

offset the attenuation of these normal physiologic functions. 

 Volatile anesthetics may also cause specifi c cardiac dys-

rhythmias. Specifi cally, volatile anesthetics have been reported 

to slow the rate of sinoatrial node discharge and also increase 

ventricular and His bundle conduction times [ 12 ], which may 

increase the development of nodal rhythms. Further, volatile 

anesthetics may increase ventricular automaticity by altering 

potassium and calcium ion channels [ 12 ] .  It has been reported 

that halothane increases the incidence of ventricular dysrhyth-

mia, especially when coadministered with epinephrine; in 

contrast, the coadministration of epinephrine with isofl urane, 

desfl urane, or sevofl urane has minimal effect on increasing the 

incidence of ventricular dysrhythmia [ 13 – 15 ] .  Furthermore, 

halothane may blunt the refl ex increases in heart rate which 

typically accompany decreases in blood pressure; it may also 

slow conduction from the sinoatrial node, resulting in junc-

tional ventricular rhythms.  Sevofl urane   and  desfl urane   are also 

known to partially blunt sympathetic barorefl ex sensitivity. 

Importantly, isofl urane is well known to cause signifi cant 

decreases in systemic vascular resistance and thus blood pres-

sure. Yet, the baroreceptor response remains partially intact, 

and thus, cardiac output is maintained relatively stable, with 

isofl urane by associated increases in heart rate. 

 In patient populations such as young children and the 

elderly, it is not uncommon to see decreases in heart rate fol-

lowing induction of anesthesia. An anticholinergic agent 

such as atropine or glycopyrrolate is frequently administered 

to prevent and/or treat such bradycardia.     

17.3.3     Coronary Blood Flow 

   In general,  volatile      anesthetics cause a dose-dependent coro-

nary vasodilation, i.e., with isofl urane having a greater effect 

than halothane [ 16 ,  17 ] .  Increasing the concentration of iso-

fl urane increases coronary blood fl ow, and this also has 

the potential to cause   coronary steal  syndrome   [ 18 ,  19 ] .  

Coronary steal is caused by vasodilation of healthy coronary 

arteries and shunting of blood from myocardium at risk for 

ischemia to areas not at risk. More specifi cally, in coronary 

artery disease, cardiac areas at risk for myocardial ischemia 

have coronary arteries that are already maximally vasodi-

lated. Desfl urane and sevofl urane have not been specifi -

cally associated with coronary steal syndrome [ 20 ,  21 ] .  

Nevertheless, the exact clinical signifi cance of coronary steal 

in humans remains somewhat unresolved.    

17.3.4     Contractility and Cardiac Output 

   Volatile  anesthetics      depress myocardial contractility by 

inducing alterations of calcium ion fl ux [ 22 ] .  The mecha-

nism of the negative inotropic effect of volatile anesthetics 

includes (1) decreased free Ca 2+ , (2) decreased Ca 2+  release 

from sarcoplasmic reticulum, and/or (3) altered contractile 

protein response to Ca 2+  [ 22 ,  23 ] .  Halothane diminishes 

myocardial contractility more than isofl urane, desfl urane, 

and nitrous oxide. More specifi cally, isofl urane and sevofl u-

rane cause minimal change in contractility and thus allow for 

better maintained systemic cardiac output [ 23 ] .  Due to better 

cardiovascular stability following either isofl urane or sevo-

fl urane administration compared to halothane, the former 

agents are typically utilized in patients with congenital heart 

defects and/or depressed myocardial function. 

 Due to the simultaneous stimulation of the sympathetic 

nervous system by volatile agents, the additive myocardial 

depressant effects of nitrous oxide are usually not evident in 

healthy individuals. Yet in a compromised and failing myo-

cardium, its depressant effects on contractility become much 

more evident. More specifi cally, nitrous oxide has been asso-

ciated with sympathomimetic effects, as it (1) increases 

plasma catecholamines, (2) causes mydriasis, and/or (3) 

induces vasoconstriction of systemic and pulmonary circula-

tions [ 24 ] .  When nitrous oxide is administered with opioids 

such as fentanyl, the sympathomimetic effects are minimized 

or abolished. Therefore, the combined administration of 

nitrous oxide and opioids may result in a signifi cant decrease 

in mean arterial pressure and cardiac output. 

   Table 17.3    Cardiovascular effects of  inhalational anesthetics     

 Heart rate  Blood pressure 

 Systemic vascular 

resistance  Cardiac output 

 Sensitize to 

epinephrine  Coronary dilation 

 Desfl urane  +  –  –  0/−  0/+  + 

 Halothane  0  –  0/−  –  +++  + 

 Isofl urane  +  –  –  –  0/+  ++ 

 Sevofl urane  0  –  –  0/−  0/+  0 

 Nitrous oxide  +  0  0  0  0  0 
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 It is important to note that an abrupt increase in a patient’s 

desfl urane concentrations has been associated with a signifi -

cant increase in sympathetic output, resulting in increased 

heart rate and mean arterial pressure. A proposed mechanism 

for this sympathetic stimulation is that it is due to airway and 

lung irritations that occur with the administration of high 

concentrations of desfl urane [ 25 ]. A smaller increase in sym-

pathetic output is commonly associated with isofl urane 

administration, whereas sevofl urane (due to lack of airway 

irritation with its administration) is not associated with any 

increase in sympathetic output, even with a very rapid 

increase in concentration. Due to favorable airway proper-

ties, sevofl urane is used frequently for inhalational induction 

of anesthesia in children. High concentrations of sevofl urane 

(4–8 %) are needed for rapid mask induction and are well 

tolerated in children. Mask induction of anesthesia can also 

be used for adults.    

17.3.5     Pulmonary Blood Flow 

   Volatile  anesthetics      are potent bronchodilators and, in some 

cases, have been used for the treatment of status asthmaticus 

[ 26 ]. In general, it is considered that volatile anesthetics may 

cause mild decreases in pulmonary vascular resistance, 

whereas nitrous oxide administration can cause an increase 

in pulmonary vascular resistance. Thus, the administration of 

nitrous oxide in patients with preexisting pulmonary artery 

hypertension may exacerbate the strain on the right heart by 

increasing their pulmonary vascular resistance. This elevated 

pulmonary vascular resistance may also result in right-to-left 

intracardiac shunting in susceptible patients (i.e., those with 

specifi c ventriculoseptal defects). In general, volatile anes-

thetics also diminish the degree of hypoxic pulmonary vaso-

constriction, which may result in hypoxia. It is important that 

in patients with congenital heart defects (i.e., intracardiac 

shunts, single ventricle, transposition of great arteries, tetral-

ogy of Fallot; see Chap.   10    ), the properties of select volatile 

anesthetics may be critical as they offer better cardiovascular 

stability.    

17.3.6     Cardioprotection/Preconditioning 

   The potential for  myocardial   preconditioning with  volatile   

anesthetics has been extensively studied. Importantly, halo-

genated volatile anesthetics have been shown to provide 

some degree of cardioprotection against injury associated 

with ischemia and reperfusion [ 27 – 30 ] .  The mechanism of 

cardioprotection seems to be similar to ischemic precondi-

tioning fi rst described by Murray et al. [ 31 ] and thus likely 

ultimately involves the mitochondrial potassium (K ATP ) 

channels [ 32 ].    

17.3.7     Future Inhalational Anesthetics 

  Xenon   was fi rst used as an anesthetic gas in humans by 

Cullen and Gross in 1951 [ 33 ]. Xenon, an inert gas, has 

many properties that make it an ideal anesthetic gas; it has 

very low toxicity and is nonexplosive and nonfl ammable. 

The MAC of xenon is approximately 70 %. Its very low 

blood to gas solubility partition coeffi cient (0.115) provides 

fast onset and emergence from anesthesia [ 34 ]. Preliminary 

clinical studies with xenon have shown minimal adverse 

effects on the cardiovascular system and general hemody-

namic parameters [ 34 – 36 ]. More specifi cally, xenon has 

been shown to induce minimal effects on alterations in heart 

rate, coronary blood fl ow, left ventricular pressure, and atrio-

ventricular conduction time [ 37 ]. However, factors that may 

limit the use of xenon as an anesthetic gas are its cost and 

requirements for a unique delivery system; xenon must be 

extracted from the atmosphere, and this process is expensive. 

Nevertheless, special breathing and delivery systems are in 

development [ 38 ]. 

 It should be specifi cally noted that all commonly 

employed volatile anesthetics (i.e., isofl urane, desfl urane, 

sevofl urane, halothane) trigger  malignant hyperthermia   in 

susceptible patients. Malignant hyperthermia is an inherited 

pharmacogenetic disorder that affects skeletal muscle and is 

characterized by a hypermetabolic response when exposed 

to a triggering agent such as these volatile anesthetics and/or 

succinylcholine. Dysregulation of the ryanodine receptor, 

the calcium release channel of sarcoplasmic reticulum, is 

typically involved in the induced/unregulated release of 

calcium from this storage site. Signs and symptoms of 

malignant hyperthermia include sympathetic hyperactivity, 

elevated carbon dioxide production, muscle rigidity, hyper-

thermia, metabolic acidosis, dysrhythmia, and hyperkalemia. 

Treatment of malignant hyperthermia requires immediate 

removal of the triggering agent, intravenous administration 

of dantrolene, and management of the associated symptoms. 

For more details on malignant hyperthermia, see   http://www.

mhaus.org/    .   

17.4     Intravenous Anesthetics 

17.4.1     Barbiturates 

   In  general     , barbiturates cause central nervous system inhibi-

tion (depression) by enhancing the effects of g-aminobutyric 

 acid   (GABA) [ 39 ]. Barbiturates bind to the GABA receptor 

complexes which, in turn, increase chloride channel activi-

ties and cause subsequent inhibition of the central nervous 

system. More specifi cally, the GABA receptor complex has 

binding affi nities for GABA, barbiturates, benzodiazepines, 

propofol, and/or alcohol [ 24 ]. 
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 Thiopental (3–5 mg/kg) and methohexital (1.5–2 mg/kg) 

are common barbiturates used for induction of general anes-

thesia (Fig.  17.2 ). After the intravenous injection of thiopen-

tal or methohexital, anesthesia is induced rapidly, often 

within seconds. Yet, the duration of induced anesthesia after 

a single bolus dose of intravenous barbiturate is short 

(approximately 5 min), due to rapid redistribution from the 

brain to other tissues such as muscle and adipose. Importantly, 

intraarterial injection of thiopental can result in severe vaso-

spasm which may lead to thrombosis, tissue injury, and/or 

even gangrene. If intraarterial injections do occur, counterac-

tive measures such as sympathetic nerve blocks or adminis-

tration of papaverine, phenoxybenzamine, or lidocaine may 

be initiated to decrease induced arterial vasospasm.

   The administration of barbiturates is typically associated 

with decreases in mean arterial pressure which result from 

both induced vasodilation and decreased myocardial con-

tractility (Table  17.4 ). Barbiturates have been also shown to 

cause dose-related myocardial depressions, which are typi-

cally not as pronounced as those associated with volatile 

anesthetics. Yet, barbiturates may cause a small depression 

of the carotid and aortic baroreceptors and therefore an 

induced decrease in mean arterial pressure leading to a refl ex 

tachycardia. If intravenous barbiturates are administered 

slowly, relative hemodynamic stability can be maintained 

[ 40 ], especially in patients with normal intravascular volume 

status. In contrast, a rapid infusion of barbiturates, especially 

in hypovolemic patients, may result in signifi cant hypoten-

sion. Subsequently, typical increases in heart rate upon bar-

biturate administration are not present if the baroreceptor 

refl ex is not intact, as in heart transplant patients or in iso-

lated heart preparations. Importantly, barbiturates do not 

generally sensitize the myocardium to the potential arrhyth-

mic effects of administered catecholamines.  

17.4.2        Benzodiazepines 

    Benzodiazepines are      considered to produce central nervous 

system depression by binding to the GABA receptor 

complex and ultimately increasing chloride channel activi-

ties. Benzodiazepines, such as midazolam and diazepam, 

are often administered as adjuncts to anesthesia for seda-

tion, amnesia, and anxiolysis. Benzodiazepines themselves 

do not have analgesic properties. Noteworthy, benzodiaze-

pines possess anticonvulsant properties and hence can be 

utilized in acute management of seizures. Interestingly, the 

acute administration of benzodiazepines has not been asso-

ciated with signifi cant changes in hemodynamic parameters, 

i.e., blood pressure, heart rate, and systemic vascular resis-

tance are fairly well maintained. However, it has been 

shown that with benzodiazepines, systemic vascular resis-

tance decreases in a dose-related fashion [ 41 ]. In general, 

when administered alone, a typical clinical dose of benzodi-

azepine for preoperative sedation or anxiolysis in adults 

usually is not associated with any signifi cant hemodynamic 

alteration. 

 More specifi cally, induction of anesthesia with mid-

azolam (0.2–0.3 mg/kg intravenous) is associated with a 

decrease in systemic vascular resistance, but with minimal 

effects on cardiac output. Typically, the baroreceptor refl ex 

is considered to remain intact, and thus, a relative decrease 

in mean arterial pressure will result in a responsive increase 

in heart rate. It has been reported that diazepam elicits 

even fewer cardiovascular effects than midazolam, i.e., a 

typical dose required for sedation and anxiolysis in adults 

usually is not associated with any signifi cant hemody-

namic alterations. At most, diazepam administration may 

cause minimal changes in both blood pressure and sys-

temic vascular resistance. Therefore, the coadministration 

  Fig. 17.2    Chemical structure 

of thiopental and 

 methohexital            

   Table 17.4    Cardiovascular effects of  intravenous anesthetics     

 Heart rate  Blood pressure  Systemic vascular resistance  Cardiac output 

 Thiopental  +  –  –  + 

 Ketamine  ++  ++  +  ++ 

 Propofol  0/−  –  –  – 

 Etomidate  0  0/−  0  0 

 Fentanyl  0/−  0  0  0 

 Morphine  0/−  0/−  0/−  0 

 Midazolam  0  0  0  0 

 Methohexital  ++  –  –  0/− 

 Meperidine  ++  0/−  0/−  0/+ 
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of diazepam and nitrous oxide has not been observed to 

be associated with signifi cant decreases in cardiovascular 

function [ 42 ].    

17.4.3     Opioids 

   In general,  opioids      are analgesics that are commonly admin-

istered as adjuncts to anesthesia. Such agents currently used 

in clinical practice include fentanyl, morphine, meperidine, 

alfentanil, sufentanil, and remifentanil (Table  17.5 ). All opi-

oids exert their effect by interacting with opioid receptors 

(mu 1 , mu 2 , kappa, or delta; Table  17.6 ); they are used as 

adjuncts to help blunt sympathetic responses to noxious 

stimuli. Overall, the clinical use of opioids causes minimal 

changes in either cardiac output or blood pressure, yet opi-

oids may generally cause bradycardia due to increased vagal 

tones. At very high doses, opioids may have the following 

effects on a patient’s hemodynamics: inhibition of autonomic 

nervous system, direct myocardial depression, and/or hista-

mine release. More specifi cally, one in vitro study of human 

atrial myocardium found that fentanyl, remifentanil, and suf-

entanil did not modify inotropic effects, while alfentanil 

caused negative inotropy by affecting calcium regulation 

[ 43 ]. Yet, it has also been reported that opioids such as fen-

tanyl may depress rat myocardial contractility by affecting 

calcium regulation [ 44 ]. Finally, it is considered that mor-

phine may cause a decrease in mean arterial pressure by 

inducing histamine release and bradycardia. It should be 

noted that high doses of an intravenous opioid such as fen-

tanyl may cause chest wall rigidity, making manual ventila-

tion of nonparalyzed patients diffi cult.  

17.4.4         Ketamine 

   Ketamine is a  phencyclidine      derivative (Fig.  17.3 ) that induces 

intense analgesia and dissociative anesthesia. Patients who 

receive ketamine can obtain a cataleptic state with open eyes 

and/or ocular nystagmus; intense hallucinations may also be 

experienced by patients receiving ketamine. The typical routes 

for ketamine administration include intravenous (1–2 mg/kg), 

intramuscular (3–6 mg/kg), or oral (5–6 mg/kg). In general, 

ketamine’s effects on the central nervous system are considered 

due to interactions with multiple receptor pathways including 

N-methyl-D- aspartate (NMDA), monoaminergic, opioid, and/

or muscarinic receptors. Due to interactions with pain recep-

tors, ketamine possesses intense analgesic properties.

   Potential side effects of ketamine administration include 

the stimulation of the central sympathetic nervous system 

   Table 17.5     Opioid      agonists commonly used in clinical practice   

 Heart rate  Blood pressure 

 System vascular 

resistance  Contractility  Histamine 

 Meperidine  ++  –  –  +/−  ++ 

 Morphine  0/−  –  –  –  ++ 

 Fentanyl  0/−  0  0  0  0 

 Alfentanil  –  0/−  –  0/−  0 

 Sufentanil  –  0/−  0/−  0/−  0 

 Remifentanil  –  0  0  0  0 

   Table 17.6     Opioid      and opioid receptors   

 Drug  Mu receptor  Delta receptor  Kappa receptor 

 Morphine  +++  +?  + 

 Fentanyl  +++  ? 

 Sufentanil  +++  +  + 

 Buprenorphine  +  – 

 Naloxone  –  –  – 

 Naltrexone  –  –  – 

 Nalbuphine  –  ++ 

 DPDPE  ++ 

 DADLE  +  +++  +? 

 NorBNI  –  –  – 

 DSLET  +  ++ 

 Naltrindole  –  –  – 

  Modifi ed from Goodman and Gilman’s The Pharmacological Basis of Therapeutics, 10th edition (Hardman, J.G., Limbird, L.E., eds., McGraw- 

Hill, New York, NY, 2001)  
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and associated increases in circulating epinephrine and 

norepinephrine. In patients where maintenance of myocar-

dial contractility and systemic vascular resistance is vital 

(i.e., hypovolemia, trauma, and shock), ketamine may better 

stimulate the cardiovascular system to maintain cardiac out-

put and blood pressure. More specifi cally, ketamine has been 

reported to cause an increase in heart rate, blood pressure, 

cardiac output, and myocardial oxygen consumption. Due to 

stimulation of cardiovascular function, ketamine may not be 

appropriate in patients with aortic stenosis, coronary artery 

disease, and/or hypertrophic left ventricle. It should be noted 

that pulmonary arterial pressure may also increase following 

administration of ketamine. Another important side effect 

attributed to ketamine administration is its bronchodilating 

effects; thus, patients with, or at risk for, bronchospasm may 

benefi t from ketamine induction. In contrast, in patients with 

depleted catecholamine stores, ketamine may cause a serious 

depression of myocardial function [ 45 ]. In other words, the 

maintenance or elevation of cardiovascular function may not 

be observed following administration of ketamine in patients 

with depleted catecholamine stores such as those with sepsis. 

Furthermore, ketamine may also increase cerebral perfusion 

and intracranial pressure and thus should be used carefully in 

patients with neurovascular disease. Low dose of ketamine 

may be utilized for analgesia in the perioperative setting.    

17.4.5     Propofol 

   Propofol (1 % solution) is a 2,6-diisopropylphenol (Fig.  17.4 ) 

that is typically administered intravenously for sedation or 

 induction      and maintenance of general anesthesia. Importantly, 

intravenous injections of propofol (1.5–2 mg/kg) are associ-

ated with rapid loss of consciousness (30–60 s) and onset of 

general anesthesia. Furthermore, a general anesthesia main-

tenance infusion of propofol is typically achieved with 150–

200 mcg/kg/min intravenous. Additional advantages of 

propofol include clearer awakening, small cumulative 

effects, and/or decreased incidence of nausea and vomiting.

   Propofol is considered to also interact with GABA recep-

tors and activate them in a similar fashion as barbiturates. 

Likewise, activation of GABA receptors by propofol 

increases the conductance of chloride channels, resulting in 

inhibition of postsynaptic neurons. 

 Of clinical signifi cance, the administration of propofol 

commonly causes a decrease in both systemic vascular resis-

tance and cardiac contractility, hence resulting in decreased 

cardiac output. This reduction in systemic vascular resis-

tance (and vasodilation) is considered due to decreased sym-

pathetic vasoconstrictor activation of vascular smooth 

muscle [ 46 ]. The inhibition of sympathetic tone by propofol 

is reported to be greater than inhibition of parasympathetic 

activity; in some patients, this may result in signifi cant bra-

dycardia and even asystole [ 47 – 49 ]. The induced decrease in 

cardiac contractility is likely due to decreases in calcium 

uptake into the sarcoplasmic reticulum; decreased reuptake 

of calcium results in less calcium available for the next acti-

vation sequence [ 50 ]. 

 Importantly, in patients with decreased left ventricular 

function, the administration of propofol may result in severe 

hypotension and suppressed myocardial contractility. 

Therefore, careful titration of propofol and adequate intra-

vascular hydration is important in these types of patients.    

17.4.6     Etomidate 

   Etomidate (Fig.  17.5 ) is an  imidazole      compound which is 

water soluble at lower pH and lipid soluble at physiologic 

pH. Rapid loss of consciousness is accomplished after intra-

venous injection of etomidate (0.2–0.4 mg/kg). Clinically, 

etomidate is utilized in patients with known conditions of 

decreased cardiac function, hypotension, and/or allergy to 

propofol. It is important to recognize that etomidate lacks 

analgesic properties and does not blunt sympathetic responses 

to direct laryngoscopy and endotracheal intubation.

  Fig. 17.3     Chemical structure of ketamine         

  Fig. 17.4     Chemical structure of propofol         

  Fig. 17.5     Chemical structure of etomidate         
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   Generally, etomidate provides cardiovascular and pulmo-

nary stability; typical induction doses of etomidate result in 

minimal changes in either heart rate or cardiac output. 

Myocardial contractility is well maintained at doses needed 

to induce general anesthesia [ 24 ] and is considered to pro-

duce less myocardial depression when compared to thiopen-

tal [ 51 ]. Etomidate does not induce signifi cant histamine 

release, but it does depress adrenocortical function by inhib-

iting the conversion of cholesterol to cortisol [ 52 ]. 

Specifi cally, a single induction dose of etomidate can cause 

adrenal suppression for 5–8 h [ 53 ], and a continuous infusion 

of etomidate will cause further adrenocortical suppression. 

Typically, there is minimal clinical effect to adrenal suppres-

sion following a single induction dose of etomidate.    

17.4.7     Nondepolarizing Muscle Relaxants 

   In general, the  majority   of nondepolarizing  muscle   relaxants 

have minimal effects on either cardiovascular or hemody-

namic stabilities. Yet when induced, nondepolarizing muscle 

relaxants are believed to elicit cardiovascular effects by stim-

ulating the release of histamine and affecting muscarinic and 

nicotinic receptors (Table  17.7 ). For example, pancuronium 

may cause vagal blockade (antimuscarinic effect) at the sino-

atrial node, resulting in elevation of heart rate. The adminis-

tration of pancuronium is also associated with activation of 

the sympathetic nervous system [ 54 ,  55 ]. Large doses of 

atracurium and mivacurium are associated with histamine 

release which may result in tachycardia or hypotension; such 

patients may display facial fl ushing as a result of histamine 

release. Interestingly, cisatracurium (a stereoisomer of atra-

curium) is not associated with clinically signifi cant hista-

mine release. Finally, it is of interest to note that vecuronium 

and rocuronium are agents that are considered devoid of sig-

nifi cant cardiovascular effects [ 56 ,  57 ].  

17.4.8        Depolarizing Muscle Relaxant 

   Succinylcholine is a  depolarizing      muscle relaxant. It has a 

similar structure to and mimics acetylcholine by binding to 

nicotinic cholinergic receptors. The duration of action of 

succinylcholine is short (minutes) and is broken down by 

the abundant pseudocholinesterase enzyme in the plasma. 

Importantly, the administration of succinylcholine may be 

associated with cardiac dysrhythmias (i.e., junctional 

rhythm and sinus bradycardia) by its muscarinic action at 

the sinoatrial node. Administration of succinylcholine is 

associated with hyperkalemia in susceptible patients such as 

those with malignant hyperthermia, muscular dystrophy, 

spinal cord injury, and/or burn injury. More specifi cally, in 

boys with Duchenne muscular dystrophy, the administration 

of succinylcholine has been linked to episodes of sudden 

cardiac arrest.    

17.4.9     Dexmedetomidine 

    Dexmedetomidine is      an alpha-2 adrenergic agonist which 

provides sedation, anxiolysis, and analgesia without 

depressing respiratory drive. It is similar to clonidine 

except that it has a signifi cantly greater affi nity to alpha-2 

receptors than alpha-1 receptors. Dexmedetomidine is 

commonly used in the perioperative and intensive care unit 

settings as an adjunct to sedation and analgesia medica-

tions. Due to its effect on the centrally mediated alpha-2 

adrenergic receptor, infusion of dexmedetomidine can 

cause bradycardia and hypotension [ 58 ]. During the admin-

istration of a rapid bolus or loading dose of intravenous 

dexmedetomidine, transient hypertension caused by periph-

eral vasoconstriction may occur.    

17.4.10     Acupuncture 

    Acupuncture involves   stimulation  of   specifi c anatomical 

locations on the skin to alter “energy fl ow patterns” 

throughout the body. The skin can be stimulated by man-

ual or electrical stimulation, or the more typical placement 

of small metallic needles. Acupuncture has been used in 

China for thousands of years, and, more recently, there has 

been a surge of interest in these nontraditional methodolo-

gies within the United States. Acupuncture has been uti-

lized for treatment and prevention of multiple health 

conditions such as chronic pain, nausea and vomiting, obe-

sity, substance abuse, and/or asthma. Stress responses and 

cardiovascular effects of pain have reportedly been attenu-

ated by nonpharmacologic techniques such as acupunc-

ture, i.e., it is considered to modulate the body’s pain/

nociceptive system, increasing the release of endogenous 

opioids [ 59 ] and decreasing postoperative pain [ 60 ]. 

Interestingly, in one study using a feline cardiovascular 

   Table 17.7     Nondepolarizing      muscle relaxants   

 Histamine release  Vagal blockade 

 Atracurium  +  0 

 Cisatracurium  0  0 

 Mivacurium  +  0 

 Pancuronium  0  ++ 

 Rocuronium  0  0/+ 

 Vecuronium  0  0 

 Tubocurarine  +++  0 

 Succinylcholine  0  – 
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model, the utilization of electroacupuncture induced 

improvements in regional cardiac wall motion activity dur-

ing myocardial ischemia [ 61 ]. Furthermore, it was reported 

that acupressure applied to females undergoing elective 

cesarean section with spinal anesthesia will elicit reduc-

tions in nausea and vomiting [ 62 ]. 

 The potential advantages of acupuncture for the treatment 

of medical conditions continue to be investigated. 

Importantly, with initial studies indicating some promising 

benefi ts of acupuncture for treatment of multiple medical 

conditions, the National Institutes of Health Consensus 

Conference has recommended that acupuncture be included 

in comprehensive management and may be useful as an 

adjunct treatment or an acceptable alternative [ 63 ]. Finally, 

limitations in the validation of acupuncture may stem from 

diffi culties in creating appropriate randomized, blinded, 

placebo- controlled clinical studies.    

17.4.11     Anesthesia and Temperature 
Regulation 

  General  and   regional anesthesia is often associated with 

dysregulation of a patient’s body thermoregulatory 

responses, which can ultimately be elicited as decreases in 

core body temperature. More specifi cally, during the fi rst 

hour of general anesthesia, it is common for core body tem-

perature to decrease 0.5–1 °C. Most of the body heat lost 

during anesthesia is via convection and radiation, with 

some losses due to conduction and evaporation. Principally, 

anesthetics cause the core body heat to redistribute to the 

periphery, resulting in a drop in core body temperature 

[ 64 ]. In general, one can consider that, under anesthesia, 

patients become poikilotherms (minimal ability to thermo-

regulate). Therefore, multiple modalities to maintain nor-

mothermia during surgery have been developed, including 

(1) forced air warming devices, (2) fl uid warmers, (3) ven-

tilator humidifi ers, (4) water mattresses and vests, (5) radi-

ant heat lamps, and (6) warming blankets or mattresses. 

Other modalities for warming patients include altering 

ambient room temperatures and/or the temperatures of irri-

gation solutions. 

 Importantly, postoperative hypothermia may be associ-

ated with (1) delayed awakening from general anesthesia, 

(2) slowed drug metabolism, (3) coagulopathy, (4) vasocon-

striction and poor tissue perfusion, (5) increases in blood 

viscosity, (6) induced shivering, and/or (7) increased risk of 

surgical site infections [ 65 ]. More specifi cally, postopera-

tive shivering may be detrimental in patients with coronary 

artery disease or other cardiovascular complications, as 

shivering causes increases in oxygen consumption and 

tachycardia. Currently, meperidine is clinically approved 

for the treatment of excessive shivering in postoperative 

situations.   

17.4.12     Myocardial Preconditioning 
with Inhalational and Intravenous 
Anesthetics 

   Since the  initial   report by Murray et al. [ 31 ] on ischemic  pre-

conditioning   of dog myocardium, there has been great inter-

est in myocardial preconditioning with pharmacologic 

agents. This includes myocardial preconditioning with vola-

tile anesthetics such as desfl urane [ 66 ], isofl urane [ 67 ,  68 ], 

and sevofl urane [ 69 ] as well as intravenous opioid agonists 

[ 70 ,  71 ]. Pharmacologic preconditioning is not only limited 

to cardiac tissue; other tissues such as the lung, brain, and 

skeletal muscle [ 72 ] may benefi t from preconditioning. In 

summary, preconditioning with anesthetics may offer life- 

extending benefi ts in the cardiac, vascular, and/or organ 

transplantation surgical patients.    

17.4.13     Heart Transplant 

   With the  increasing    numbers   of individuals surviving heart 

transplants, the anesthetic management of these patients 

after a heart transplant procedure requires special consider-

ations. A transplanted heart is initially totally denervated and 

usually will elicit higher basal heart rates (90–110 beats per 

min), i.e., initial direct autonomic nervous system effects are 

absent. Thus, agents such as atropine and glycopyrrolate will 

not cause increases in heart rate. Vagal stimulation maneu-

vers such as carotid massage and oculocardiac refl ex are also 

absent. However, the administration of acetylcholinesterase 

inhibitors, such as neostigmine, has been associated with 

severe bradycardia and even sinus arrest [ 73 ]. If bradycardia 

develops, administration of direct acting cardiac agents such 

as isoproterenol or epinephrine may be required to increase 

the intrinsic heart rate. In other words, the transplanted heart 

continues to respond to circulating catecholamines, and thus, 

maintenance of cardiac output is aided by increased stroke 

volume (Frank-Starling relationship); maintaining adequate 

preload is considered essential in heart transplant patients 

postoperatively.     

17.5     Summary 

 The perioperative management of patients with complex 

medical conditions, while providing cardiovascular stability, 

continues to put forward both challenges and new develop-

ments. Patients with cardiovascular disease or associated 

comorbidities such as obesity, diabetes, or pulmonary disease 

J.S. Johnson and M.K. Loushin
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may require special attention during general anesthesia. 

Advancements in the fi eld of anesthesiology have continued 

and include (1) new anesthesia medications, (2) improved 

medical equipment for enhanced anesthetic delivery and 

monitoring, and (3) less invasive surgical technologies that 

may not require general anesthetic techniques. Nevertheless, 

with our growing understanding of inhalational and intrave-

nous anesthetics, the maintenance of stable, physiologic 

cardiovascular function is a common component of today’s 

clinical practice.     
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      Blood Pressure, Heart Tones, 
and Diagnoses       
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    Abstract  

  The primary purpose of this chapter is to familiarize the reader with the basic concepts of 

blood pressure, heart tones, and some commonly associated diagnoses. Furthermore, it is 

important to reinforce the need for a deep understanding of basic physiological principles 

when interpreting physical examination fi ndings. Commonly employed invasive and non-

invasive methods for assessing blood pressure are discussed, as well as some of the newer 

technologies on the horizon. It remains the general consensus that even the most sophisti-

cated electronic monitors cannot fully reduce the need for sound clinical skills such as: 

proper patient inspection, palpation, percussion, and/or auscultation.  
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18.1         Blood Pressure 

 Fundamental to providing comprehensive care to patients is 

the ability to perform a physical examination. The optimal 

selection of further tests and treatments depends on a well- 

developed patient history and one’s physical examination 

skills. Two key elements of a physical examination are: (1) 

properly measuring a patient’s blood pressure and (2) careful 

auscultation of their heart sounds. These assessments provide 

important information about the patient’s hemodynamics and 

aid in diagnosing anatomical or physiological pathologies. 

 Naive ideas concerning human circulation and  blood 

pressure   date as far back as ancient Greece. It took until the 

eighteenth century before the fi rst offi cial report describing 

an attempt to measure blood pressure was written, when 

Stephen Hales published a monograph on “Haemastatics” in 

1733. He conducted a series of experiments involving 

 invasive cannulation of arteries in horses, in which he 

directly monitored blood pressure. Unfortunately, such a 

method was not applicable for humans. During the subse-

quent two centuries, there were many contributions to medi-

cal science associated with blood pressure control and its 

assessment. One of the greatest of these contributions was a 

publication in Gazetta medica di Torino in 1896, called 

“A New Sphygmomanometer” by Dr. Riva-Rocci; this pub-

lication is still recognized as the single most important 

advancement in the fi eld of practical noninvasive methods 

for blood pressure estimation. 

 In 1916, French physician Rene Laennec invented the 

fi rst stethoscope, which was constructed from stacked paper 

rolled into a solid cylinder. Prior to his invention, physicians 

around the world would place an ear directly over the 

patient’s chest to hear the heart and/or lung sounds. After 

Dr. Laennec’s initial success, several new models were pro-

duced, primarily made of wood; this stethoscope was called 

a   monaural stethoscope   . The   binaural stethoscope    was 

invented in 1829 by a doctor from Dublin and later gained 

widespread acceptance. In the 1960s, the  Camman binaural 

stethoscope   was considered the standard because of its 

mailto:hutc0079@umn.edu
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superior auscultation capabilities. Today, there continue to 

be advances relative to stethoscope technologies, e.g., there 

are electronic stethoscopes that can send signals to 

 “smartphones.” It is essential for healthcare professionals 

and bioengineers to understand how blood pressure and 

heart tones are obtained, the advantages and disadvantages 

of the different methods used to obtain them, and how to 

interpret the information. 

18.1.1     Physiology of Blood Pressure 

  Blood pressure   is the force applied on arterial walls as the 

heart pumps blood through the circulatory system. The 

rhythmic contractions of the left ventricle result in cyclic 

changes in arterial blood pressure. During ventricular sys-

tole, the heart pumps blood into the circulatory system, and 

the pressure within the arteries reaches its highest level—a 

point known as   systolic blood pressure   . During diastole, the 

pressure within the arterial system falls to its lowest level, a 

point called   diastolic     blood pressure . 

   Mean blood pressure ,   often used clinically, represents 

the time-weighted average of the arterial pressures recorded 

during one cardiac cycle. The alternating systolic and dia-

stolic pressures create outward and inward movement of the 

arterial walls, perceived as arterial pulsation or arterial 

pulse.   Pulse     pressure  is another clinical term which repre-

sents the difference between the systolic and diastolic blood 

pressures. 

 It is accepted convention that blood pressure is mea-

sured in millimeters of mercury (mmHg). A normal sys-

tolic blood pressure is less than 140 mmHg, and a normal 

diastolic blood pressure is less than 90 mmHg. Blood pres-

sure higher than normal signifi es   hypertension    ,  and one 

lower than normal is called   hypotension   . Normal mean 

arterial pressure is between 60 and 90 mmHg. The mean 

arterial pressure has signifi cance in that it will drive tissue 

perfusion and can be measured directly using an automated 

blood pressure cuff or calculated using the following 

formulas:

  
MAP DBP PP or MAP SBP DBP= + = + ´( )éë ùû/ /3 2 3

  

where PP = SBP − DBP, MAP = mean arterial pressure, 

DBP = diastolic blood pressure, PP = pulse pressure, and 

SBP = systolic blood pressure. 

 Blood  fl ow   throughout the circulatory system follows 

pressure gradients. By the time blood reaches the right 

atrium, representing the end point of the venous system, 

pressure will decrease to approx. 0 mmHg. The two major 

determinants of the  arterial blood pressure   are: (1) cardiac 

output, representing the volume of blood pumped by the 

heart (left ventricle) per minute, and (2) systemic vascular 

resistance, which is the impediment to blood fl ow created by 

the vascular bed. Cardiac output depends on a complexity of 

numerous factors including: preload, contractility, afterload, 

heart rate, and/or the heart’s relative rhythm. Systemic vas-

cular resistance is equally complex and controlled by many 

additional factors including vasomotor tone of arterioles, 

terminal arterioles, and/or precapillary sphincters. Blood 

pressure as a function of the cardiac output and systemic 

vascular resistance can be expressed with the following 

abstract formula:

  BP CO SVR= ´    

where BP = blood pressure, CO = cardiac output, and 

SVR = systemic vascular resistance. 

 Cardiac output is expressed by the formula: CO = HR × SV 

where HR = heart rate and SV = stroke volume. SVR is 

expressed by the formula: SVR = {(MAP − RAP) × 80}/CO 

where RAP is right atrial pressure. 

 Blood pressure decreases by 3–5 mmHg in arteries 3 mm 

in diameter and then reaches approx. 85 mmHg when enter-

ing arterioles; this accounts for approx. 50 % of the resis-

tance of the entire systemic circulation. Blood pressure is 

further reduced to around 30–40 mmHg at the point of entry 

into capillaries and then becomes approx. 10 mmHg at the 

venous end of the capillaries. 

 The speed of the advancing pressure wave during each 

cardiac cycle far exceeds the actual blood fl ow velocity. In 

the aorta, the pressure wave speed may be 15 times faster 

than the fl ow of blood. In an end artery, the pressure wave 

velocity may be as much as 100 times the speed of the for-

ward blood fl ow. 

 As the pressure wave  moves   peripherally through the 

arterial tree, wave refl ection, refraction, and interference dis-

tort the pressure waveform, causing an exaggeration of sys-

tolic and pulse pressures. This enhancement of the peripheral 

pulse pressure can cause the systolic blood pressure in the 

radial artery to be 20–30 % higher than the aortic systolic 

blood pressure and the diastolic blood pressure to be approx. 

10–15 % lower than the aortic diastolic blood pressure. 

Importantly, the mean blood pressure in the radial artery will 

closely correspond to the mean  aortic   arterial pressure.   

18.2     Methods of Measuring Blood 
Pressure 

 Arterial  blood pressure   can be measured both noninvasively 

and invasively, as described in the following sections. 
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18.2.1     Noninvasive Methods 

18.2.1.1     Palpation 

  Palpation   is a  relatively   simple and easy method for assess-

ing systolic blood pressure. For example, a blood pressure 

cuff containing an infl atable bladder is applied to the arm and 

infl ated until the arterial pulse felt distal to the cuff  disappears. 

Pressure in the cuff is then released at a speed of approx. 

3 mmHg per heartbeat until an arterial pulse is felt again. 

The pressure at which the arterial pulsation can be detected 

is the systolic blood pressure; diastolic blood pressure and 

mean arterial pressure cannot be readily estimated using this 

method. Furthermore, the systolic blood pressure measured 

using the palpation method is typically an underestimation 

of the true arterial systolic blood pressure, i.e., because of 

insensitivity of one’s sense of touch and the relative delay 

between blood fl ow below the cuff and the appearance of 

arterial pulsations distal to the cuff.  

18.2.1.2     Doppler Method 

 The  Doppler method   for blood pressure  measurement   is a 

modifi cation and improvement of the palpation method. It 

uses a sensor Doppler probe to determine blood fl ow distal to 

the blood pressure cuff. The   Doppler effect    represents a shift 

in the frequency of a sound wave when a transmitted sound 

is refl ected back from a moving object. Such a sound wave 

shift (e.g., caused by blood movement in an artery) is 

detected by a Doppler monitor and presented as a specifi c 

swishing sound. The pressure in the cuff, at which blood 

fl ow is detected by the Doppler probe, is the systolic arterial 

blood pressure. Doppler-assisted blood pressure measure-

ment is more accurate and less subjective in estimating sys-

tolic blood pressure, compared to the palpation method. 

Using Doppler for blood pressure assessment is quite useful 

for patients in shock and patients in low-fl ow states, as well 

as obese and pediatric (very young) patients. Disadvantages 

of the Doppler method include: (1) an inability to detect the 

diastolic blood pressure, (2) a necessity for sound- conducting 

gel between the skin and the probe (air is a poor conductor of 

ultrasound), (3) the likelihood of a poor signal if the probe is 

not applied directly over an artery, and/or (4) the potential for 

 motion   and  electrocautery   artifacts.  

18.2.1.3     Auscultation (Riva-Rocci Method) 

 The  auscultation method   uses a blood  pressure   cuff  placed 

  around an extremity (usually an upper extremity) and a 

stethoscope placed above a major artery just distal to the 

blood pressure cuff (e.g., the brachial artery if using the cuff 

on the upper extremity). Infl ation of the blood pressure cuff 

above the patient’s systolic blood pressure fl attens the artery 

and stops blood fl ow distal to the cuff. As the pressure in the 

cuff is released, the artery becomes only partially com-

pressed, which creates conditions for turbulent blood fl ow 

within the artery and produces the so-called   Korotkoff  

sounds  , named after the individual who fi rst described them. 

Dr. Nikolai Korotkoff fi rst described these sounds which are 

caused by the vibrations created when blood fl ow in the par-

tially fl attened artery transforms from laminar into turbulent, 

and this state persists as long as there is a turbulent fl ow 

within the vessel. Systolic blood pressure is determined as 

the pressure of the infl ated cuff at which Korotkoff sounds 

are fi rst detected. Diastolic blood pressure is determined as 

the cuff pressure at which Korotkoff sounds become muffl ed 

or disappear. 

 Sometimes, in patients with chronic hypertension, there 

can be an auscultatory gap that represents disappearance of 

the normal Korotkoff sounds in a wide pressure range 

between the systolic and diastolic blood pressures. This con-

dition will lead to an inaccurately low blood pressure assess-

ment. Korotkoff sounds can also be diffi cult to detect in 

patients who are in shock, low cardiac output states, or in 

those with marked peripheral vasoconstriction. Increased 

systemic vascular resistance decreases vibration and 

decreases sound formation. Low systemic vascular resis-

tance also leads to inaccurate readings as there is intermittent 

blood fl ow in the vessel. The use of microphones and elec-

tronic sound amplifi cation can greatly increase the sensitiv-

ity of this method. Yet, considerations for systematic errors 

include  motion   artifact  and   electrocautery interference.  

18.2.1.4     Oscillometry 

  Oscillometry   is a  noted   method for blood pressure measure-

ment which employs an automated blood pressure cuff. 

Arterial pulsations cause pressure oscillations in a cuff 

placed over an extremity. These oscillations are at their max-

imum when the cuff pressure equals the mean arterial pres-

sure and decrease signifi cantly when the cuff pressure is 

above the systolic blood pressure or below the diastolic 

blood pressure. Advantages of this approach include the ease 

and reliability of use; some of the potential technical prob-

lems include motion artifacts, electrocautery interference, 

and inability to measure accurate blood pressure when 

patients experience arrhythmias. 

 When selecting a blood pressure cuff for noninvasive 

blood pressure measurement, it is important to select the cuff 

in accordance with the given patient’s size; blood pressure 

cuffs for adult and pediatric patients come in variable sizes. 

An appropriate size means that the cuff’s bladder length is at 

least 80 % and the cuff width is at least 40 % of the patient’s 

arm circumference. If the cuff is too small, it will need to be 

infl ated to a greater pressure to completely occlude the arte-

rial blood fl ow, and the measured pressure can be falsely 

elevated. On the other hand, if the cuff is too large, the pres-

sure inside the cuff needed for complete occlusion of the 

arterial blood fl ow will be less, and the measured pressure 

will likely be falsely low. 
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 Blood pressure is most commonly taken while the patient 

is seated with the arm resting on a table and slightly bent, 

which will typically position the patient’s arm at the level of 

his/her heart. This same principle should be applied if the 

patient is in a supine position; the blood pressure cuff should 

be level with the patient’s heart. If the location of the blood 

pressure cuff during blood pressure measurement is above or 

below the patient’s heart level, measured blood pressure will 

be either falsely lower or higher than the actual pressure. 

This difference can be represented as the height of a column 

of water interposed between the level of the blood pressure 

cuff and the level of the patient’s heart. To convert centime-

ters of water (cm H 2 O) to millimeters of mercury, the mea-

sured height of the water column should be multiplied by a 

conversion factor of 0.74 (1 cm H 2 O = 0.74 mmHg). 

 All of the aforementioned methods for assessing blood 

pressure do so indirectly, by registering blood fl ow below a 

blood pressure cuff.    Other noninvasive methods include 

plethysmography  and   arterial tonometry.  

18.2.1.5     Plethysmography 

 The  plethysmographic method   for blood  pressure   assess-

ment employs the fact that arterial pulsations cause a tran-

sient increase in the blood volume of an extremity and thus 

in the volume of the whole extremity. A fi nger plethysmo-

graph determines the minimum pressure needed by a fi nger 

cuff to maintain constant fi nger blood volume. A light- 

emitting diode and a photoelectric cell are used to detect 

changes in the relative fi nger volume; this information is, in 

turn, used to rapidly adjust the cuff pressure. Data can be 

displayed as a beat-to-beat tracing. Thus, in healthy patients 

and those who are vasodilated, the blood pressure measured 

on a fi nger will correspond to the aortic blood pressure. This 

method allows for continuous noninvasive blood pressure 

measurement and, in addition, can provide information 

regarding pulse pressure and stroke volume variations 

(SVVs). Importantly, this relationship does not hold true for 

patients with low peripheral perfusion, such as those with 

peripheral artery disease, hypothermia, and/or patients in 

low-fl ow states.  

18.2.1.6     Arterial Tonometry 

  Tonometry    devices   can be used  to   determine beat-to-beat arte-

rial blood pressure by adjusting the pressure required to par-

tially fl atten a superfi cial artery located between a tonometer 

and a bony surface (e.g., radial artery). These devices com-

monly consist of an electronic unit and a pressure- sensing 

head. The system includes an adjustable air chamber and an 

array of independent pressure sensors that, when placed 

directly over the artery, assess intraluminal arterial pressures. 

The resultant pressure records resemble invasive arterial blood 

pressure waveforms. Yet, limitations to this method include 

 motion   artifacts and  the   need for  frequent   calibration.   

18.2.2     Invasive Methods of Blood Pressure 
Measurement 

18.2.2.1     Indications 

  Indications   for using direct blood pressure monitoring (arte-

rial cannulation) include consistent hemodynamic instabil-

ity, intraoperative monitoring in selected patients, and use of 

vasoactive drugs such as dopamine, epinephrine, and norepi-

nephrine. Invasive arterial blood pressure allows for beat-to- 

beat measurement of blood pressure as well as a method to 

access arterial blood supply.  

18.2.2.2     Cannulation Sites 

 Arteries  most    often   selected for direct cannulation are the 

radial, ulnar, brachial, femoral, dorsalis pedis, or axillary. 

Cannulation of an artery should be avoided if there is: (1) a 

considered lack of appropriate collateral circulation, (2) 

a skin infection on or near the site of cannulation, and/or (3) 

a known preexisting vascular defi ciency (e.g., Raynaud’s 

disease). The radial artery is the most often selected artery 

for invasive blood pressure monitoring because of easy 

access, superfi cial location, and good collateral fl ow to the 

anatomic region it supplies.  

18.2.2.3     Techniques 

 There are three techniques for arterial cannulation: (1) a 

catheter over a needle, (2) the  Seldinger’s  technique, and (3) 

real-time ultrasound guidance. When using  the    catheter over 

a needle technique  , the operator enters a selected artery with 

a needle over which a catheter has been placed. After free 

blood fl ow through the needle, the catheter is advanced over 

the needle and into the artery, after which the needle is with-

drawn. The catheter is then connected to a pressure- 

transducing system. When using the Seldinger’s technique, 

    the   operator fi rst enters the artery with a needle. After confi r-

mation of free blood fl ow through the needle, the operator 

places a steel wire into the artery and withdraws the needle. 

A plastic catheter is then advanced into the artery over the 

wire, and then the wire is removed and the catheter is con-

nected to a transducer system.  Real-time ultrasound guid-

ance   requires  the   use of a high-frequency transducer to 

visualize the artery and needle. One can use either the cath-

eter over needle or Seldinger’s technique with the ultrasound 

to aid in the placement of the catheter. All three methods 

require sterile techniques and skilled operators.  

18.2.2.4     Considerations 

  Invasive   arterial  pressure   monitoring systems include a cath-

eter (20 gauge for adults and 20–24 gauge for pediatric 

patients), tubing, a transducer, and an electronic monitor for 

signal amplifi cation, fi ltering, and analysis. Such pressure 

transducers are commonly based on the  strain gauge princi-

ple  —stretching a wire of silicone crystal changes its 
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 electrical resistance. The catheter, the connective tubing, and 

the transducer are prefi lled with saline, and the use of a pres-

sure bag provides continuous saline fl ush of the system at a 

typical rate of 3–5 mL/h. These systems should also allow 

for intermittent bolus fl ushes. 

 Quality of information gathered using an invasive blood 

pressure monitoring depends on the dynamic characteristics 

of the whole system. For example, the complex waveform 

obtained from the arterial pulse can be expressed as a sum-

mation of simple sine and cosine waves using Fourier 

 analysis. Most invasive blood pressure monitoring systems 

are designed to have natural frequencies of approx. 16–24 Hz, 

slightly exceeding the frequency of the arterial pulse wave-

form in order to reproduce it correctly. This natural frequency 

is described as that at which the system oscillates when dis-

turbed. Another property of the  catheter-tubing- transducer 

system   is its dumping coeffi cient, characterizing how quickly 

oscillations in the system will spontaneously decay. 

 In a given case, both the natural frequency and the dumping 

coeffi cient are primarily determined by the length, size, and 

compliance of the catheter and tubing employed, as well as by 

the presence of any air bubbles or blood clots that may be 

trapped in the tubing. This chapter is not intended to go into 

details about how to determine and change the system charac-

teristics but briefl y describe how artifacts can be induced (e.g., 

underdamping the system will exaggerate artifacts). Further, a 

catheter whip can result in a signifi cant overestimation of the 

systolic blood pressure. Likewise, overdamping will blunt the 

response of the catheter-tubing- transducer system and lead to 

an underestimation of the systolic blood pressure. In addition, 

systems with a low natural frequency will show amplifi cations 

of the pressure curves, thus causing overestimation of the sys-

tolic blood pressure. Diastolic blood pressure will also be 

affected by altering the abovementioned factors but to a lesser 

degree. Note that system response characteristics can be opti-

mized by using short, low-compliance tubing and by avoiding 

air trapping by using a fl ushing system. 

 When an invasive blood pressure system is connected to 

a patient, it should be zero referenced and calibrated.  Zero 

referencing   is performed by placing the transducer at the 

level of the midaxillary line, which corresponds to the level 

of the patient’s heart when the patient is supine. The system 

is then opened to air, closed to the patient, and adjusted to a 

0 mmHg baseline. Note that for proper zero referencing, it is 

not necessary for the transducer to be at the level of the 

patient’s heart as long as the stopcock, which is opened to air 

during zero referencing, is at that level. The system is then 

directed to record from the patient and thus is ready for use. 

  System calibration   is a separate procedure and involves 

connecting the invasive blood pressure system to a mercury 

manometer, closing the system to the patient, and pressuriz-

ing it to certain predetermined pressures. The gain of the 

monitor amplifi er is then adjusted until displayed pressure 

equals the pressure in the mercury manometer. 

Recommendations are to perform zero referencing at least 

once on every clinical shift and this type of calibration at least 

once daily. It should be noted that some of the more contem-

porary transducer designs rarely require  external   calibration. 

 When connected to a patient, today’s invasive blood pres-

sure monitoring systems provide digital readings of systolic, 

diastolic, and mean blood pressures and pressure waveforms. 

Watching the trend of a waveform and its shape can provide 

other important information as well. More specifi cally, the 

top of the waveform represents the peak systolic blood pres-

sure, and the bottom is the diastolic blood pressure. The 

dicrotic notch is caused by the closure of the aortic valve and 

backsplash of blood against the closed valve. The anacrotic 

notch is rarely seen distal to aortic root cannulation and thus 

is not useful in invasive blood pressure management. The 

rate of the upstroke of the arterial blood pressure wave 

depends on the myocardial contractility, whereas the rate of 

the downstroke is affected by the systemic vascular resis-

tance. As the arterial waveform progresses down the arterial 

system, a steeper upstroke and decreased diastolic blood 

pressure are observed. This is due to the loss of kinetic 

energy as the wave travels down the arterial system as well as 

the change in elasticity in the arterial walls. 

 Importantly, exaggerated variation in the size of the waves 

with respiration typically suggests hypovolemia. Thus, the 

trained eye can gain insight about a patient’s cardiovascular 

status by evaluating aspects of this signal. Integrating the 

area under the waveform can be used for calculating the 

mean arterial pressure. Various invasive arterial line systems 

now perform arterial pressure waveform analysis in addition 

to calculating the mean arterial pressure. These systems 

allow for continuous cardiac output monitoring and also 

measurement of SVV, pulse pressure variation (PPV), and 

systolic pressure variation. Both SVV and PPV are excellent 

indicators of volume responsiveness. These systems use dif-

ferent methods of analyses which include: pressure record-

ing analytical method, pulse power analysis, and pulse 

contour analysis. Despite these advances in arterial pressure 

waveform analyses, there are disadvantages to using such a 

system in that: (1) some require calibration or a central 

venous cannula to be placed; (2) some are inaccurate in 

patients with arrhythmias, hemodynamic instability, and/or 

the presence of ventricular assist devices and balloon pumps; 

and (3) some rely on an accurate arterial waveform to pro-

duce  accurate   information.  

18.2.2.5     Complications 

 Potential  complications   associated with arterial cannulation 

include bleeding, hematoma, infection, thrombosis,  ischemia 

distal to the cannulation site, vasospasm, embolization with air 

bubbles or blood clots, nerve damage, pseudoaneurysm forma-

tion, atheroma, and/or inadvertent intra-arterial  drug   injection.    
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18.3     Diagnoses 

18.3.1     Pulsus Paradoxus 

 Normally, the arterial and  venous   blood pressures fl uctuate 

throughout the respiratory cycle, decreasing with inspiration 

and rising with expiration. Yet, this fl uctuation in the blood 

pressure under normal conditions is less than 10 mmHg. 

Inspiration increases venous return, therefore increasing the 

right heart output transiently, according to the Frank–Starling 

law. As the blood is sequestered in the pulmonary circulation 

during inspiration, the left heart output is reduced and is 

expressed as a lower systolic blood pressure. The right ven-

tricle contracts more vigorously and mechanically bulges the 

interventricular septum toward the left ventricle, reducing its 

size and  accounting   for even lower systolic blood pressure. 

 Pulsus paradoxus  is defi ned as an inspiratory decrease of 

systolic blood pressure by more than 10 mmHg. 

 Certain conditions drastically reduce the transmural or 

distending (fi lling) pressure of the heart and interfere with 

the diastolic fi lling of the ventricles. In such cases, there is 

typically an exaggeration of the inspiratory fall in the sys-

tolic blood pressure, which results from reduced left ven-

tricular stroke volume and the transmission of the negative 

intrathoracic pressure to the aorta. Common causes for such 

reduction include pericardial effusion, adhesive pericarditis, 

cardiac tamponade, pulmonary emphysema, severe asthma, 

paramediastinal effusion, endocardial fi brosis, myocardial 

amyloidosis, scleroderma, mitral stenosis with right heart 

failure, tricuspid stenosis, hypovolemia, and/or pulmonary 

embolism. Associated clinical signs include a palpable 

decrease in pulse with inspiration and decrease in the inspi-

ratory systolic blood pressure of more than 10 mmHg com-

pared to the expiratory pressure. On clinical examination, 

one can detect extra beats on cardiac auscultation during 

inspiration, when compared to a peripheral pulse. This may 

also be observed on an invasive  arterial   waveform.  

18.3.2     Pulsus Alternans 

   Pulsus alternans    is an alternating weak and strong peripheral 

pulse, caused by alternating weak and strong heart contrac-

tions. A weak contraction will decrease the ejection fraction, 

hence increasing the end-diastolic volume (the volume of 

blood remaining in the ventricle after a weak heart contrac-

tion). As a result, in the next cardiac cycle, the  heart   will be 

stretched more; according to the Frank–Starling mechanism, 

this will then generate higher pressures and a stronger per-

ceived pulse. Pulsus alternans may be found in patients with 

severe heart failure, various degrees of heart block, altera-

tions in calcium, and/or arrhythmias. Pulsus alternans is 

characterized by a regular rhythm and must be distinguished 

from pulsus bigeminus, which is an irregular heart rate (see 

below). One may observe an alteration in the amplitude of 

the peak systolic pressure on the invasive arterial waveform.  

18.3.3     Bigeminal Pulse 

 A   bigeminal pulse    is caused  by   occurrences of premature 

contractions (usually ventricular) after every other heartbeat, 

resulting in an alternation in the relative pulse strength. 

Bigeminal pulse can often be confused with pulsus alternans. 

However, in contrast to the latter in which the rhythm is reg-

ular, in pulsus bigeminus the weak beat always follows a 

shorter pulse interval; thus there is an arrhythmia.  

18.3.4     Pulse Defi cit 

   Pulse defi cit  is the   inability  to   detect some arterial pulsations 

when the heart beats, as can be observed in patients with 

atrial fi brillation, in states of shock, or with premature ven-

tricular complexes. The easiest way to detect pulse defi cit is 

to place a fi nger over an artery while monitoring the QRS 

complexes on an electrocardiogram monitor. A QRS com-

plex without a detected corresponding pulse represents a 

pulse defi cit. In the presence of atrioventricular dissociation, 

when atrial activity is irregularly transmitted to the ventri-

cles, the strength of the peripheral arterial pulse depends on 

the relative timing of the atrial and ventricular contractions. 

In a patient with rapid heartbeats, the presence of such varia-

tions suggests ventricular tachycardia. With an equally rapid 

rate, an absence of variation of pulse strength suggests  a 

   supraventricular   mechanism. See Chaps.   13     and   28     for an 

additional description of arrhythmias.  

18.3.5     Wide Pulse Pressure 

   Wide pulse pressure   ,  often   called   water hammer pulse   , is 

observed in cases of severe aortic regurgitation and consists 

of an abrupt upstroke (percussion wave) because the left ven-

tricle receives increased blood volume and then is followed 

by a rapid collapse later in systole with no dicrotic notch.  

18.3.6     Pulsus Parvus Et Tardus 

 The phenomenon of  pulsus parvus (small) et tardus (late)     

is observed in    cases of aortic stenosis and is caused by 

reduction in stroke volume and prolonged ejection phase, 

producing reductions and delays in the volume increments 

inside the aorta. “Tardus” refers to delayed or prolonged 

early systolic acceleration, while “parvus” refers to dimin-

ished amplitude and rounding of the systolic peak.  
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18.3.7     Bisferiens Pulse 

 A  bisferiens (   biphasic    ) pulse   is    characterized   by two systolic 

peaks—the percussion  and   tidal waves—separated by a dis-

tinct midsystolic dip. The peaks are often equal, or one may 

be larger. Bisferiens pulse occurs in conditions in which a 

large stroke volume is ejected rapidly from the left ventricle 

and is observed most commonly in patients with either pure 

aortic regurgitation or with a combination of aortic regurgita-

tion and stenosis. A bisferiens pulse can also be elicited by 

patients with hypertrophic obstructive cardiomyopathy. In 

these patients, the initial prominent percussion wave is asso-

ciated with rapid ejection of blood into the aorta during early 

systole, followed by a rapid decline as the obstruction 

becomes prominent in midsystole, followed by a tidal wave. 

Very rarely, bisferiens pulse occurs in individuals with a nor-

mal heart.  

18.3.8     Dicrotic Pulse 

 Not to be confused with  a   bisferiens pulse,    in which both 

peaks occur in systole, the  dicrotic pulse  is characterized by 

a second peak positioned in diastole immediately after the 

second heart sound. The normally small wave that follows 

aortic valve closure (dicrotic notch) is exaggerated and mea-

sures more than 50 % of the pulse pressure on direct pressure 

recordings. A dicrotic pulse usually occurs in conditions 

such as cardiac tamponade, severe heart failure, and hypovo-

lemic shock, in which a low stroke volume is ejected into a 

soft elastic aorta. Rarely, a dicrotic pulse can be noted in 

healthy adolescents or young adults.   

18.4     Heart Tones 

18.4.1     Physiology and Normal Heart Sounds 

 The  primary heart tones   are caused  by   vibrations created by 

pressure differentials during closure of the heart valves. 

Normal valve opening is relatively slow and makes little or 

no audible sound. In general, heart tones are brief and char-

acterized by varying intensities (loudness), frequencies 

(pitch), and qualities (timbre). To understand heart tones bet-

ter, let us briefl y review the physiology of the cardiac cycle. 

The electric impulse for cardiac contraction starts from the 

sinus node located in the right atrium, thus causing the right 

atrium to contract fi rst. Contraction of the ventricles begins 

with the left ventricle, resulting in mitral valve closure 

slightly before closure of the tricuspid valve. Ejection, on the 

other hand, starts in the right ventricle, because the right 

 ventricular ejection normally occurs at a much lower 

 pressure than the left ventricular ejection. Yet ejection ends 

fi rst in the left ventricle, causing the aortic valve to close 

slightly before the pulmonic valve. 

 The  fi rst heart sound   (S1) arises from closure of the mitral 

valve (M1) and shortly thereafter by closure of the tricuspid 

valve (T1). There is some evidence that the fi rst heart sound 

(S1) is due to the movement of blood in early systole and is 

due to the peak rate of rise of left ventricular systolic pres-

sure. The initial component of the fi rst heart sound (M1) is 

most prominent at the cardiac apex and occurs just before the 

upstroke of the carotid pulse. The second component (T1), 

when detected, normally presents at the left lower sternal bor-

der; it is less commonly heard at the apex and is seldom heard 

at the base. When the fi rst heart sound noticeably splits, like 

in Ebstein’s anomaly (often associated with delayed right 

ventricular activation), its fi rst  component   is normally louder. 

 As mentioned previously, the intensity of heart sounds 

will increase with increases in pressure gradients across a 

particular valve. With an increasing pressure gradient, the 

blood velocity and the resultant force causing valve closure 

will increase, producing louder and more easily detectable 

sounds. Another factor affecting the intensity of the sound 

produced by an atrioventricular valve is the valvular position 

at the onset of systole. Note that when ventricular contrac-

tion occurs against a wide open valve, the leafl ets will 

achieve higher velocity, and thus the heart sound will be 

louder compared to a sound produced by a valve with par-

tially closed leafl ets at the beginning of systole. 

 The  second heart sound   (S2) is caused by closure of the 

aortic and the pulmonic valves. Normally the fi rst compo-

nent of this second heart sound is caused by the aortic valve 

closure (A2), followed shortly thereafter by the pulmonic 

valve closure (P2). 

 The physiological  third heart sound   (S3) (Fig.  18.1 ) 

occurs shortly after A2 and is a low-pitched vibration caused 

by rapid ventricular fi lling during diastole. Physiological S3 

  Fig. 18.1     Third heart sound   
(see text for details).  A2  aortic 
valve closure,  P2  pulmonic 
valve closure,  S1  fi rst heart 
sound,  S3  third heart sound       
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sounds can commonly be heard in children, adolescents, and 

young adults. When detected after 30 years of age, S3 is 

referred to as   ventricular gallop    and is considered a sign of 

possible cardiac pathology. In most of the S3 ventricular gal-

lop cases, there is diastolic dysfunction associated with ven-

tricular failure. Normal third heart sounds sometimes persist 

beyond 40 years of age and are more commonly found in 

women.

   The physiological  fourth heart sound   (S4) (Fig.  18.2 ) is 

typically soft and low pitched and best heard in late diastole 

just before S1. S4 is generated by rapid ventricular fi lling dur-

ing atrial systole, causing vibrations of the left ventricular 

wall and the mitral apparatus. Normally, S4 is primarily heard 

in infants, small children, and adults over the age of 50 years. 

A loud S4, which can be associated with shock, is considered 

as a  pathological   sign and is referred to as a   S4 gallop   .

18.4.2        Auscultatory Areas 

  Heart sounds generated by different valves are best heard 

over certain  auscultatory areas  , which bear the valve names 

of (but do not specifi cally correspond to) the exact anatomi-

cal locations of the valves. 

 The aortic auscultation area is located over the second 

intercostal space at the right sternal border (Fig.  18.3 ). The 

pulmonic auscultation area is located in the second intercos-

tal space at the left sternal border. The mitral auscultation 

area is just over the heart’s apex, located in the fi fth intercos-

tal space, left of the sternum; this area is also called a left 

ventricular or apical area. The tricuspid auscultation area is 

located at the left lower sternal border. For patients with a 

left thoracic heart position (normal situs), auscultation 

should begin at the cardiac apex and continue with the left 

  Fig. 18.2     Fourth heart sound   
(see text for details).  A2  aortic 
valve closure,  P2  pulmonic 
valve closure,  S1  fi rst heart 
sound,  S4  fourth heart sound       

  Fig. 18.3    Auscultatory areas, 
including the aortic, 
pulmonic, mitral, and 
tricuspid auscultation areas       
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lower sternal border (following the infl ow), and then the ses-

sion should proceed interspace after interspace, up the left 

sternal border, up to the left myocardial base, and then move 

to the right base (outfl ow). This type of examination permits 

clinicians to think physiologically, i.e., following the infl ow–

outfl ow direction of the blood fl ow.

   To most easily distinguish between the fi rst and second 

heart sounds, one should take into account that there is a 

l onger pause between S2 and S1 than between S1 and S2, 

caused by the fact that systole is shorter than diastole. S1 is 

also of longer duration and lower pitch, compared to the 

shorter duration and higher pitch of S2. In general, S1 is best 

heard at the heart’s apex, and S2 is best auscultated over the 

aortic and pulmonic areas. 

 The normal heart sounds represent naturally occurring phe-

nomena in a healthy heart, whereas cardiac pathologies can 

change the intensity and/or the timing of the occurrence of 

sounds and/or even create new ones, often called  murmurs     .  

18.4.3     Abnormal Heart Sounds 

  Conditions that accentuate S1  sounds   include mitral stenosis 

(most often), left-to-right shunts, hyperkinetic circulatory 

states, accelerated atrioventricular conduction, and/or tricus-

pid stenosis. A diminished S1 can be caused by mitral and 

tricuspid stenosis, moderate or severe aortic regurgitation, 

slow atrioventricular conduction, and/or hypocontractility 

states. A diminished S1 sound can also be observed in 

patients with thick chest walls, such as in individuals with 

excessively developed body musculature, obese patients, or 

in patients with emphysema. 

 Variability in the S1 sound can be observed in states caus-

ing variation in the velocity of atrioventricular valve closure, 

such as ventricular tachycardia, atrioventricular block, ven-

tricular pacemakers, atrial fi brillation, and so on. An accen-

tuated S2 is commonly detected in patients with: (1) diastolic 

or systolic hypertension, (2) aortic coarctation, (3) aortic 

dilation, (4) atherosclerosis of the aorta, and/or (5) pulmo-

nary hypertension which is characterized by a loud pulmo-

nary component of the second heart sound. A diminished S2 

sound is detected most often in aortic valvular stenosis, pul-

monic stenosis, and/or pulmonary emphysema. 

 Some degree of the splitting of the S2 sound can be nor-

mally heard during inspiration. Yet, abnormal or persistent S2 

splitting is clinically associated with: (1) delayed activation of 

the right ventricle; (2) prolonged right ventricular ejection time 

relative to left ventricular ejection time, like in pulmonic steno-

sis, mitral regurgitation, or ventricular septal defect; or (3) 

increased impedance of the pulmonary vasculature, as in mas-

sive pulmonary embolism or pulmonary hypertension. 

Persistent S2 splitting may also be observed in cases in which 

the aortic and pulmonic components of the second heart sound 

remain audible during both inspiration and expiration. This 

type of persistent splitting is often caused by a delay in the 

pulmonary component, such as that occurring in complete right 

bundle branch block, but it can also be caused by an early tim-

ing of the aortic component often associated with mitral insuf-

fi ciency. Changes in the duration of the split interval (greater 

with inspiration, lesser with exhalation) in the presence of both 

components defi ne the split as persistent and not fi xed. 

 Fixed splitting of S2 is commonly found in patients with 

atrial septal defect, severe pulmonic stenosis, or right ven-

tricular failure. S2 fi xed splitting is characterized by wide and 

persistent intervals between the aortic and pulmonary compo-

nents, remaining unchanged during the respiratory cycle. 

   Paradoxical splitting    refers to a reversed sequence of the 

semilunar valve (aortic and pulmonic) closures, with the pul-

monary component (P2) preceding the aortic component 

(A2). Paradoxical splitting of S2 is caused by a delay in the 

A2, varying with the inspiratory cycle and can be caused by: 

(1) a complete left bundle branch block, (2) premature right 

ventricle contractions, (3) ventricular tachycardia, (4) severe 

aortic stenosis, (5) left ventricular outfl ow obstruction, (6) 

hypertrophic cardiomyopathy, (7) coronary artery disease, 

(8) myocarditis, and/or (9) congestive cardiomyopathy. 

 Normally, blood fl ow in the heart is laminar and does not 

produce vibrations.   Murmurs    are created whenever there is a 

pathology causing increased turbulent fl ow, often associated 

with abnormal shunts, obstructions, or even the reversing of 

fl ow. In other words, turbulent fl ow within the heart creates 

vibrations that can be heard as murmurs. The various mur-

murs are described both on the basis of appearance in rela-

tion to the cardiac cycle and on the basis of changes in 

features such as intensity (loudness), frequency (pitch), con-

fi guration (shape), quality, duration, and/or direction of radi-

ation. For example, intensity or loudness can be graded from 

1 to 6. Based on time of existence relative to the cardiac 

cycle, murmurs are classifi ed as systolic, diastolic, or 

 continuous. Depending on their life cycle during systole or 

diastole, they are further subclassifi ed into early-, mid-, and 

late-systolic or diastolic murmurs such that:

•     Early systolic murmur   begins with S1 and ends before the 

midsystole.  

•    Midsystolic murmur   starts after S1 and ends before S2.  

•    Late systolic murmur   begins in the middle of systole and 

ends at S2.  

•    Holosystolic murmur   starts with S1 and continues for the 

duration of the whole systole.  

•    Early diastolic murmur   begins with S2.  

•    Middiastolic murmur   begins after S2.  

•    Late diastolic murmur   begins just before S1.  

•    Continuous murmur   continues during both systole and 

diastole.    

 Based on changes in intensity, murmurs are commonly 

described as: (1) crescendo, increasing in intensity; (2) 
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decrescendo, decreasing in intensity; (3) crescendo–decre-

scendo, when the intensity of the murmur fi rst increases and 

then decreases; or (4) plateau, the intensity of the murmur 

remains constant.   

18.4.4     Dynamic Auscultation 

  The term  dynamic auscultation   refers to a technique of 

adjusting circulatory dynamics by means of respiration or 

various other planned physiological or pharmacological 

maneuvers and then determining their effects on the dynam-

ics of the heart sounds and murmurs. Commonly altered 

variables that can affect sound and murmurs include: (1) 

changes in venous return affecting cardiac preloads, (2) 

changes in systemic vascular resistance, (3) changes in con-

tractility, (4) changes in heart rate or rhythm, and/or (5) 

maneuvers affecting pressure gradients within the heart. To 

date, diagnostic maneuvers frequently used for altering heart 

sounds include inspiration, expiration, exercise level, or 

body position (e.g., recumbent position, left semilateral posi-

tion, standing up, sitting up, or leaning forward). 

 In general, spontaneous inspiration causes decreased 

intrathoracic pressure, increased venous return, increased 

right ventricular preload, and decreased pulmonary vascular 

resistance. Thus, modifying inspiration is used to increase 

the intensity of S3 and S4 gallops, tricuspid and pulmonic 

stenoses or regurgitation murmurs, or mitral and tricuspid 

clicks. Inspiration also causes some degree of splitting of S2, 

caused by prolonged right ventricular ejection. In contrast, 

expiration causes just the opposite—decreased venous 

returns (preloads) and decreased right-sided fl ows. Note that 

sounds and murmurs originating on the left side of the heart 

tend to be accentuated during expiration. 

 In addition, changes in a patient’s positioning can affect 

heart sound intensity; this is caused by relative changes of 

ventricular preload, ventricular size, and movement of the 

heart closer to or farther from the chest wall. A recumbent 

position typically accentuates murmurs of mitral and tricus-

pid stenoses. Similarly, a left semilateral position accentuates 

left-sided S3 and S4, mitral opening snaps, and mitral regur-

gitation murmurs. Standing will affect general hemodynam-

ics by pooling blood in the lower extremities and decreasing 

heart fi lling pressure and ventricular size. Thus, standing up is 

clinically used to accentuate mitral and tricuspid clicks. 

Sitting up accentuates tricuspid valve opening snaps, and sit-

ting up and leaning forward are the best maneuvers for 

enhancing murmurs due to aortic and pulmonic regurgitation 

or aortic stenoses. Exercise causes increases in heart rate, 

shortens diastole, elevates left atrial pressure, and shortens 

the time for closure of the heart valves. Hence, physiological 

changes during exercise increase amplitude of S1, S2, S3, and 

S4, mitral opening snap, existing mitral regurgitation or ste-

nosis, and/or patent ductus arteriosus murmur. 

 Two other pathological sounds, heard when auscultating 

the heart, are  clicks  and  opening snaps .  Clicks   are caused by 

the rapid movement of valvular structures.  Systolic clicks   are 

referred to as ejection or nonejection clicks, depending on 

their timing relative to systole.  Ejection clicks  , occurring early 

in systole, commonly indicate semilunar valve anomalies and, 

in rare conditions, great vessel lesions.  Nonejection clicks   are 

heard in mid- to late systole and represent mitral (more often) 

or tricuspid valve prolapses. In contrast, a  tricuspid valve 

opening snap   is often heard when there is tricuspid valve ste-

nosis and in conditions associated with increased blood fl ow 

across the tricuspid valve (e.g., presence of large atrial septal 

defect). Similarly, a mitral valve opening snap is caused by 

elevated left atrial pressure, resulting in rapid valve opening to 

the point of maximum excursion.  Mitral valve opening snap   is 

often associated with mitral stenosis and less often with a ven-

tricular septal defect, second- or third-degree atrioventricular 

block, patent ductus arteriosus, and hyperthyroidism. The 

mitral valve opening snap is similar in quality to normal heart 

sound and is often clinically confused with a splitting of S2.   

18.4.5     Specifi c Murmurs 

 The murmur caused by aortic stenosis (Fig.  18.4 ) is character-

ized as a holosystolic crescendo–decrescendo murmur which is 

best heard at the aortic auscultation area. The high- velocity jet 

within the aortic root results in radiation of the murmur upward, 

to the right second intercostal space, and further into the neck. 

Although this murmur when heard in the second right intercos-

  Fig. 18.4     Aortic stenosis murmur   caused by stenotic aortic valve. Normally a holosystolic crescendo–decrescendo murmur is best heard at the 
aortic auscultatory area.  P2  pulmonic valve closure,  S1  fi rst heart sound,  S4  fourth heart sound       
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tal space is typically harsh, noisy, and impure, the same mur-

mur heard when auscultating over the left apical area can be 

pure and often considered musical. The harsh  basal murmur  is 

believed to be caused by vibrations created when high-velocity 

blood jets are ejected through the aortic root. The musical sec-

ond component of the  aortic stenosis murmur   originates from 

periodic high- frequency vibrations of the fi brocalcifi c aortic 

cusps and can be quite loud and heard even from a distance 

without an auditory aid. Murmurs of aortic stenosis are accen-

tuated by expiration, sitting up, and/or leaning forward. The 

high- frequency apical midsystolic murmur of aortic stenosis 

should be distinguished from the high-frequency apical mur-

mur of mitral regurgitation, a distinction that may be diffi cult or 

even impossible to detect, especially if the aortic component of 

the second heart sound is soft or absent. In such patients, echo-

cardiography will likely be required to determine the relative 

cardiac pathophysiology. See Chap.   22     for more information 

on echocardiographic methods.

   A murmur caused by pulmonary valve stenosis is a char-

acteristic midsystolic murmur originating in the right side of 

the heart and best auscultated over the pulmonic auscultation 

area. This murmur begins after the fi rst heart sound, rises to 

a peak in crescendo, and then decreases in slow decrescendo, 

fi nishing before a delayed or soft pulmonary component of 

the second heart sound. In general, the length and the profi le 

of this murmur depend on the severity of the pulmonary 

valve obstruction. 

 The murmur caused by  aortic   insuffi ciency (Fig.  18.5 ) is 

an early decrescendo diastolic murmur originating in the left 

side of the heart and best heard over the aortic and pulmonic 

auscultation areas. This murmur begins with the aortic com-

ponent of the second heart sound (S2). The intensity and con-

fi guration of such a murmur tend to refl ect the volume and 

rate of regurgitant fl ow. Radiation of this murmur to the right 

sternal border can signify aortic root dilation, often associated 

with Marfan’s syndrome. In chronic aortic regurgitation, the 

aortic diastolic pressure always signifi cantly exceeds the left 

ventricular diastolic pressure, so the decrescendo is subtle, 

and yet the murmur is well heard throughout diastole. The 

diastolic murmur of acute severe aortic regurgitation differs 

from the chronic aortic regurgitation murmur primarily in that 

the diastolic murmur is relatively short. The short duration of 

the acute severe aortic regurgitation murmur is due to the fact 

that aortic diastolic pressure rapidly equilibrates with the rap-

idly rising diastolic pressure in the nondilated left ventricle. 

The aortic insuffi ciency murmur is accentuated during expi-

ration, sitting up, or leaning forward.

   A  pulmonary regurgitation murmur   is an early diastolic 

murmur originating from the right side of the heart. In this 

case, the second heart sound is often split with the murmur 

proceeding from its latter part; it is loud because of relatively 

high transvalvular pressure. The high pulmonary diastolic 

pressure generates high-velocity regurgitant fl ows resulting 

in a high-frequency blowing murmur that may last through-

out diastole. Because of the persistent and signifi cant differ-

ences between the pulmonary arterial and right ventricular 

diastolic pressures, the amplitude of this murmur is relatively 

uniform throughout most of the diastole. 

  Mitral stenosis murmur   (Fig.  18.6 ) is caused by a stenotic 

mitral valve and is crescendo–decrescendo holodiastolic by 

  Fig. 18.5     Aortic insuffi ciency murmur  . Early decrescendo diastolic murmur originating in the left side of the heart and best heard over the aortic 
and pulmonic auscultation areas.  A2  aortic valve closure,  P2  pulmonic valve closure,  S1  fi rst heart sound       

  Fig. 18.6     Mitral stenosis murmur.   Crescendo–decrescendo holodia-
stolic murmur, caused by a stenotic mitral valve. Best heard at the 
mitral auscultation area, this murmur is accentuated by exercise and by 

assuming a recumbent position.  A2  aortic valve closure,  OS  opening 
snap,  P2  pulmonic valve closure,  S1  fi rst heart sound       
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nature. It is heard best at the mitral auscultation area and is 

typically accentuated both by exercise and assuming a 

recumbent position. A mitral stenosis murmur that lasts up to 

the fi rst heart sound, even after long cardiac cycle, indicates 

that the stenosis is severe enough to generate a persistent 

gradient even at the end of long diastole.

   The murmur caused by tricuspid stenosis is relatively 

middiastolic in origin and differs from the mitral stenosis 

middiastolic murmur in two important aspects: (1) the  tricus-

pid stenosis murmur   becomes increasingly louder with inspi-

ration; and (2) to best hear this murmur, one auscultates over 

a relatively localized area along the left lower sternal border. 

Detectable inspiratory increases in loudness occur because 

of augmentation of the right ventricular volume, decreases in 

right ventricular diastolic pressure, and increases of the gra-

dient and fl ow across the stenotic tricuspid valve. This mur-

mur is best detected over the left lower sternal border, as it 

originates within the infl ow portion of the right ventricle and 

is then transmitted to the overlying chest wall. 

  Mitral regurgitation murmurs   (Fig.  18.7 ) are considered 

to be caused by insuffi ciencies of the mitral valve and are 

systolic murmurs best heard at the mitral auscultation area. 

These murmurs are accentuated by exercise and left semilat-

eral position. Acute severe mitral regurgitation is often 

accompanied by an early systolic murmur or holosystolic 

murmur that has a decrescendo pattern, which diminishes or 

ends before the second heart sound. The physiological mech-

anism responsible for this early systolic decrescendo mur-

mur is acute severe regurgitation into a relatively normal size 

left atrium with limited distensibility. In such patients, the 

regurgitant fl ow is typically maximal early in systole and 

reaches minimum by late systole.

   Another early systolic murmur is the   tricuspid regurgita-

tion murmur    (Fig.  18.8 ), which is often associated with 

infective “endocarditis.” The mechanisms responsible for the 

timing and confi guration of this murmur are analogous to 

those described for mitral regurgitation. It is also a systolic 

murmur best heard over the tricuspid area and accentuated 

by inspiration.

   The typical murmur associated with an  atrial septal defect   

(Fig.  18.9 ) is also a systolic murmur which is caused by 

increased blood fl ow through the pulmonary valve and thus 

is best heard over the pulmonic auscultation area. Most often, 

the atrial septal defect involves the fossa ovalis, which is 

midseptal in location and is of the ostium secundum type (for 

more details, see Chaps.   3     and   10    ). This type of defect is a 

true defi ciency of the atrial septum and should not be con-

fused with a patent foramen ovale. The magnitude of the left-

to- right shunt through an atrial septal defect depends on the 

size of the defect and also the relative compliance of the ven-

tricles, as well as the relative resistances in both the pulmo-

nary and systemic circulations. The increased pulmonary 

valve fl ow causes a delay (splitting) of the pulmonic compo-

nent of the second heart sound.

   The murmur associated with a patent ductus  arteriosus   

(Fig.  18.10 ) is caused by an abnormal continuous turbulent 

fl ow through a patent ductus connecting the aorta with the 

main pulmonary artery. It is also considered a continuous 

“machinery murmur,” heard during both systole and diastole, 

because aortic pressure is higher than the pressure in the pul-

monary artery throughout the cardiac cycle. Other associated 

clinical fi ndings in patients with patent ductus arteriosus 

include: bounding peripheral pulse, wide pulse pressure, 

infraclavicular and interscapular systolic murmurs, precor-

dial hyperactivity, hepatomegaly, bradycardia, episodes of 

apnea, and/or respiratory insuffi ciency.

   The resultant murmur associated with a ventricular septal 

defect (Fig.  18.11 ) is systolic, with its intensity depending on 

the relative size of the defect. A  ventricular septal defect 

murmur   is caused by abnormal blood fl ow from the left to 

the right ventricle or from the right to the left ventricle, as in 

Eisenmenger’s syndrome. This latter syndrome is the revers-

ing of the left-to-right shunt in patients with atrial septal 

defects, ventricular septal defects, or a patent ductus arterio-

sus; all are caused by increased pulmonary and right-sided 

pressure, secondary to increased pulmonary blood fl ow. This 

murmur is best heard over the mitral auscultation area located 

over the myocardial apex. Septal defects are commonly 

treated, sometimes noninvasively, thus eliminating these 

murmurs. See also Chap.   37    .

18.5         Recent Developments 

 The clinical applications of cardiac auscultation remained the 

same for centuries until recently, when some companies took 

auscultation to a whole new level by developing portable elec-

tronic stethoscopes. The central idea behind the electronic 

stethoscope is that human hearing is imperfect and can only 

detect a small fraction of the vast frequency ranges produced 

by the human heart. Therefore, recording the entire sound spec-

trum would provide novel information and thus increase our 

ability to diagnose pathologies. More specifi cally, using  elec-

tronic auscultation  , heart sounds can be recorded for: (1) stor-

age, (2) later direct or remote playback, or (3) post-processing 

(i.e., sending via email, digital amplifi cation, fi ltering for noise 

reduction, and/or electronic manipulation for accentuating par-

ticular sounds or eliminating noise). They allow the user to lis-

ten at various frequencies to better hear specifi c heart sounds 

and fi lter out ambient noise such as lung sounds. Today, elec-

tronic stethoscopes can easily record a phonocardiogram, pro-

viding visual sound representation. Furthermore, they can be 

viewed equally well by everyone, thus eliminating errors asso-

ciated with different hearing levels and/or clinical skills. 
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  Fig. 18.7    Caused by an insuffi ciency of the mitral valve,  the   mitral regurgitation murmur is a systolic murmur best heard over the mitral ausculta-
tion area.  A2  aortic valve closure,  P2  pulmonic valve closure,  S1  fi rst heart sound       

  Fig. 18.8    The  tricuspid regurgitation murmur   is a systolic murmur best heard over the tricuspid area and is accentuated by inspiration.  A2  aortic 
valve closure,  P2  pulmonic valve closure,  S1  fi rst heart sound       

  Fig. 18.9    The murmur associated with  atrial septal defect is   systolic and caused by increased blood fl ows through the pulmonic valve. Atrial sepal 
defect murmur is best heard over the pulmonic auscultation area.  A2  aortic valve closure,  P2  pulmonic valve closure,  S1  fi rst heart sound       

  Fig. 18.10    Commonly associated with patent ductus arteriosus,    this murmur is caused by a turbulent continuous fl ow through the ductus connect-
ing the aorta with the main pulmonary artery.  A2  aortic valve closure,  P2  pulmonic valve closure,  S1  fi rst heart sound       

  Fig. 18.11    Murmur associated with ventricular septal  defect   is systolic, caused by blood fl ow from the left to the right ventricle (or the right to 
the left ventricle in Eisenmenger’s syndrome).  A2  aortic valve closure,  P2  pulmonic valve closure,  S1  fi rst heart sound       
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 Many companies typically employ proprietary technol-

ogy and software and therefore offer: (1) different fi ltering 

capabilities, (2) various modes for presenting information, 

(3) varied sizes and weights, and/or (4) varied ease of use 

with some basic diagnostic capabilities. There are several 

signal processing techniques employed, each providing 

slight advantages or disadvantages in obtaining different 

parts of the sound spectrum. For example, Fourier trans-

form, short-time Fourier transform, wavelet transform, and 

discrete wavelet transform are incorporated sound-process-

ing techniques used in digital stethoscopes. These stetho-

scopes have also evolved to: (1) be pocket sized, (2) work 

with any pair of headphones, (3) have the capability to 

transmit the sound to any tablet or smartphone (for replays), 

and/or (4) be displayed within a visual waveform format. 

Nevertheless, the main limitation of digital  stethoscopes   is 

the somewhat subjective nature of sound interpretation. 

Despite the unique quality of heart tones and murmurs, the 

sounds obtained with digital stethoscopes must still be inter-

preted by physicians, similar to acoustic stethoscopes. One 

way to deal with this limitation is to run the digitally 

obtained and processed sound through an algorithm to iden-

tify key parameters and yield relative diagnoses. In the near 

future, promising technology for achieving this diagnostic 

approach may be made available through the use of the arti-

fi cial neural network, i.e., so that input data can be com-

pared against learned data. The potential advantage is that 

the network is adaptive and able to learn based on informa-

tion fed to the system during a learning phase. However, this 

technology is still in development stages.  

18.6     Summary 

 It remains the general consensus that even the most sophisti-

cated electronic monitors cannot fully reduce the need for 

sound clinical skills like proper patient inspection, palpation, 

percussion, and/or auscultation. Furthermore, it is important 

to reinforce the need for a deep understanding of basic physi-

ological principles when interpreting physical examination 

fi ndings. In general, the application of technologies in this 

area is viewed as helpful and can speed up decision making, 

but it cannot replace one’s knowledge of basic pathophysio-

logic mechanisms. 

 The primary purpose of this chapter was to familiarize the 

reader with the basic concepts of blood pressure, heart tones, 

and some common associated diagnoses. It should be noted 

that many descriptions of the general scientifi c and clinical 

principles used in the chapter are simplifi ed for clarity; this is 

also true for many of the described underlying physiology 

and pathology mechanisms. By no means is this chapter a 

complete review of the presented topics. There are many 

medical books dedicated to each topic, and readers are 

strongly encouraged to further research sources and review 

in-depth information of interest.     
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  The recorded electrocardiogram (ECG) remains as one of the most vital monitors of a 

patient’s cardiovascular status and is used today in nearly every clinical setting. This chap-

ter discusses the ECG as a measure of how the electrical activity of the heart changes over 

time, as action potentials within each myocyte propagate throughout the heart during each 

cardiac cycle. By utilizing the resultant electrical fi elds present in the body, electrodes can 

be placed around the heart to measure potential differences as the heart depolarizes and 

repolarizes. Furthermore, various techniques for obtaining ECG data are presented. 

 Electrocardiography has progressed rapidly since it was fi rst employed back in the early 
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analysis techniques, are continually being developed. The trend has been toward develop-

ing smaller, easier-to-use devices that can gather and remotely send a wealth of information 

to aid patient diagnosis and treatment.  

  Keywords  

  Electrocardiogram   •   ECG waveform   •   12-Lead ECG   •   ECG placement   •   ECG recording 

devices   •   Holter monitor   •   Loop recorder  

        S.   Vieau ,  MS      (*) 
  Medtronic, Inc. , 
  8200 Coral Sea Street NE, MVN61 ,  Minneapolis ,  MN   55112 , 
 USA   
 e-mail: sarah.a.vieau@medtronic.com   

    P.  A.   Iaizzo ,  PhD    
  Department of Surgery ,  University of Minnesota , 
  Minneapolis ,  MN ,  USA    

 19

19.1         The Electrocardiogram 

 An   electrocardiogram  (ECG)   is a measure of how the elec-

trical activity of the heart changes over time, as action poten-

tials within each myocyte propagate throughout the heart as 

a whole during each cardiac cycle. In other words, the ECG 

is not a direct measure of the cellular depolarization and 

repolarization, but rather the recording of the cumulative 

signals produced by populations of cells eliciting changes in 

their membrane potentials at a given point in time. The ECG 

provides specifi c waveforms of electrical differences when 

the atria and ventricles depolarize and repolarize. 

 The human body can be considered, for the purposes of 

an ECG, as a large volume conductor. It is fi lled with tissues 

surrounded by a conductive medium, in which the heart is 

suspended. During the cardiac cycle, the heart contracts in 

response to action potentials moving through the chambers 

of the heart in a coordinated fashion. As this normally occurs, 

one part of the cardiac tissue is depolarized and another part 

is at rest or polarized. This results in a charge separation, or 

dipole, which is illustrated in Fig.  19.1 . The moving dipole 

causes current fl ow in the surrounding body fl uids between 

the ends of the heart, resulting in fl uctuating electric fi elds 

throughout the body. This is much like the electric fi eld that 

would result, for example, if a common battery was sus-

pended in a saltwater solution (an electrically conductive 

medium). The opposite poles of the battery would cause cur-

rent fl ow in the surrounding fl uid, creating an electric fi eld 

that could be detected by electrodes placed in the solution. A 
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similar electrical fi eld around the heart can be detected using 

electrodes attached to the skin. The intensity of the voltages 

detected depends on the orientation of the electrodes with 

respect to that of the dipole ends. The amplitudes of the 

 signals are proportional to the masses of tissue involved in 

creating that dipole at any given time. Typically one employs 

electrodes on the surface of the skin to detect the voltages of 

these electrical fi elds, which is what gives rise to the ECG.

   It is important to note that, because the surface ECG is 

measured from the skin, any potential differences within the 

body will have an effect on the resultant electrical fi elds that 

are being detected. This is why it is important, for diagnostic 

purposes, that patients remain as still as possible while 

recording an ECG. Movements from skeletal muscle activa-

tion (electromyograms, EMGs) will contribute to the changes 

in voltage detected using electrodes on the surface of the 

body. A  resting ECG  is recorded when the patient is essen-

tially motionless; this type of ECG signal is discussed in the 

majority of this chapter)   .  

19.2     ECG Devices 

 The    invention of electrocardiography had an immeasurable 

impact on the fi eld of cardiology. It has provided insights 

into the structure and function of healthy and diseased hearts. 

Thus, the ECG has evolved into a powerful diagnostic tool 

for heart disease, including the detection of arrhythmias, 

myocardial infarction, and/or hypertrophy, among others. 

The use of ECG has become a standard of care in cardiology, 

and new technological advances are continually being made.  

19.3     History of the ECG 

 The discovery    of intrinsic electrical activity within the heart 

can be traced back to as early as the 1840s. In 1842, the 

Italian physicist Carlo Matteucci fi rst reported that an electri-

cal current accompanies each heartbeat. Soon after, the 

German physiologist, Emil DuBois-Reymond, described the 

fi rst action potential that accompanies muscle contraction. 

Rudolph von Koelliker and Heinrich Miller recorded the fi rst 

cardiac action potential using a galvanometer in 1856. 

Subsequently, the invention of the capillary electrometer in 

the early 1870s by Gabriel Lippmann led to the fi rst record-

ing of a human ECG by Augustus D. Waller. 

 The capillary electrometer is a thin glass tube containing 

a column of mercury that sits above sulfuric acid. With vary-

ing electrical potentials, the mercury meniscus moves and 

this can be observed through a microscope. Using this capil-

lary electrometer, Waller was the fi rst to show that the elec-

trical activity precedes the mechanical contraction of the 

heart. He was also the fi rst to show that the electrical activity 

of the heart can be seen by applying electrodes to both hands 

or to one hand and one foot. Waller’s work was the fi rst 

description of “limb leads.” Interestingly, Waller would often 

publicly demonstrate his experiments with his dog, Jimmy, 

who would stand in jars of saline during the recording of the 

ECG. 

 A major breakthrough in cardiac electrocardiography 

came with the invention of the string galvanometer by 

Willem Einthoven in 1901. He reported the fi rst ECG using 

his string galvanometer the following year. Einthoven’s 

string galvanometer consisted of a massive electromagnet 

  Fig. 19.1    After conduction 
begins at the sinoatrial node, 
cells in the atria begin to 
depolarize. This creates an 
electrical wavefront that 
moves down toward the 
ventricles, with polarized 
cells at the front, followed by 
depolarized cells behind. The 
separation of charge results in 
a dipole across the heart (with 
the large  black arrow  showing 
its direction). Modifi ed from 
Mohrman and Heller (2003). 
 SA =   sinoatrial       
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with a thin silver-coated string stretched across it; electric 

currents that passed through the string would cause it to 

move from side to side in the magnetic fi eld generated by the 

electromagnet. The oscillations in the string would provide 

information regarding the strength and direction of the elec-

trical current. The defl ections of the string were then magni-

fi ed using a projecting microscope and were recorded on a 

moving photographic plate (Fig.  19.2 ). Years earlier, utiliz-

ing recordings from a capillary electrometer, Einthoven was 

also the fi rst to label the defl ections of the heart’s electrical 

activity as P, Q, R, S, and T waveforms.

   In 1912, Einthoven made another major contribution to 

the fi eld of cardiac electrophysiology by deriving a mathe-

matical relationship between the direction and size of the 

defl ections recorded by the three limb leads. This hypothesis 

became known as   Einthoven’s triangle   . The standard three 

limb leads were used for three decades before Frank Wilson 

described unipolar leads and the precordial lead confi gura-

tion. The  12-lead ECG   confi guration used today consists of 

the standard limb leads of Einthoven and the precordial and 

unipolar limb leads based on Wilson’s work (see the follow-

ing discussion for details on these recordings). 

 Following Einthoven’s invention of the string galvanom-

eter, electrocardiography quickly became a research tool for 

both physiologists and cardiologists. Much of the current 

knowledge involving arrhythmias was obtained through 

recording ECGs. In 1906, Einthoven published the fi rst 

results of ECG tracings of atrial fi brillation, atrial fl utter, 

ventricular premature contractions, ventricular bigeminy, 

atrial enlargement, and induced heart block within a dog. 

Einthoven was awarded the Nobel Prize for his body of work 

and inventions in 1924. 

 During this same era, Thomas Lewis was one of the pio-

neering cardiologists who utilized the capabilities of the 

ECG to further scientifi c knowledge of arrhythmias. His 

fi ndings were summarized in his books   The Mechanism of 

the Heart Beat    and   Clinical Disorders of the Heart Beat    pub-

lished in 1911 and 1912, respectively. He also published over 

100 research papers describing his work. Importantly, Lewis 

was also the fi rst to use the terms: sinoatrial node, pace-

maker, premature contractions, paroxysmal tachycardia, and 

atrial fi brillation. 

 Myocardial infarction and angina pectoris were also 

extensively studied with ECG, using the early string galva-

nometer device. Numerous clinical investigators further 

studied the changes within ECG signals that were associated 

with the onset of myocardial infarction in both animals and 

humans. By the 1930s, characteristic features of the ECG for 

the diagnostic indications of myocardial infarction had been 

identifi ed, and later on, the connection between angina pec-

toris and coronary occlusion was made. Further, while study-

ing electrocardiographic changes accompanying angina 

pectoris, Francis Wood and Charles Wolferth performed the 

fi rst exercise electrocardiographic stress test. Their use of 

exercise during ECG analyses stemmed from the observation 

that many of their patients experienced angina only during 

physical exertion. During this period, this technique was not 

routinely used, since it was thought to be very dangerous. 

  Fig. 19.2    Willem 
Einthoven’s string 
galvanometer consisted of a 
massive electromagnet with a 
thin silver-coated string 
stretched across it. Electric 
currents passing through the 
string caused it to move from 
side to side in the magnetic 
fi eld generated by the 
electromagnet. The 
oscillations in the string 
provided information on the 
strength and direction of the 
electrical current. The 
defl ections of the string were 
then magnifi ed using a 
projecting microscope and 
recorded on a moving 
photographic plate. Reprinted 
with permission from 
NASPE- Heart Rhythm 
Society History Project       
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Nevertheless, with advances in protocols and technologies, 

the ECG emerged as an important and commonly employed 

diagnostic tool for physicians. 

 ECG equipment has come a long way since Einthoven’s 

string galvanometer. Of interest, the Cambridge Scientifi c 

Instrument Company in London was the fi rst to manufacture 

this instrument back in 1905; it was massive, weighing in at 

600 pounds. A telephone cable was used to transmit electri-

cal signals from a hospital over a mile away to Einthoven’s 

laboratory. A few years later, Max Edelman of Cambridge 

Scientifi c Instrument Company manufactured a smaller ver-

sion of the instrument (Fig.  19.3 ). However, it wasn’t until 

the 1920s that bedside machines became available. A few 

years later, a “portable” version was manufactured in which 

the instrument was contained in two wooden cases, each 

weighing close to 50 pounds. In 1935, the Sanborn Company 

manufactured an even smaller version of the unit that only 

weighed about 25 pounds.

   Interestingly, the use of ECG in a nonclinical setting 

became possible in 1949, with Norman Jeff Holter’s inven-

tion of the   Holter monitor   . The fi rst version of this instrument 

was a 75-pound backpack that could continuously record the 

ECG and transmit these signals via radio. Subsequent ver-

sions of such systems have been dramatically reduced in size 

and now use a digital recording of the signal. Today, miniatur-

ized systems (Fig.  19.4 ) allow patients to be monitored over 

longer periods of time (usually 24 h) to help diagnose any 

problems with rhythm or ischemic heart  disease  .

19.4        The ECG Waveform 

 As an  ECG   is recorded, signals of voltage versus time are pro-

duced, which are normally displayed in millivolts (mV) versus 

seconds. A typical Lead II ECG waveform is shown in Fig.  19.5 . 

For this recording, the negative electrode was placed on the right 

wrist and the positive electrode placed on the left ankle, a stan-

dard Lead II ECG. As such, one can observe a series of peaks 

and waves that correspond to ventricular or atrial depolarization 

and repolarization, with each segment of the signal representing 

a different event within the cardiac cycle.

  Fig. 19.3    A diagram of 
Cambridge Scientifi c 
Instrument Company’s 
smaller version of the string 
galvanometer. Reprinted with 
permission from NASPE- 
Heart Rhythm Society History 
Project       

  Fig. 19.4    A version of the  Holter monitor   that is used currently. The 
one seen here is manufactured by Medical Solutions, Inc. (Maple 
Grove, MN, USA)       
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   The normal cardiac cycle begins with the fi ring of the 

sinoatrial node, located within the right atrium. This initial 

fi ring is not detected by a typical ECG, because the sinoatrial 

node is not composed of an adequately large quantity of cells 

to create a detectable electrical potential, i.e., a signal with 

an amplitude high enough to be recorded with distal elec-

trodes. The depolarization of the sinoatrial node is then con-

ducted rapidly throughout the right and left atria, giving rise 

to the P-wave; this represents the depolarization of both atria 

and the onset of atrial contraction, and the P-wave is nor-

mally around 80–100 milliseconds (ms) in duration. As the 

P-wave ends, the atria are thus depolarized and this relates to 

their contraction. The signal then returns to baseline while 

action potentials (not large enough to be detected) spread 

through the atrioventricular node and bundle of His. Then, 

roughly 200 ms after the beginning of the P-wave, the right 

and left ventricles begin to depolarize resulting in the record-

able QRS complex, which is approximately 100 ms in dura-

tion. The fi rst negative defl ection (if present) is the Q-wave, 

the large positive defl ection is the R-wave, and if there is a 

negative defl ection after the R-wave, it is called the S-wave. 

As the QRS complex ends, the ventricles are completely 

depolarized and are contracting. Importantly, the exact shape 

of the QRS complex depends on the placement of electrodes 

from which the signals are recorded. 

 Simultaneous with the QRS complex, atrial contractions 

have ended and the atria are repolarizing. However, it is 

important to note that the effects of this global atrial repolar-

ization are suffi ciently masked by the much larger amount of 

tissue involved in ventricular depolarization, and thus, it is 

not normally detected in the ECG. Toward the end of ven-

tricular contraction, the ECG signal returns to baseline. The 

ventricles repolarize after contraction, giving rise to the 

T-wave. The T-wave is normally the last detected potential in 

the cardiac cycle; thus, it is followed by the P-wave of the 

next cycle, repeating the process. 

 It is clear that the QRS complex has a much higher and 

shorter duration peak than either the P- or T-waves. This is 

due to the fact that ventricular depolarization simultaneously 

occurs over a greater mass of cardiac tissue (i.e., a greater 

number of myocytes depolarizing at nearly the same time). 

Ventricular depolarization is much more synchronized than 

either atrial depolarization or ventricular repolarization. For 

additional details relative to the types of action potential that 

occur in various regions of the heart, the reader is referred to 

Chap.   13    . It is important to note that defl ections in the ECG 

waveforms represent the changes only in electrical activity 

and have different time courses of generalized cardiac con-

traction or relaxation which take place on a slightly longer 

time scale. Figure  19.6  details certain points on the ECG 

waveform and how they relate to other events in the heart 

during the cardiac cycle.

   Lastly, the recorded ECG waveforms in some individuals 

may elicit a potential referred to as the U-wave. Its presence 

is not fully understood, but is considered by some to be 

caused by late repolarizations within the vast Purkinje sys-

tem. If detected, the U-wave will be toward the end of the 

T-wave and have the same polarity (positive defl ection). 

However, it typically has a much shorter amplitude and 

ascends more rapidly than it descends (which is the opposite 

of the T-wave)   .  

19.5     Measuring an ECG 

 The  ECG   is typically measured from electrodes placed on 

the surface of the skin; this can be done by placing a pair of 

electrodes directly on the skin and then monitoring the 

potential difference between them, as these electrical signals 

are transmitted throughout the body. The detected waveform 

features depend not only on the amount of cardiac tissue 

involved but also the relative orientation of the electrodes, 

i.e., with respect to the major dipoles in the heart. Recall that 

ECG waveforms will look different when measured from 

different electrode positions, and typically an ECG investi-

gation is obtained using a number of different electrode loca-

tions (e.g., limb leads or precordial) or confi gurations 

(unipolar, bipolar, modifi ed bipolar) which have been stan-

dardized by universal applications of certain conventions. 

19.5.1     Bipolar Limb Leads 

 Today,  the   three most commonly employed lead positions 

are referred to as Leads I, II, and III. Imagine the torso of the 

body as an equilateral triangle as illustrated in Fig.  19.7 . This 

forms what is known as  Einthoven’s triangle  (named for the 

  Fig. 19.5    A typical ECG waveform for one cardiac cycle, measured 
from the Lead II position. The P-wave denotes atrial depolarization and 
the QRS ventricular depolarization, and the T-wave denotes ventricular 
repolarization. The events on the waveform occur on a scale of hun-
dreds of milliseconds. Modifi ed from Mohrman and Heller (2003)       
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Dutch scientist who fi rst described it). Electrodes are placed 

at each of the vertices of the triangle, and three ECG traces 

(either Lead I, II, or III) are measured along the correspond-

ing sides of this triangle using the electrodes at each end. 

Because each lead uses one electrode on either side of the 

heart, Leads I, II, and III are also referred as the bipolar 

leads. The positive and negative signs shown in Fig.  19.7  

indicate the polarity of each lead measurement, which are 

viewed as the universal convention. The vertices of the triangle 

can be considered to be at the wrists and left ankle for elec-

trode placement, as well as the shoulders and lower torso.

   As an example, if the Lead II ECG trace shows an upward 

defl ection, it would mean that the voltage measured at the 

left leg (or bottom apex of the triangle) is more positive than 

the voltage measured at the right arm (or upper right apex of 

the triangle). One time point where this happens is during the 

P-wave. Imagine the orientation of the heart as shown in 

Fig.  19.8 , with the action potential propagating across the 

  Fig. 19.6    A typical Lead II 
ECG waveform is compared 
to the timing of 
atrioventricular and semilunar 
valve activity, along with 
which segments of the cardiac 
cycle the ventricles are in 
systole/diastole.  ECG =   
electrocardiogram       

  Fig. 19.7    The limb leads are 
attached to the corners of 
 Einthoven’s triangle   on the 
body. Each lead uses two of 
these locations for a positive 
and negative lead. The “+” 
and “−” signs indicate the 
orientation of the polarity 
conventions. Modifi ed from 
Mohrman and Heller (2003)       
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atria, creating a dipole pointed downward and to the left side 

of the body. This can be represented as an arrow (Fig.  19.8 ) 

showing the magnitude and direction of the dipole in the 

heart. This dipole would, overall, create a more positive volt-

age reading at the left ankle electrode than at the right wrist 

electrode, thus eliciting the positive defl ection of the P-wave 

on the Lead II ECG.

   Now, imagine how that same action potential propaga-

tions would appear on the other lead placements, Leads I and 

III, if placed at the center of Einthoven’s triangle (Fig.  19.8 , 

right side). One can think of each of these lead placements as 

viewing the electrical dipole from three different direc-

tions—Lead I from the top, Lead II from the lower right side 

of the body, and Lead III from the lower left side—all look-

ing at the heart along the frontal plane. In this example, the 

atrial depolarization creates a dipole that gives a positive 

defl ection for all three leads, because the arrow’s projection 

onto each lead (in other words, measuring the cardiac dipole 

from each lead) results in the positive end of the dipole 

pointed more toward the positive end of the lead than the 

negative end. This is why atrial depolarization (P-waves) 

always appears as a  positive defl ection , but with different 

wave  magnitudes , for Leads I, II, and III. Ventricular depo-

larization, however, is a bit more complicated and results in 

various directions of the Q- and S-wave potentials depending 

on which lead trace is being utilized for  recording  .  

19.5.2     The Electrical Axis of the Heart 

 The  direction   and magnitude of the overall dipoles of the 

heart at any instant are also known as the heart’s  electrical 

axis , which can be plotted as a vector originating in the center 

of Einthoven’s triangle such that the direction of the dipole is 

typically assessed in degrees. The convention for this is to 

use a horizontal line across the top of Einthoven’s triangle as 

0° and move clockwise downward (pivoting on the negative 

end of Lead I) as the positive direction. Note that the electri-

cal axis changes direction throughout the cardiac cycle, as 

different parts of the heart depolarize and repolarize in dif-

ferent directions. The top row of panels in Fig.  19.9  shows 

the dipoles spreading across the heart during a typical car-

diac cycle, beginning with atrial depolarization. The bottom 

row shows the corresponding defl ections on each ECG lead 

(I, II, and III). Note that, at certain points, the electrical axis 

of the heart may give opposite defl ections on the different 

ECG leads.

   As can be observed in Fig.  19.9 , depolarization begins at 

the sinoatrial node in the right atrium and then spreads 

through the atria forming the P-wave. The atria depolarize 

downward and to the left, toward the ventricles, followed by 

a slight delay at the atrioventricular node before the ventri-

cles depolarize. The initial depolarization in the ventricles 

normally occurs on the left side of the septum, creating a 

dipole pointed slightly down and to the right. This gives a 

negative defl ection of the Q-wave for Leads I and II; how-

ever, it is positive in Lead III. Depolarization then continues 

to spread down the ventricles toward the apex, which is when 

the most tissue mass is simultaneously depolarizing with the 

same relative orientation. This gives the large positive defl ec-

tion of the R-wave for all three leads. Ventricular depolariza-

tion then continues to spread through the cardiac wall and 

fi nally fi nishes in the left ventricular wall. This results in a 

positive defl ection for Leads I and II; however, Lead III 

shows a lower R-wave amplitude along with a negative 

S-wave defl ection. After a sustained depolarized period 

  Fig. 19.8    The net dipole occurring in the heart at any one point in time 
is detected by each lead (I, II, and III) in a different way, due to the dif-
ferent orientations of each lead set relative to the dipole in the heart. In 
this example, the projection of the dipole on all three leads is positive 
(the  arrow  is pointing toward the positive end of the lead), which gives 
a positive defl ection on the ECG during the P-wave. Furthermore, Lead 

II detects a larger amplitude signal than Lead III does from the same net 
dipole (i.e., the net dipole projects a larger arrow on the Lead II side of 
the triangle than on the Lead III side). ©2003, Cardiovascular 
Physiology, 5th ed., Mohrman D and Heller L, with permission of 
McGraw-Hill Education.  LA  = left arm,  LL  = left leg,  RA =  right arm, 
 SA  = sinoatrial       
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  Fig. 19.9    The net dipole of the heart (indicated by the  arrow ) as it 
progresses through one cardiac cycle, beginning with fi ring of the sino-
atrial node and fi nishing with the complete repolarization of the ven-
tricular walls. The bottom row of panels displays how the net dipole is 

detected by each of the three bipolar limb Leads I, II, and III. Notice the 
change in direction and magnitude of the dipole during one complete 
cardiac cycle. Modifi ed from Johnson (2003)       

 

S. Vieau and P.A. Iaizzo



329

(the S–T segment), the myocytes within the ventricles then 

repolarize. However, this occurs in the opposite anatomical 

direction of depolarization, i.e., from base back toward the 

apex. The arrow in Fig.  19.9  represents the electrical axis of 

the heart (or the dipole) and does not necessarily show the 

direction that the repolarization wave is moving. Thus, even 

though the wave is moving from the epicardium to endocar-

dium, the dipole (and therefore the electrical axis) remains in 

the same orientation as during depolarization. Therefore, the 

T-wave is also a positive defl ection on Leads I and II and 

negative (if present) on Lead III. At the end of this wave-

form, the ventricles are then repolarized, returning the signal 

to its baseline potential. 

 During the cardiac cycle, the relative electrical axes of the 

heart are always changing in both magnitude and direction. 

The average of all instantaneous electrical axis vectors gives 

rise to the  mean electrical axis  of the heart. Most commonly 

this is studied as the average dipole direction during the QRS 

complex, being it is the highest and most synchronized sig-

nal of the overall ECG waveform. Typically, to fi nd the mean 

electrical axis, area calculations from under the QRS com-

plex from at least two leads are needed. However, it is easier 

and more commonly determined by an estimate using the 

defl ection (positive or negative) and height of the R-wave. 

Figure  19.10  shows a simple example of using Leads I and II 

to fi nd the relative electrical axis of the heart. It should be 

noted that, in the normal human heart, the electrical axis of 

the heart corresponds to the anatomical (axis) orientation of 

the heart (from base to apex). Also see Chap.   2     for more 

details on the heart  orientation  .

19.5.3        The 12-Lead ECG 

 Three  of   the  twelve   ECG leads are Leads I, II, and III; the 

bipolar limb leads that have been discussed thus far. Of the 

twelve, there are three other leads that use the limb elec-

trodes, called the  unipolar limb leads . Each of these leads 

uses an electrode pair that consists of one limb electrode and 

a “neutral reference lead” that is created by hooking up the 

  Fig. 19.10    The amplitude of the Lead I and II R-waves are plotted along 
the corresponding leg of Einthoven’s triangle starting at the midpoint and 
drawn with a length equal to the height of the R-wave (units used to mea-
sure the amplitude can be arbitrary, since the direction, not the magnitude, 
of the axis is important). The direction of the plot is toward the positive 
end of the lead if the R-wave has a positive defl ection and negative if it has 

a negative defl ection. Perpendiculars from each point are then drawn into 
the triangle and they meet at a point. A line drawn from the center of the 
triangle to this point gives the angle of the mean electrical axis. Since the 
normal activation sequence in the heart generally goes down and left, this 
is also the direction of the mean electrical axis in most people. The normal 
range is anywhere from 0° to +90°. Modifi ed from Johnson (2003)       
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other two limb locations to the negative lead of the ECG 

amplifi er. In other words, each lead has its positive end at the 

corresponding limb lead and runs toward the heart where its 

“negative” end is located, directly between the other two 

limb leads. These are referred to as the  augmented unipolar 

limb leads . The voltage recorded between the left arm limb 

lead and the neutral reference lead is called Lead aVL; simi-

larly, the right arm limb lead is aVR and the left leg lead is 

aVF (Fig.  19.11 ).

   The remaining six of the twelve lead recordings are the 

chest leads. These leads are also obtained as unipolar; how-

ever, they uniquely measure electrical activity in the patient’s 

traverse plane instead of the frontal plane. Similar to the uni-

polar limb leads, a neutral reference lead is created, but this 

time using all three limb leads connected as the negative 

ECG lead, which basically puts it in the center of the chest. 

The six positive, or “exploring,” electrodes are placed as 

shown in Fig.  19.12  (around the chest) and are labeled V1 

through V6 (V designates voltage). These chest leads are 

also known as the  precordial  leads. Figure  19.12a  shows a 

simple cross section (looking superior to inferior) of the 

chest, depicting the relative position of each electrode in the 

traverse plane. Figure  19.12a  also shows typical waveforms 

obtained from each of these leads. In summary, three bipolar 

limb leads, three unipolar limb leads, and six chest leads 

make up the 12-lead ECG.

   The 12-lead ECG is widely used to evaluate overall car-

diac electrical activity since it provides multiple views of 

how electrical conduction moves through a given patient’s 

heart. For example, it can be used to help determine the loca-

tion of many cardiac abnormalities, including (1) conduction 

disturbances (such as bundle branch block), (2) myocardial 

infarction or ischemia, (3) atrial or ventricular hypertrophy, 

and/or (4) electrolyte disturbances and drug  effects     .   

  Fig. 19.11    ( A ) The augmented leads are shown on  Einthoven’s tri-
angle   along with the other three frontal plane leads (I, II, and III). 
( B ) A hex-axial reference system for all six limb leads is shown, 
with  solid  and  dashed lines  representing the bipolar and unipolar 
leads, respectively. Modified from Mohrman and Heller (2003). 

 aVF  = voltage recorded between left leg lead and neutral reference 
lead,  aVL=   voltage recorded between left arm limb lead and neu-
tral reference lead,  aVR  = voltage recorded between right arm limb 
lead and neutral reference lead,  LA  = left arm,  LL  = left leg,  RA  
= right arm       

  Fig. 19.12    ( A ) A cross section of the chest shows the relative position of the six precordial leads in the traverse plane, along with a typical wave-
form detected for ventricular depolarization. ( B ) An anterior view of the chest shows common placement of each precordial lead, V1 through V6       
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19.6     Some Basic Interpretation 
of the ECG Trace  

 Analyses of the  ECG   waveforms and mean electrical axes 

are quite useful in the clinical setting. The ECG is considered 

to be one of the most important monitors of a patient’s car-

diovascular status but also can be used for basic measure-

ments such as heart rate. Most monitoring devices used today 

include automated systems that detect changes in duration 

between subsequent QRS complexes. 

 Of clinical importance in the ECG waveform are several 

parameters (regions) which include the P–R interval, QRS 

interval, S–T segment, and Q–T interval (Fig.  19.5 ). The 

P–R interval is measured from the beginning of the P-wave 

to the beginning of the QRS complex and is normally 120–

200 ms long. This is a measure of the time it takes for an 

impulse to travel from sinoatrial excitation through both the 

atria and atrioventricular node and induce the general onset 

of ventricular depolarization. The QRS interval measures 

how long the process of overall ventricular depolarization 

takes and is typically 60–100 ms. The S–T segment is the 

period of time when the ventricles are completely depolar-

ized and contracting and is measured from the S-wave to the 

beginning of the T-wave. The Q–T interval is measured from 

the beginning of the QRS complex to the end of the T-wave; 

this is the time segment from when the ventricles begin their 

depolarization to the time when they have repolarized to 

their resting potential and is normally about 400 ms in 

duration. 

 Determination of the P–R interval provides useful 

information as to whether a patient may be eliciting some 

degree of heart block. Elongated P–R intervals (longer 

than ~200 ms) serve as a good indication that conduction 

through the atrioventricular node is slowed to some degree 

(fi rst- degree heart block). Conduction in the atrioventricu-

lar node may even intermittently fail, which would elicit a 

P-wave without a subsequent QRS complex before the 

next P-wave (second-degree heart block). An ECG trace 

showing P-waves and QRS complexes beating indepen-

dently of each other indicates the atrioventricular node has 

ceased to transmit impulses at all (third-degree heart 

block). For additional information on atrioventricular 

blocks, see Chap.    13    . 

 A wide QRS complex (greater than 100 ms) may indicate 

conduction block or delays in electrical propagation through 

the bundle branches or Purkinje fi bers that run through the 

ventricle. Delays or alterations in the conduction pathway 

through the ventricles can impact ventricular contraction and 

possibly cause dyssynchrony between the right and left ven-

tricles. This, in turn, will negatively impact overall cardiac 

function and ultimately hemodynamics. 

 Prolonged Q–T intervals (which are usually no more that 

40 % of the cardiac cycle length) are normally an indication 

of delayed repolarization of the cardiomyocytes, possibly 

caused by irregular opening or closing of sodium or potas-

sium channels. Importantly, a long Q–T interval may indi-

cate that a patient is at risk of developing a ventricular 

tachyarrhythmia (see Chap.   13     for more details). 

 Another clinically important interval is the S–T seg-

ment. Depression of the S–T segment (below the baseline) 

can indicate a regional ventricular ischemia. S–T segment 

elevation or depression can also be used as an indication 

of many other abnormalities including myocardial infarc-

tion, coronary artery disease, and/or pericarditis. For 

patients with established coronary artery disease, it is 

important to compare current ECG recordings to histori-

cal ones, to establish if any new regions of ischemia or 

infarction exist. 

 Estimation of the electrical axis is also a helpful diagnos-

tic measure. In the case of left ventricular hypertrophy, the 

left side of the heart is enlarged with greater tissue mass. 

This could cause the dipole during ventricular contraction to 

shift to the left. Much more can be said about specifi c inter-

pretations of the intervals and segments that make up the 

ECG waveform. For more details on changes in ECG pat-

terns associated with various clinical situations, the reader is 

referred to Chap.   13     and Chap. 28.  

19.7     Lead Placement in the Clinical Setting 

 In a clinical setting, all  12   leads may not be displayed at the 

same time and, most often, not all leads are being measured 

simultaneously. A common setup used is a fi ve-wire system 

consisting of the two arm leads (placed on the shoulder 

areas), two leg leads (placed low where the legs join the 

torso), and one chest lead. This arrangement allows one to 

display any of the limb leads (I, II, III, aVR, aVL, and aVF) 

and one of the precordial leads, depending on where the 

chest electrode is placed. Figure  19.13  shows the positioning 

of these fi ve electrodes on the patient’s body.

   It should be noted that the exact anatomical placement 

of the leads is very important to obtain accurate ECG traces 

for clinical evaluations; moving an electrode even slightly 

away from its correct position could cause dramatic varia-

tion in the parameters of a trace and possibly lead to misdi-

agnosis. A slight exception to this rule is the limb leads, 

which do not necessarily need to be placed at the distal por-

tion of the limb as described earlier. Note that the limb 

leads need to be, for the most part, equidistant from each 

other relative to the heart for determination of the electrical 

axis to be accurate.  
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19.8     Computer Analyses 

 The use of computers for the analyses of  ECG   began in the 

1960s. In 1961, Hubert Pipberger described the fi rst com-

puter analysis of ECG signals, an analysis which recognized 

basic abnormal activity. Computer-assisted ECG analyses 

were introduced into the general clinical setting in the 

1970s. Subsequently, the use of computers, microcomput-

ers, and microelectronic circuits has had a huge impact on 

fi eld of electrocardiography. The size of such equipment has 

been drastically reduced to pocket-size or even smaller for 

some applications. This has allowed broader deployment of 

continuous monitoring of patients over much longer time 

periods, which has greatly helped in the diagnoses of 

patients with infrequent symptoms (paroxysmal). 

 Computer programs can also provide summaries of infor-

mation recorded from the ECG including heart rate, multiple 

types of arrhythmias, and specifi c variations in QRS, S–T, 

Q–T, or T patterns. Additionally, there are several computer 

techniques that have been developed to further identify 

patients with cardiac dysfunction and previous myocardial 

infarctions that may be at risk for sudden death, e.g., 

 signal- averaged ECGs, microvolt T-wave alternans, and/or 

heart rate variability. Signal-averaged ECG is a technique 

that uses computer analysis to identify late potentials appear-

ing at the end of the QRS complex; these late potentials have 

been associated with an increased risk of ventricular arrhyth-

mias. Microvolt T-wave alternans is another method that 

may be used to identify patients at risk for ventricular 

arrhythmias. This technique measures the presence of small 

changes in T-wave amplitudes that occur on an alternating 

beat-to-beat basis. Similarly, heart rate variability analysis 

measures subtle variations in ventricular rate to assess a 

patient’s autonomic status (modulation of heart rate due to 

the infl uence of the autonomic nervous system). It is note-

worthy that patients with low heart rate variability following 

a myocardial infarction may be at higher risk for sudden 

death. Studies have shown these techniques have high nega-

tive predictive value. They have been proposed as screening 

techniques but are not widely used in the clinical setting 

today due, in part, to their relatively low positive predictive 

value.  

19.9     Long-Term ECG Recording Devices 

 Currently, there  are   four general types of devices that are uti-

lized in the collection of long-term electrocardiographic 

recordings: continuous recorders, event recorders, real-time 

monitoring systems, and implantable recorders. 

 Continuous recorders, like the Holter monitor described 

above, are attached to the surface of the body and continu-

ously record signals for a predetermined duration (usually 

24–48 h). Such systems record from at least three different 

ECG leads. When using this method, patients must also 

record their daily activities and the time of any onset of 

symptoms (e.g., were they beginning to exercise?). 

 Event recorders are another type of instrument used for 

ECG collection. There are two basic types of event record-

ers—a symptom event recorder and a loop memory recorder. 

A symptom event recorder is activated by the patient to store 

a recording when their symptoms appear and therefore con-

tains a post-event ECG recording. This type of recorder can 

be worn continuously or can be a handheld device which 

records the rhythm when the unit is activated and placed on 

the precordium. Pre-event or loop recorders are similar to 

post-event recorders, but a memory loop is used to enable the 

recording of information several minutes before and after the 

onset of symptoms. Today there are many different event 

  Fig. 19.13    Placement of the common fi ve-wire ECG electrode system leads on the shoulders, chest, and torso. The chest electrode is placed 
according to the desired precordial lead position.  C  = chest,  LA  = left arm,  LL  = left leg,  RA  = right arm,  RL  = right leg       
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recorder devices including those connected to traditional 

ECG wires or devices consisting of a wireless patch elec-

trode which adheres to the skin and can store and transmit 

data. A patient activator to prompt recording of the ECG dur-

ing symptoms can be included on the event recorder itself or 

as a separate device, worn like a wristwatch, for example. 

Data from event recorders can also be transmitted wirelessly 

for viewing of the data by the physician electronically. The 

trend has been toward decreasing size, maximizing informa-

tion, and improving data review by physicians and perhaps 

patients. Examples of  loop recorder  s are shown in Figs.  19.14  

and  19.15 .

    The third type of ECG instrument in clinical use today is 

a real-time monitoring system. Data are not recorded within 

the device, but rather are transmitted trans-telephonically to 

a distal recording station. Such instruments are commonly 

used for monitoring of patients that have a potentially dan-

gerous condition, so the technician can quickly identify the 

rhythm abnormality and make arrangements for proper man-

agement of the condition. 

 Finally, implantable recorders are miniaturized loop 

recording devices that can be implanted subcutaneously. 

These implantable devices can be programmed to automati-

cally store data when fast or slow heart rhythms are detected. 

Additionally, the patient can also self-trigger the device to 

store data when symptoms are felt. The latest implantable 

loop recorders can be placed for up to 3 years, during which 

time they can be used as a diagnostic tool to help manage the 

medical treatment of arrhythmias. Implantable recorders 

have typically been used for patients that elicit infrequent 

symptoms (hence they remain undiagnosed) and for those in 

  Fig. 19.14    A  loop recorder   with pacemaker and detection capabilities 
is shown. This model is manufactured by LifeWatch, Inc. (Rosemont, 
IL, USA)       

  Fig. 19.15    The SEEQ TM  
Mobile Cardiac Telemetry 
System, manufactured by 
Medtronic, Inc. (Minneapolis, 
MN), is an external, wire-free 
adhesive loop recorder that 
can be worn for up to 30 days 
to help detect and diagnose 
arrhythmias. Data from this 
device can be transmitted via 
Bluetooth and cellular 
connections for physician 
review and analysis. 
Reproduced with permission 
of Medtronic, Inc.       

 

 

19 ECG Theory and Interpretation



334

whom external recorders are considered impractical. Recent 

advances in technology have made these devices much 

smaller, with improved arrhythmia detection capabilities and 

wireless technology to facilitate transmission and viewing of 

the data by physicians for improved patient management. 

One of these devices, the Reveal LINQ™, is shown in 

Fig.  19.16  (Medtronic, Inc., Minneapolis, MN, USA)   .

19.10        Summary 

 As cardiomyocytes depolarize and propagate action poten-

tials throughout the heart, an electrical dipole is created. By 

utilizing the resultant electrical fi eld present in the body, 

electrodes can be placed around the heart to measure poten-

tial differences as the heart depolarizes and repolarizes. This 

measurement gives rise to the ECG, normally consisting of 

the P-wave via atrial depolarization, the QRS complex for 

ventricular depolarization, and the T-wave associated with 

ventricular repolarization. 

 To date, there are twelve standard lead positions which 

are clinically employed to detect the ECG. Most commonly, 

a 5-wire system is used clinically and can be used for the 

three bipolar limb leads (which make up Einthoven’s trian-

gle), the three unipolar limb leads, and one precordial (chest) 

lead at a time. At least two lead traces are needed to calculate 

the heart’s electrical axis, which gives the general direction 

of the heart’s dipole at any given instant. The heart’s mean 

electrical axis is commonly defi ned as the average dipole 

direction recorded during ventricular depolarization (in the 

healthy heart this is same as the anatomical axis). 

 The recorded ECG remains as one of the most vital moni-

tors of a patient’s cardiovascular status and is used today in 

nearly every clinical setting. Yet, systems to monitor the 

electrocardiograph have come a long way since they were 

fi rst developed in the early 1900s. New instruments that are 

smaller and more sophisticated as well as provide for innova-

tive analysis techniques are continually being developed. 

ECG has also been used in combination with other implantable 

devices such as pacemakers and defi brillators. The trend has 

been toward developing smaller, easier-to-use devices that 

can gather and remotely send a wealth of information to use 

in both patient diagnosis and treatment (telemedicine).     
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Mechanical Aspects of Cardiac 
Performance
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Abstract

This chapter is a review of commonly utilized monitoring techniques to assess the function 

of the general cardiovascular system. Specifically, means to assess arterial blood pressure, 

central venous pressure, pulmonary artery pressure, mixed venous oxygen saturation, 

 cardiac output, pressure-volume loops, and Frank-Starling curves are described. Basic 

physiological principles underlying cardiac function are also briefly discussed.

Keywords

-

20

20.1  Introduction

This chapter is a review of commonly utilized monitoring 

techniques to assess the function of the general cardiovascu-

lar system. Specifically, means to assess arterial blood pres-

sure, central venous pressure, pulmonary artery pressure, 

mixed venous oxygen saturation, cardiac output, pressure- 

volume loops, and Frank-Starling curves are described. 

Basic physiological principles underlying cardiac function 

are also briefly discussed.

Under normal physiologic conditions, the human heart 

functions as two separate pumps working in series; the right 

heart pumps blood through the pulmonary circulation and the 

left heart pumps blood through the systemic circulation. Each 

contraction of the heart and subsequent ejection of blood cre-

ates pressures that can be monitored clinically to assess the 

-

eral, the mechanical function of the heart is described by the 

changes in pressure, volume, and flow that occur within each 

phase of the cardiac cycle, which is one complete sequence of 

myocardial contractions and relaxations.

20.2  Cardiac Cycle

The normal electrical and mechanical events of a single car-

diac cycle of the left heart are correlated in Fig. 20.1. The 

mechanical events of the left ventricular pressure-volume 

curve are displayed in Fig. 20.2. During a single cardiac 

cycle, the atria and ventricles do not beat simultaneously; 

rather the atrial contraction occurs prior to ventricular con-

traction. This timing delay allows for proper filling of all 

four chambers of the heart. Recall that the left and right heart 

pumps function in series but contract simultaneously. The 

diastolic phase of the cardiac cycle begins with the opening 
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The atrioventricular valves open when the pressure in the 

ventricles falls below that in the atria. This can be observed 

in Fig. 20.1 for the left heart, in which the mitral valve opens 

when the left ventricular pressure falls below the left atrial 

pressure. At this moment, passive filling of the ventricle 

atria behind the closed atrioventricular valves passes rapidly 

into the ventricles, and this causes an initial drop in atrial 

as the atria and ventricles continue to passively fill in unison 

-

nary veins to the left atrium and the superior and inferior 

vena cavae to the right atrium).

Contractions of the atria begin near the end of ventricular 

diastole, which is initiated by depolarization of the atrial 

Fig. 20.1
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20.1, 

tension and shortening of atrial cells cause atrial pressures to 

rise. Active atrial contraction forces additional volumes of 

atrial kick). The 

atrial kick can contribute a significant volume of blood 

heart rates, the atrial contractions are considered essential for 

adequate ventricular filling. As the heart rate increases, atrial 

filling becomes increasingly important for ventricular filling 

because the time interval between contractions for passive 

filling becomes progressively shorter. Atrial fibrillation and/

or asynchronized atrioventricular contractions can result in 

minimal contribution to preload, via the lack of a functional 

atrial contraction. Throughout diastole, atrial and ventricular 

pressures are nearly identical due to the open atrioventricular 

should also be noted that contraction and movement of blood 

source for increased blood volume.

Ventricular systole begins when the excitation passes 

from the right atrium, through the atrioventricular node, and 

and left and right bundle branches) to cause ventricular myo-

cardial activation. This depolarization of ventricular cells 

20.1). As 

the ventricular cells contract, intraventricular pressures 

increase above those in the atria, and the atrioventricular 

valves abruptly close. Closure of the atrioventricular valves 

20.1). As pressures in 

the ventricles continue to rise together in a normally func-

tioning heart, they eventually reach a critical threshold pres-

aortic valve) open. The mechanical events of a single cardiac 

cycle and its pressure-volume relationship are displayed in 

Fig. 20.2. The normal time period between semilunar valve 

closures and atrioventricular valve openings is referred to as 

the isovolumic contraction phase. During this interval, the 

ventricles can be considered as closed chambers. Ventricular 

wall tension is greatest just prior to opening of the semilunar 

valves. Ventricular ejection begins when the semilunar 

aorta rapidly and causes the pressure within it to rise. 

ventricle and the aorta as the ventricular myocardium contin-

ues to contract. This period is often referred to as the rapid 

ejection phase. A similar phenomenon occurs in the right 

heart; however, the pressures developed and those required 

to open the pulmonary valve are considerably lower, due to 

lower resistance within the pulmonary vascular system.

and pulmonary arteries) ultimately reach maximum peak sys-

tolic pressures. Under normal physiologic conditions, the 

contractile forces in the ventricles diminish after achieving 

peak systolic pressures. Throughout ejection, there are mini-

mal pressure gradients across the semilunar valves due to 

their normally large annular diameters. Eventually the ven-

tricular myocardium elicits minimal contraction to a point 

where intraventricular pressures fall below those in the out-

flow vessels. This fall in pressures causes the semilunar 

valves to close rapidly and is associated with the second heart 

20.1). A quick reversal in both aortic and pul-

monary artery pressures is observed at this point, due to back 

pressure filling the semilunar valve leaflets. The back pres-

sure on the valves causes the incisura or dicrotic notch, which 

these valves, the intraventricular pressure falls rapidly and the 

ventricular myocardium relaxes. For a brief period, all four 

Fig. 20.2
diagram of a single cardiac 
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cardiac valves are closed, which is commonly referred to as 

the isovolumetric relaxation phase. Eventually, intraventricu-

lar pressure falls below the rising atrial pressures, the atrio-

ventricular valve opens, and a new cardiac cycle is initiated.

20.3  Cardiac Pressure-Volume Curves

Ventricular function can be analyzed and graphically dis-

played with a pressure-volume diagram. Both systolic and 

diastolic pressure-volume relationships during a single car-

diac cycle are displayed in Fig. 20.2

assessment of myocardial function on intact myocardium 

involves multiple factors such as preload, afterload, heart 

rate, and contractility. The area inside the pressure-volume 

-

-

shape of the normal pressure-volume loop changes with 

alterations in myocardial compliance, contractility, and val-

vular or myocardial disease.

-

y x axis) dur-

20.2

along the pressure-volume loop correlate with specific 

mechanical events of the ventricle. The width of the pressure- 

represented by the slope of the end-systolic pressure-volume 

relationship; this relationship defines the maximal pressure 

generated over time with a given myocardial contractility 

state. Contractility is proportional to change in pressure over 

defined by the end-diastolic pressure-volume relationship, 

and ventricular compliance is inversely proportional to the 

slope of the end-diastolic pressure-volume relationship. The 

effect of heart rate on the pressure-volume relationship can-

multiple pressure-volume loops must be obtained to assess 

effects of heart rate on the pressure-volume loop. By altering 

variables such as afterload, contractility, and/or preload, the 

mechanical events and pressure-volume relationship are 

displayed.

The pressure-volume diagram shows events of a single 

20.2):

A: mitral valve opens; diastole begins.

B: mitral valve closes; diastole ends.

C: aortic valve opens; systole begins.

D: aortic valve closes; systole ends.

A-B: diastole, ventricular filling.

B-C: isovolumic contraction.

C-D: systole, ventricular ejection.

D-A: isovolumic relaxation.

e: contractility slope.

20.3.1  Preload

-

ume; it results from passive and active emptying of the atrium 

into the ventricle. Factors that affect this relationship, such as 

mitral stenosis and/or ventricular hypertrophy, will affect pre-

load. The Frank-Starling curve also defines the relationship 

between preload and stroke volume; as end- diastolic volume 

increases, the stroke volume increases until the end-diastolic 

volume gets too excessive to allow proper ventricular con-

). A pressure-volume loop is an alternative 

way to display the relationship between preload and stroke 

); preload is the volume of blood in the ven-

). An increase 

in preload is displayed by a right shift of the end-diastolic 

ventricle, an increase in preload while maintaining normal 

contractility and afterload results in increased stroke volume 

). Excessive preload will not always result 

in increased stroke volume; excessive overdistention of the 

).

20.3.2  Contractility

Contractility is the relative ability of the myocardium to 

pump blood without changes in preload or afterload; it is 

influenced by intracellular calcium concentrations, the auto-

nomic nervous system, humoral changes, and/or pharmaco-

logic agents. A sudden increase in contractility with 

unchanged preload and afterload will result in increased 

stroke volume by ejecting more volume out of the ventricle 

). The aortic valve opens at the same pressure and 

Fig. 20.3 The Frank-Starling relationship. As the end-diastolic vol-

ume increases, the cardiac output also increases. Excessive preload may 

eventually result in decreased cardiac output

M.K. Loushin et al.
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contractility forces more blood out of the ventricle during 

systole, which is displayed by a lower end-systolic volume. 

) with increased contractil-

ity; the end-systolic volume is lower due to increased con-

tractility resulting in increased stroke volume. With increased 

myocardial contractility and unchanged preload, the resulting 

pressure-volume loop shifts to the left, maintaining normal 

stroke volume. An increase in contractility is graphically 

. 

). During conditions of lower end-diastolic vol-

ume, a normal stroke volume may be maintained by increas-

will increase contractility, which assists in maintaining 

 adequate stroke volume during low contractility states such 

as heart failure and/or cardiogenic shock.

cardiogenic shock, or fluid overload) or it may be chronic 

failure, the myocardium often compensates its inability to 

contract by increasing preload and decreasing afterload in an 

).

The increase in preload moves the myocardium up the 

Frank-Starling curve such that, by increasing end-diastolic 

volume, normal stroke volume may be maintained. The 

increase in preload and worsening heart failure eventually 

leads to ventricular dilatation and venous congestion. During 

heart failure, sympathetic tone increases as levels of circulat-

ing norepinephrine and epinephrine attempt to maintain nor-

mal cardiac output by increasing contractility and heart rate. 

The body’s compensatory mechanism for heart failure may 

eventually become counterproductive and thus even worsen 

the situation.

Fig. 20.4 Effect of acutely increased preload on the pressure-volume 

-

SV e contractility line, 

SV stroke volume

Fig. 20.5
heart failure, the myocardium compensates its inability to contract by 

increasing preload in an attempt to maintain stroke volume. Excessive 

preload eventually leads to worsening of heart failure. e and e -

tility lines, SV stroke volume

Fig. 20.6 Effects of acutely increasing contractility on the pressure- 

SV

e

larger, indicating greater myocardial work per stroke volume. e and e

contractility lines, SV stroke volume
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20.3.3  Afterload

Afterload is another vital factor relative to stroke volume and 

therefore blood pressure. Afterload is most often equated 

with ventricular wall tension, which is also considered as the 

pressure the ventricle must overcome to eject a volume of 

-

tions, afterload is assumed to be proportional to systemic 

vascular resistance. Wall tension is greatest at the moment 

just before opening of the aortic valve and can be described 

 
Circumferentialstress = Pr/ 2H  

P -

lar pressure, r H

An increase in afterload requires ventricular pressure to 

increase during isovolumic contraction before the aortic 

20.7). Due to the increase in afterload, the 

ability of the ventricle to eject blood is decreased. This 

20.7a) and 

20.7b -

load remains increased, the myocardium establishes a new 

steady state that is shifted to the right and stroke volume is 

restored. A patient with severe aortic stenosis will likely 

elicit a pressure-volume loop as in Fig. 20.7. The myocar-

dium usually compensates by increasing contractility to 

maintain adequate stroke volume. Thus, patients with hemo-

dynamically significant aortic stenosis often develop left 

ventricular hypertrophy.

dysfunctional myocardium, such as congestive heart failure, 

stroke volume decreases with increases in afterload. 

-

dium to expend more energy to eject blood during systole. 

Conditions such as supravalvular or infravalvular stenoses or 

obstructions can also impact afterload or wall tension. A 

clinical example is idiopathic hypertrophic subaortic steno-

hypertrophy of the left ventricle and interventricular septum. 

-

tricular outflow of blood during systole, increasing afterload 

and wall tension.

20.3.4  Sonomicrometry Crystals

A common method for obtaining pressure-volume loops, and 

the changes observed by varying preload, afterload, or con-

tractility, is to use sonomicrometry crystals for volume mea-

surements in combination with a pressure-sensing catheter 

placed in the left ventricle. Sonomicrometry consists of 

piezoelectric crystals that transmit ultrasound signals through 

tissue to other crystals, where the signal is received; a dis-

tance measurement between two given crystals can be deter-

mined based upon the travel time of the ultrasound signal 

and the fiber orientation of the tissue. The piezoelectric 

Fig. 20.7 a) Effects of acutely increasing afterload on the pressure- 

volume loop. An increase in afterload, while maintaining normal con-

SV

C b) 

Restoration of stroke volume after increasing afterload. An increase in 

afterload, while maintaining normal contractility and preload, results in 

SV

C e contractility line, SV stroke 

volume
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sonomicrometry array localization. A sonomicrometry crys-

tal can be seen in Fig. , where it is held in preparation for 

insertion through the epicardium.

within the left ventricle, as well as the resulting pressure- 

20.1 and 

20.2). The method shown in these supplemental videos 

places four sonomicrometry crystals—one on the anterior 

surface, the second on the posterior surface, a third crystal at 

crystals in this pattern creates two distance measurements 

-

uously through the cardiac cycle. By assuming the left ven-

tricle is the shape of an ellipsoid, changes in volume can be 

continuously estimated.

Traditionally, sonomicrometry has been used to deter-

mine cardiac function relative to large research animals 

be performed which elucidate global cardiac function under 

a variety of conditions. Understanding the velocity of ultra-

sound through tissue is critical to acquiring accurate dimen-

sions in a sonomicrometry system. The velocity of ultrasound 

is affected by a variety of factors including muscle fiber 

direction and composition, as well as the contractile state. 

-

A sonomicrometry system can use as few as two transduc-

ers but typically employs between six and thirty-two trans-

ducers. Transducers are the piezoelectric crystals which are 

attached to electronics consisting of a pulse generator and a 

receiver. Distance is measured by energizing the transmitter 

than a microsecond in duration) to produce ultrasound. This 

excites the piezoelectric crystal to begin oscillating at its res-

onant frequency. This vibratory energy propagates through 

the medium and eventually comes in contact with piezoelec-

tric crystals acting as receivers. These crystals begin vibrating 

and generate signals on the order of one millivolt. The piezo-

electric signals are amplified and the distances between pairs 

of crystals are calculated. By monitoring the difference in 

time from transmission to reception of such signals and 

knowing the speed of sound through the particular medium, 

the intercrystal distances can be calculated. With current sys-

tems, these computations take less than 1 ms.

manner described, several other types of studies have found 

sonomicrometry measurements to be helpful. Regional stud-

ies have been performed that focus on specific areas of the 

heart, investigating regional timing and left ventricular short-

ening [1]. The advent of three-dimensional sonomicrometry, 

Fig. 20.8 A common 

sonomicrometry crystal 

placement. The crystal is 

shown prior to transmural 

implantation in a swine heart
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or sonomicrometry array localization, has made possible the 

detailed study of discrete anatomical points throughout the 

cardiac cycle [2, ]. A volume of data now exists describing 

the motion of valves, papillary muscles, ventricles, and atria. 

Another application involves tracking mobile components 

through the heart such as cardiac catheters [ ]. We believe 

that these applications of sonomicrometry are important 

enough to be described in detail below.

each crystal is calculated from multiple intertransducer dis-

tances. This is done using a statistical technique called mul-

tidimensional scaling; such assessment gives the 

experimenter the ability to take the scalar sonomicrometer 

group of chord lengths in the array. By starting with an initial 

matrix of estimated distances is generated which corresponds 

to the actual measured distances. Using an iterative approach, 

multidimensional scaling then optimizes the value for the 

distance calculation by minimizing what is called the stress 

function

stress exists, which represents the intercrystal distances 

exactly. As measurement error increases, a zero solution to 

the stress function becomes impossible and the iterations 

begin seeking a minimum value. The globally minimum 

style is used to generate an estimate of the error associated 

model with an average error of approximately 2 mm. The 

advent and description of the feasibility assessment of this 

technique is described in detail by Ratcliffe et al. [2] and 

Gorman et al. [ ].

The first reported application of this technology described 

transducers were sutured to the chest wall and the remaining 

thirteen were placed both epicardially and endocardially on 

the ventricular wall, the papillary muscles, and the mitral 

valve. The three crystals attached to the chest wall provided 

a fixed coordinate system from which whole-body motion 

could be differentiated from cardiac motion. This study pro-

throughout the cardiac cycle, as well as quantitative images 

of ventricular torsion. Such applications open up many pos-

sibilities relative to chronic studies focusing on ventricular 

remodeling following trauma like myocardial infarction.

Another interesting application of sonomicrometry, avail-

able due to the development of sonomicrometry array local-

et al. [ ]. The system involves placing seven sonomicromet-

ric crystals in the epicardium of an ovine heart and tracking 

the position of a catheter anywhere from one to five attached 

relevant endpoint for this tool would be to replace the epicar-

dial transceivers with transceivers mounted in catheters and 

deployed endocardially in a minimally invasive manner.

20.3.5  Conductance Catheter

Conductance catheters offer an alternative method for obtain-

-

cally equipped with eight electrodes and a pressure lumen. 

The conductance catheter is placed retrograde across the aor-

tic valve, so that the first electrode is positioned in the left 

ventricular apex and the eighth electrode is positioned across 

). The pressure lumen is located 

within the left ventricle, usually at the distal tip of the con-

ductance catheter.

The outermost electrodes of the conductance catheter pro-

duce an electric field, with the remaining electrodes sensing 

differentials in voltage potential. The use of conductance to 

measure volume arises from the fact that blood is a good 

Fig. 20.9 When properly placed within the left ventricle, a conduc-

tance catheter spans from the apex to the aortic valve. The outermost 

yellow) produce an electric field, and the inner electrodes 

white) measure voltage differences that are related to volume changes 

within the chamber. A pressure sensor is typically incorporated into the 

distal tip of the catheter

M.K. Loushin et al.
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Ω cm) [ ]. When the ventricle is in diastole and filled 

with blood, the conductivity of the chamber will be much 

higher than during systole. The volume of the heart chamber 

is then analyzed as a series of conductive cylinders stacked 

upon each other, with a height predetermined as the distance 

between the electrodes. A change in the cross-sectional area 

of one of these cylinders is synonymous with a decrease in 

blood volume and a change in resistance, which is measured 

by the sensing electrodes.

The left ventricular volume can then be calculated as a 

V t)), based upon the distance 

L), the specific conductivity of blood 

σ G t)), a 

α C) [ ]:

 
V t

L
G t C( ) = ( )-

2

as  

by Baan et al. [ ]. This method has shown reliable left ven-

tricular segmental volumes when compared to cine-CT 

scans [7] and sonomicrometry crystals. Additionally, the 

conductance methods could be optimally suited for right 

ventricular pressure-volume curves [ ]. Sonomicrometry 

methods and angiography require the assumption of an 

ellipsoid shape for left ventricular measurements; the com-

plex geometric shape of the right ventricle makes these 

methods ill suited for volume measurements on the right 

side of the heart.

Both sonomicrometry crystals and conductance catheters 

are proven techniques for the measurement of left ventricular 

and aortic root volumes [ ]. These technologies are applica-

ble to many different study designs, yet care should be taken 

to choose the best method based upon the needs of the study. 

For studies involving complex geometric shapes, a conduc-

tance catheter may be the easiest method to obtain absolute 

volume changes, but a technique such as sonomicrometry 

array localization may be advantageous if the relative motion 

of geometric components is of interest.

20.4  Blood Pressure Monitoring

The cardiovascular system is most commonly assessed by 

monitoring arterial blood pressure. Blood pressure is propor-

tional to the product of cardiac output and systemic vascular 

resistance:

 BP CO SVR= ´  

 CO HR SV= ´  

 
MAP SBP DBP= +1 3 2 3/ /  

-

-

20.10).

Blood pressure can be defined to consist of three compo-

nents: systolic blood pressure, mean arterial pressure, and 

diastolic blood pressure. Systolic blood pressure is the peak 

pressure during ventricular systole, mean arterial pressure is 

a crucial determinant for adequate perfusion of other major 

organs, and diastolic blood pressure is the main determinant 

for myocardial perfusion. Recall that the majority of coro-

nary blood flow occurs during diastole.

Commonly, arterial blood pressure monitoring involves 

-

sure monitoring method depends on multiple factors such as: 

-

advantages of an invasive blood pressure monitor is that it 

20.1). Typically, direct arterial blood pressure  monitoring 

is considered to be required when a cardiopulmonary bypass 

machine is utilized during cardiac surgery. Since there is no 

pulsatile flow during such surgery, the noninvasive methods 

to monitor blood pressure cannot be employed. Also, patients 

with a ventricular assist device may require an invasive arte-

rial monitor, as the noninvasive technique may not provide 

ventricular assist devices, see Chap. ).

20.4.1  Noninvasive Arterial Blood Pressure 
Monitoring

and simplest technique to monitor arterial blood pressure. 

This technique utilizes a blood pressure cuff and the principle 

Fig. 20.10 Blood pressure monitoring which is proportional to the 

product of cardiac output and systemic vascular resistance. BP blood 

pressure, CO cardiac output, HR heart rate, SV stroke volume, SVR sys-

temic vascular resistance
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of pulsatile flow. A blood pressure cuff is applied to a limb 

such as forearm or leg and is inflated to a pressure greater 

than systolic blood pressure, which stops blood flow distal to 

the inflated cuff. As the pressure in the cuff is gradually 

decreased, blood flow through the artery is restored. The 

change in arterial pressure and blood flow creates oscillations 

and oscillometric methods. For accurate blood pressure mea-

surement, the width of the cuff should be approximately one-

third the circumference of the limb. A small, improperly 

sized cuff will overestimate systolic blood pressure, while a 

large cuff will underestimate the pressure. The rate of cuff 

not work if there is no pulsatile flow.

The automated method of noninvasive blood pressure 

monitoring is the oscillometric -

ric blood pressure monitors have oscillotonometers and a 

microprocessor. The blood pressure cuff is inflated until no 

oscillation is detected. As the cuff pressure is decreased, flow 

in the distal blood vessel is restored and amplitude of oscil-

lations increases. A large increase in arterial wave oscillation 

amplitude is recorded as systolic blood pressure, the peak 

oscillation as mean arterial pressure, and the sudden decrease 

20.11). Due to 

the sensitivity of the monitoring system, the mean arterial 

pressure is usually the most accurate and reproducible. For 

more details on such monitoring, refer to Chap. .

20.4.2  Invasive Arterial Blood Pressure 
Monitoring

Continuous blood pressure monitoring is best accomplished 

by direct intra-arterial blood pressure monitoring. Direct pres-

sure monitoring allows for continuous beat-to-beat monitoring 

of arterial pressure, and the recorded arterial waveform pro-

vides temporal information relative to cardiovascular function. 

Direct pressure monitoring is often employed in clinical set-

requiring tight blood pressure control, such as hypotension. 

Further, patients with significant cardiopulmonary disease 

-

20.1).

Besides providing blood pressure assessment, the arterial 

waveform also presents information about cardiovascular 

function. For example, the upstroke of an arterial waveform 

downstroke gives information relative to peripheral vascular 

resistance. The position of the dicrotic notch gives insights 

as to the systemic vascular resistance; a low dicrotic notch 

position on the arterial waveform may infer low vascular 

resistance, while a high dicrotic notch usually relates to 

higher systemic vascular resistance. Furthermore, by inte-

grating the area under the curve of the arterial waveform, the 

stroke volume may also be estimated.

Fig. 20.11 An example of 

noninvasive blood pressure 

monitoring. As blood flow is 

restored with release of the 

blood pressure cuff, the 

arterial wave oscillations 

increase. The increase in 

oscillation amplitudes is 

associated with systolic blood 

pressure and presence of 

of oscillations is associated 

with mean arterial pressure. 

Return of oscillations to 

baseline is diastolic blood 

sounds

Table 20.1 Accepted indications for direct arterial blood pressure 

monitor

Cardiopulmonary bypass surgery

failure, dysrhythmias)

Sepsis/shock
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Direct arterial blood pressure monitoring typically involves 

cannulation of a peripheral artery and transducing the pres-

20.2 and ). An indwelling arterial cath-

eter is connected to pressure tubing containing saline, which 

is then connected to a pressure transducer and monitoring 

wires or silicon crystals) that distort with changes in blood 

pressure. The strain gauges contain a variable resistance 

transducer and a diaphragm which links the fluid wave to 

electrical signals. When the transducer diaphragm is dis-

torted, there is a change in voltage across resistors of a 

). The transducer 

is constructed using a circuit so that voltage output can be 

calibrated proportional to the blood pressure. Standard pres-

μV per volt excitation per 

10]. Commonly, the electrical signals from such pres-

sure monitoring systems are filtered, amplified, and displayed 

on a monitor, thus providing a typical arterial pressure wave-

positioned and calibrated accurately at the level of the heart. 

pressures; if the pressure transducer is positioned too high, the 

blood pressure is underestimated, while a lower positioned 

transducer will overestimate the actual blood pressure.

Common sites for intra-arterial cannulation for arterial 

pressure monitoring are the radial, brachial, axillary, or femo-

ral arteries. Although the ascending aorta is the ideal place to 

monitor central arterial pressure waveforms, this is not practi-

pressure measurements in the more peripheral arteries become 

distorted when compared to central aortic pressure waveform 

20.12

higher and diastolic blood pressure lower, while the mean 

arterial pressure is usually similar to central aortic pressure. 

The pressure waveform becomes more distorted as pressure is 

measured farther away from the aorta. This distortion is due 

to a decrease in arterial compliance and reflection and oscilla-

tion of the blood pressure waves. For example, an arterial 

pressure wave monitored from the dorsalis pedis will be sig-

nificantly different from a central aortic wave when it is 

). There is also a loss in 

Fig. 20.12 An example of an arterial blood pressure wave from a typi-

cal optimally damped arterial blood pressure waveform. The peak por-

tion of the waveform corresponds to the systolic blood pressure and the 

trough corresponds with the diastolic blood pressure. The dicrotic notch 

-

vascular function can be estimated from the waveform. The upstroke 

correlates with myocardial contractility. The downstroke and position 

of the dicrotic notch give information about systemic vascular resis-

tance. The stroke volume is estimated by integrating the area under the 

curve

Fig. 20.13 A typical example of an arterial pressure waveform 

recorded from the ascending aorta. As the pressure monitoring site is 

moved more peripherally, the morphology of the waveform changes 

due to changes in arterial wall compliance as well as oscillation and 

-

rial waveform the absence of the dicrotic notch, overestimation of sys-

tolic blood pressure, and underestimation of diastolic pressure. Also 

note the presence of a small reflection wave
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amplitude or absence of the dicrotic notch, an increase in sys-

tolic blood pressure, and a decrease in diastolic blood pres-

a reflection wave as the blood pressure is monitored from a 

intra-arterial pressure catheter include thrombosis, emboli, 

infection, nerve injury, and hematoma.

20.4.3  Pressure Transducer System

waveforms are displayed by utilization of a pressure trans-

).

The pressure wave derived from the transducer system is 

a summation of sine waves at different frequencies and 

equal to the heart rate. Therefore, at a heart rate of 120 beats 

ten harmonics of the fundamental frequency make signifi-

cant contributions to the arterial waveform [11], frequencies 

-

that the maximum significant frequency in the arterial blood 

12].

All materials have a natural frequency, also known as 

resonant frequency. The natural frequency of the monitoring 

system is the frequency at which the pressure monitoring 

system resonates and amplifies the actual blood pressure sig-

nal [12, 

fundamental frequency, the blood pressure waveform will be 

amplified, giving an inaccurate pressure recording. The natu-

ral frequency is defined by the following equation [ ]:

 
fn

d
= ( ) ( )d L V/ * /

/

8 3
1 2

p r  

 
V pr= ( ) ( ) ( )16 33 1 2

n d LV/ * /
/

d damping coefficient  

d n -

ity of fluid, L ρ

Vd

-

form, the natural frequency needs to be increased while the 

amount of distortion is reduced. The optimal natural fre-

quency should be at least 10 times the fundamental fre-

quency, which is then greater than the tenth harmonic of the 

fundamental frequency [11, 12]. Therefore, the natural fre-

input frequency is usually close to the monitoring system’s 

input frequency is close to the natural frequency, the system 

-

quency should exceed the maximum significant frequency in 

12]. An ampli-

fied system typically requires damping to minimize distor-

tion; an underdamped system will result in amplification, 

while an overdamped system will result in reduced 

amplification.

Fig. 20.14 Schematics of a 

pressure transducer 

for details)

M.K. Loushin et al.
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The ability of the system to extinguish oscillations 

through viscous and frictional forces is the damping coeffi-

ς) [ ]. Some degree of damping may be required to 

considered that more damping is required especially in 

patients with higher heart rates, such as neonates. At higher 

heart rates, the tenth harmonic of the fundamental frequency 

will approach the natural frequency and the waveform is 

increasing the damping coefficient. Specifically, in an over-

amplified system, a connector with an air bubble can 

 intentionally be placed in line with the pressure transducer; 

the air bubble damps the system to diminish ringing.

The accuracy of pressure transducers is considered opti-

mal in the following situations: low compliance of the pres-

sure catheter and tubing, low density of fluid in the pressure 

tubing, and short tubing with a minimal number of connec-

underdamped or overdamped pressure waveform; an under-

damped waveform will overestimate systolic blood pressure, 

while an overdamped waveform will underestimate systolic 

blood pressure. Damping occurs when factors such as com-

pliance of tubing, air bubbles, and blood clots decrease the 

peaks and troughs of the pressure sine waves by absorbing 

system, the pressure waves generate additive harmonics, 

an overdamped system, a pressure wave may be impeded 

occur due to air bubbles in the pressure lines, kinks, blood 

clots, low-flush bag pressures, and multiple stopcocks or 

injection ports. This often results in underestimation of sys-

tolic blood pressure and overestimation of diastolic blood 

pressure. Fortunately, the mean arterial pressure is minimally 

).

is balance between the degree of damping and distortion 

from the pressure tubing system. A simple way to assess 

damping is to observe the results from a high-pressure fluid 

-

line is reached without oscillations and the waveform is 

multiple oscillations before the waveform reaches baseline.

20.4.4  Transducer Catheters

Common clinical methods to monitor arterial and venous 

pressures utilize a pressure transducer system that requires a 

-

) monitor pressures directly from a 

sensor incorporated within the tip of the catheter. A sensor 

) placed directly at the end of the catheter 

allows direct and constant measurement of pressures, thus 

eliminating the intrinsic inaccuracies of a fluid-filled system.

eliminated and the issues of overdamped and underdamped 

systems are not present. Accurate pressure readings can be 

obtained with the catheter at any height; readings are not 

affected by the height of the pressure transducer as in the 

conventional system. With transducer catheters, there is no 

time delay since pressure is monitored directly at the source. 

Compared to the conventional fluid system, transducer cath-

20.5  Central Venous Pressure Monitoring

An estimate of intravascular volume status and right heart 

function can be assessed with a central venous pressure cath-

eter. Central venous pressure is ideally considered as the 

mean venous blood pressure at the junction of the right 

Fig. 20.15 Effects of 

damping on the arterial 

underdamped pressure 

monitoring system, the 

pressure wave overestimates 

the systolic blood pressure 

and underestimates the 

overdamped system, the 

pressure wave underestimates 

the systolic blood pressure 

and overestimates the 

diastolic blood pressure. The 

mean arterial pressure 

remains essentially 

unchanged
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atrium and the inferior and superior vena cavae. The central 

20.2 and ) is an estimate of right 

heart filling pressures and may be used to assess right heart 

function and circulating blood volume. The central venous 

pressure is dependent upon multiple factors such as intravas-

cular volume, functional capacitance of veins, and status of 

the right heart. A limitation of central venous pressure moni-

toring is that it does not give direct information about the left 

-

ment may include monitoring of cardiac filling pressures, 

administration of drugs, and/or rapid infusion of large 

). A typical central venous pres-

20.7 -

erly calibrate and position the pressure transducer system at 

the level of the right atrium. Since the numeric value of cen-

in transducer height will cause significant inaccuracies in 

central venous pressure assessment.

There are multiple sites for placement of central venous 

catheters. Common sites used in clinical practice are the 

). 

Central venous access can also be accomplished by place-

ment of a long catheter via the antecubital, external jugular, 

and femoral veins. Complications of central venous catheter 

carotid and subclavian arteries), venous air embolism, 

 pneumothorax, chylothorax, loss of guide wire, nerve injury, 

Fig. 20.16 1 -

mally damped pressure monitoring system, the pressure wave returns to 

2

returns to baseline without any oscillations. The systolic blood pressure 

3 -

damped system, the wave oscillates multiple times before returning to 

baseline. The arterial wave is amplified. The systolic pressure is overes-

timated and diastolic pressure underestimated. The mean arterial pres-

sure usually is not significantly affected by overdamping or 

underdamping

Table 20.2 Relative intracardiac pressures in the healthy heart

Range

Right atrium 2–12

Right ventricle systolic

Right ventricle end diastolic 0–10

10

10

10–20

Table 20.3

parameter Derived formula Range

2

SV

SV/BSA 2

SVR

 m2

 m2

2

2

BSA body surface area, CI cardiac index, CO cardiac output, CVP cen-

tral venous pressure, HR heart rate, LVSWI left ventricular stroke work 

index, MAP mean arterial pressure, PAP pulmonary artery pressure, 

PCWP pulmonary capillary wedge pressure, PVR pulmonary vascular 

resistance, PVRI pulmonary vascular resistance index, RVSWI right 

ventricular stroke work index, SI stroke index, SV stroke volume, SVR 

systemic vascular resistance, SVRI systemic vascular resistance index
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cardiac dysrhythmias, and/or line infections. There are mul-

tiple types of central venous catheters ranging from a single 

Typically, multilumen catheters have slower flow rates due to 

the smaller radii of these lumens; recall that resistance to flow 

is proportional to the fourth power of the radius. After place-

ment of a central venous pressure catheter, all ports must be 

aspirated and flushed to confirm proper intravascular place-

ment of the catheter and eliminate any potential air in the line. 

The use of ultrasound for placement of a central venous line 

is currently common practice and has reduced the incidence 

X-ray is often obtained to confirm proper positioning of the 

-

ture of a lung, it will also be evident on chest X-ray.

The central venous pressure waveform can provide 

important information about the mechanical events occur-

20.17). An a wave is caused 

ECG. The c wave occurs during the start of ventricular 

systole as the tricuspid valve is pushed up toward the right 

atrium. The next portion of the waveform is the x descent, 

which represents the tricuspid valve being pulled down 

toward the right ventricle in late systole. The v wave corre-

lates with passive filling of the right atrium while the tricus-

pid valve is closed. The y descent completes the waveform 

and represents the opening of the tricuspid valve, passive 

emptying of the right atrium, and filling of the right ventricle 

during diastole. Again it should be noted that the central 

venous pressure waveform provides information primarily 

concerning the right heart. Yet, the same waveform can be 

observed for the left heart by recording the pulmonary capil-

-

cussed later in this chapter). The central venous pressure 

waveform is affected by respirations; thus it should be read 

at end expiration. There will be central venous pressure vari-

ation with each respiratory cycle. Central venous pressure 

value is typically defined as the mean venous pressure at the 

end of exhalation during spontaneous or controlled ventila-

tion. At end expiration, the intrathoracic pressure is closest to 

atmospheric pressure.

There are multiple clinical conditions that will affect the 

recorded central venous pressure waveform. For example, 

cannon) a waves 

) as the right atrium contracts and pushes blood 

past a stenotic valve. Abnormal cardiac nodal rhythms, ven-

tricular arrhythmias, or heart block will result in cannon a 

waves, as the atrium and ventricle are not synchronized and 

the atrium may be contracting against a closed tricuspid 

a waves may also occur during situations where 

the resistance to right atrium emptying is significantly 

Fig. 20.17 A typical example of a central venous pressure waveform 

consisting of a, c, and v waves and x and y descents. The a wave is 

associated with atrial contraction. The c wave occurs as the tricuspid 

valve bulges up toward the right atrium during early ventricular systole. 

The v wave is associated with passive filling of the right atrium with 

closed valve. The x descent corresponds to the tricuspid valve being 

pulled down toward the right ventricle during late systole. The y descent 

corresponds with opening of the tricuspid valve as the right atrium 

begins to empty. CVP central venous pressure, ECG electrocardiogram

Table 20.4 Relative indications for using a central venous pressure 

catheter

Vascular access

Venous blood sampling

Aspiration of venous air embolus

Fig. 20.18 An example of cannon a waves. A severely stenotic tricus-

-

cuspid valve) causes a large a wave. The mechanical events of the 

waveform must be correlated with the electrical events of the ECG
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increased, as in tricuspid and pulmonary valve stenosis, 

right ventricular hypertrophy, and/or pulmonary artery 

hypertension. Regurgitant valve disorders such as tricuspid 

regurgitation will result in large v ), repre-

senting overfilling of the atrium. Specifically, the large v 

wave occurs as blood volume from the right ventricle back 

flows into the right atrium past the incompetent tricuspid 

valve during systole. A noncompliant right ventricle, as in 

ischemia and heart failure, may also result in large v waves. 

During atrial fibrillation, a waves are absent due to ineffec-

tive atrial contractions. Again, similar waveforms for the left 

heart are seen from a pulmonary capillary wedge pressure 

waveform. Diagrams of cannon a and v waves are displayed 

in Figs.  and .

20.6  Pulmonary Artery Pressure 
Monitoring

The pulmonary artery catheter was first introduced into clini-

cal practice by Swan and Ganz [ ]. Since its introduction, 

the pulmonary artery catheter has often been used in the man-

agement of critically ill patients and in those undergoing 

) or solid organ transplanta-

tion surgeries. The effectiveness of pulmonary artery catheter 

monitors and their effect on patient morbidity and mortality 

continues to be debated and researched [17]. Current modifi-

cations also allow for continuous monitoring of pulmonary 

artery pressure, cardiac output, central venous pressure, 

V 2), and pulmonary cap-

20.20 ).

Fig. 20.19 An example of cannon v waves. An incompetent tricuspid 

x descent and causes can-

non v waves, as volume from the right ventricle back flows into the right 

atrium during ventricular systole. CVP central venous pressure, ECG 

electrocardiogram

Table 20.5 Relative indications for using a pulmonary artery catheter

Cardiopulmonary bypass surgery

Sepsis/shock

Aortic aneurysm surgery

See ASA Guidelines for more detailed indications and contraindica-

tions [ ]

Fig. 20.20 A diagram of a 

typical pulmonary artery 

catheter with continuous 

cardiac output and mean 

venous oxygen saturation 

monitoring capabilities. 

thermal coils, thermistors, and 

optical components to the 

catheter. Diagram courtesy of 

CVP 

central venous pressure, PA 

pulmonary artery, RV right 

ventricle, SVO2 venous 

oxygen saturation
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that blood pressure information associated with the left heart 

may also be obtained via the pulmonary capillary wedge 

pressure. Under conditions of normal pulmonary physiology 

and left ventricular function and compliance, the pulmonary 

capillary wedge pressure is proportional to the left ventricu-

lar end-diastolic pressure, which is proportional to left 

best measured by left ventricular end-diastolic volume:

 CVP PAD PCWP LAP LVEDP LVEDV~ ~ ~ ~ ~  

-

tricular end-diastolic volume.

Typically, after establishing central venous access, a pul-

monary artery catheter is floated into the pulmonary artery 

20.1). The 

location of the pulmonary artery catheter balloon is moni-

tored by analysis of the waveform as the catheter is floated 

from the vena cava to the right atrium, to the right ventricle, 

20.21

the catheter is in the pulmonary artery, it is advanced further 

20.22). The resultant 

mean pressure and waveform is the pulmonary capillary 

wedge pressure. Under normal physiologic conditions, this 

the pulmonary artery catheter balloon should not be kept 

inflated for a long duration or kept in a wedged position due 

20.10) should be inflated, and when it is pulled back, the 

balloon should be deflated. The balloon on most pulmonary 

Exceeding this volume may result in balloon rupture and/or 

-

able catheter systems come with a balloon inflation syringe 

As with all pressure transducers, the pulmonary artery 

catheter pressure transducer must be accurately calibrated 

and zeroed prior to obtaining pressure readings. The pressure 

transducer should be zeroed at the level midway between the 

anterior and posterior chest at the level of the sternum; this is 

usually near the level of the right atrium. The pulmonary 

during spontaneous or mechanical ventilations).

lung region is important in obtaining accurate pressure mea-

surements. Since a greater portion of blood flow goes to the 

-

nary artery catheter most often floats to the right pulmonary 

based on the correlation between pulmonary arterial pres-

sure, alveolar pressure, and venous pressure [

placement of the pulmonary artery catheter requires the cath-

blood flow is uninterrupted and therefore capable of trans-

mitting the most accurate blood pressure; it is also the zone 

-

nary capillary wedge pressure to best correlate with left atrial 

pressure, the distal tip of the catheter should be in a patent 

where alveolar pressure is greater than perfusion pressure, 

the pulmonary capillary wedge pressure will reflect the alve-

olar pressure and not left atrial pressure. Controlled mechan-

ical ventilation utilizing positive end-expiratory pressure 

of pulmonary capillary wedge pressure and left atrial 

 pressure [

capillary wedge pressure may not accurately reflect left atrial 

pressure include patients with pulmonary vascular disease, 

mitral valve disease, and chronic obstructive pulmonary dis-

ease and/or those being administered with positive end- 

expiratory pressure [

Fig. 20.21 A typical 

example of right heart blood 

pressure waveforms. As the 

pulmonary artery catheter is 

floated into the distal 

pulmonary artery, the 

morphology of the pressure 

wave changes as it goes 

through the chambers of the 

heart. CVP central venous 

pressure, PA pulmonary artery 

pressure, PCWP pulmonary 

capillary wedge pressure, RV 

right ventricle pressure
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alveolar pressure, such as positive pressure ventilation and 

positive end-expiratory pressure [20]. Again, conditions 

such as positive pressure ventilation, obstructive and restric-

altered ventricular compliance, tachycardia, and pneumo-

nectomy) are situations where pulmonary capillary wedge 

pressure does not accurately correlate with left ventricular 

end-diastolic pressure [21, 22] and hence left ventricular 

end-diastolic volume.

The pulmonary capillary wedge pressure waveform is 

similar to the central venous pressure waveform and occurs 

in compliance, and valvular disease will affect the wave-

v waves occur with mitral regurgitation, myo-

cardial ischemia, papillary muscle dysfunction, and 

v waves may look similar to 

the pulmonary artery waveform. To prevent errors in inter-

preting pulmonary capillary wedge pressure and pulmonary 

artery pressure, the waveform must be viewed and correlated 

with the ECG tracing. The v wave will always occur after the 

not have a dicrotic notch. The pulmonary artery waveform 

has a dicrotic notch. A large a wave typically occurs in 

patients with mitral stenosis and/or left ventricular 

hypertrophy.

patients with known abnormal anatomy of the right heart, 

such as tricuspid and pulmonic valve stenosis or masses in 

the right heart. Such catheters may also be contraindicated in 

patients with left bundle branch block of the myocardial con-

Fig. 20.22 Floating a pulmonary artery catheter through chambers of a heart until the balloon wedges in the distal pulmonary artery. Diagram 

Ao aorta, LA left atrium, LV left ventricle, PA pulmonary artery, RA right atrium, RV right ventricle

M.K. Loushin et al.
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duction system; floating the pulmonary artery catheter 

through the right heart may cause right bundle branch block 

and increase the risk of developing complete heart block. 

The existence of cardiac pacer leads is not a contraindication 

but may make placement of a pulmonary artery catheter dif-

20.2). Care also must be taken when 

removing such a catheter. Reported complications associated 

with pulmonary artery catheters include: cardiac arrhyth-

mias, heart block, pulmonary artery rupture, infection, and/

or pulmonary infarction [ ]. During cardiac surgery such as 

lung and heart transplant, it is possible to have the pulmo-

nary artery catheter inadvertently sutured in the surgical 

the clinician to the above possibility.

20.7  Cardiac Output/Cardiac Index 
Monitoring

Determining cardiac output is now considered vital when 

managing any critically ill patient, in particular those with 

severe cardiac disease, pulmonary disease, and/or multior-

gan failure. Cardiac output is the total blood flow by the heart 

often equated with global ventricular systolic function. Any 

increase in demand for oxygen delivery is usually 

 accomplished with an increase in cardiac output. Furthermore, 

increasing cardiac output is an important factor in oxygen 

delivery. Cardiac output is dependent upon heart rate and 

-

dial wall motion abnormalities and/or valvular dysfunction 

will also affect stroke volume.

Starling’s law describes the relationship between cardiac 

). 

As preload is increased, the cardiac output increases in direct 

proportion to the left ventricular end-diastolic volume until 

an excessive preload is reached. At this point, increases in 

left ventricular end-diastolic volume do not result in 

increased cardiac output and may actually decrease it.

Due to variations in body size and weight, cardiac output 

is frequently expressed as a cardiac index. Cardiac index is 

equal to cardiac output divided by body surface area and has 
2:

 CO HR SV= ´
 

 
CI CO BSA= /  

-

The equation for cardiac output can also be derived by 

-

tion is the product of cardiac output and the difference 

between arteriovenous oxygen content:

 VO CO CaO CvO
2 2 2
= ´ -( )  

2

2 2

content.

Rearranging the oxygen extraction equation allows calcu-

lation of cardiac output:

 CO VO CaO CvO= -( )2 2 2
/  

A limitation of the Fick method is that frequent blood sam-

ples from the arterial and venous circulation are required. 

Expiratory gas must also be analyzed to measure oxygen 

consumption.

Cardiac output can also be measured by utilizing an indi-

methylene blue or indocyanine green) is injected into the 

right heart. The dye mixes with blood and goes out the pul-

monary artery to the systemic circulation. A circulating arte-

rial blood sample with diluted indicator dye is collected and 

measured using spectrophotometric analysis. Repeat cardiac 

output measurements utilizing the indicator dilution tech-

nique are limited due to increasing concentrations of dye 

with each subsequent measurement.

The thermodilution method to measure cardiac output is a 

modification of the indicator dilution technique initially 

described by Fegler [

are not considered to be affected by recirculation, as are the 

indicator dilution techniques. Typically, the distal tips of the 

pulmonary artery catheters contain thermistors that detect 

temperatures of circulating blood. The more proximal por-

tion of the pulmonary artery catheter contains an opening 

that allows for injection of fluid such as normal saline or 

D W. The injected solution may be at an ambient tempera-

ture or iced. An iced solution increases the temperature dif-

ference and therefore the signal-to-noise ratio [ ]; thus, it is 

considered better than an injectate at room temperature. A 

computer program within the monitoring system commonly 

calculates the cardiac output utilizing the thermodilution car-

diac output equation. Components of the equation include 

the following: specific heat of blood, specific gravity of 

blood and injectate, volume of injectate, and area of blood 

[ ] can also be used to calculate cardiac output using this 

approach:

 CO V Tb Ti Tb= -( )´ ´ ( )òK K t dt1 2 /  
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-

tate temperature, K K -

stant, and ∫∆ t)dt = integral of blood temperature change 

over time.

Cardiac output is inversely proportional to the area under 

).

requires both proper position of the pulmonary artery cathe-

such as tricuspid and pulmonic value regurgitation and intra-

cardiac shunts will cause recirculation of blood and thus 

result in the false elevation of cardiac output. The errors of 

intermittent bolus thermodilution techniques include valu-

able volumes and temperatures of injectate, technique of 

injection, and timing of injection with the respiratory cycle 

[27]. Cardiac output measurements are also affected by clini-

cal conditions such as tricuspid insufficiency, intracardiac 

shunts, and/or atrial fibrillation [ ].

been made possible with advanced pulmonary artery cathe-

20.11). Typically, continuous cardiac out-

put monitors utilize a thermal coil which is positioned in the 

the continuous cardiac output catheter and system reaches a 

steady state with its surroundings, the thermal coil intermit-

tently heats blood. The temperature change of the surround-

ing blood is detected by a thermistor located at the distal tip 

of the pulmonary artery catheter; the recorded blood tem-

perature varies inversely with cardiac output.

The accuracy of the system depends on the measurement 

of temperature differences from the injection port to the dis-

amounts of cold solution reaching the thermistor will result 

in a higher cardiac output. Such detected differences may be 

caused by actual increased cardiac output, small amounts of 

injectate, warm indicator and/or injectate, a clot on the 

thermistor, or a wedged catheter. A calculated small cardiac 

output will result when the solution reaching the thermistor 

is too cold; this may occur if there is too large an amount of 

injectate, if the solution is too cold, if there is an actual 

decrease in cardiac output, and/or if the patient has an intra-

cardiac shunt. A major limitation of continuous cardiac out-

put method is its slow response time to acute changes in 

cardiac output [27, ]. Although the response time may be 

slow, it is still faster in detecting cardiac output changes than 

the traditional intermittent thermodilution technique. 

Furthermore, continuous cardiac output monitoring is gener-

ally considered to be more accurate than the intermittent 

thermodilution technique [ , ].

Doppler modalities, the transpulmonary dilution technique 

[ , ], gas rebreathing technology [ , ], and/or a bio-

impedance [ , , ] technique. Briefly, the noninvasive 

Doppler method to measure cardiac output is an esophageal 

Doppler monitor. As such, an esophageal Doppler probe is 

placed and an ultrasound beam is directed at the descending 

aorta. By knowing the cross-sectional area of the aorta and 

blood velocity, the stroke volume is calculated [ ].

The transpulmonary dilution method for measuring car-

-

eral) and subsequent assessment of the indicator level of the 

systemic arterial circulation; a typical example is the lithium 

chloride solution technique [ – -

cator is injected through a central or peripheral vein, and the 

plasma concentration of this indicator is measured via a 

lithium- specific electrode connected to the arterial line [ ]. 

A concentration-time curve is generated and cardiac output 

is calculated from the area under the curve associated with 

the lithium ion concentrations [ ].

The thoracic bioimpedance method measures cardiac out-

put by detecting the change in flow of electricity with altera-

tion in blood flow [ ]. For thoracic bioimpedance, a 

low-amplitude and high-frequency current is transmitted and 

Fig. 20.23 -

diac output is inversely proportional to the area under the thermodilu-

tion curve
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then sensed by sets of electrodes placed on both sides of the 

-

tance to current flow) are analyzed and calculated as the 

The thoracic bioimpedance method of measuring cardiac 

output may be useful in clinical situations such as major 

trauma [ , ] and cardiac disease [ ].

Gas technology utilizing the measurement of carbon diox-

ide [ , ] applies the Fick principle of oxygen consumption 

and cardiac output but substitutes carbon dioxide production 

2 

2, modification of the Fick equa-

tion can be applied to calculate cardiac output [ ]:

 
CO VCO EtCO=

2 2
/  

Δ 2 2 produc-

tion, and Δ 2 2.

rebreathing method to measure cardiac output is, at present 

time, inconclusive [ – ].

20.8  Mixed Venous Saturation Monitoring 
(SvO2)

2) typi-

cally utilizes reflective spectrophotometric technology to 

measure the amount of oxygen in mixed venous blood. Yet, 

a true mixed venous blood sample is measured in the pulmo-

nary artery. Systemic venous blood with different oxygen 

extraction ratios returns to the right atrium via the superior 

vena cava and inferior vena cava, mixes and equilibrates in 

the right ventricle, and flows out past the pulmonic valve to 

2, cathe-

ter light emitted from the catheter tip is reflected off the red 

blood cells and is detected by a photodetector. The difference 

in wavelengths of emitted and reflected light is processed to 

2 ). Continuous venous saturation 

2) monitoring has been made possible with the adapta-

tion of a pulmonary artery catheter with fiber-optic technol-

20.11). Such monitoring utilizes the 

principle of reflectance spectrophotometry, which uses mul-

tiple wavelengths of transmitted light at specific intensities 

that is then reflected from red blood cells. For example, oxy-

reason that oxyhemoglobin looks red and deoxyhemoglobin 

2 catheter emits light with 

specific wavelengths which measure both oxyhemoglobin 

and deoxyhemoglobin, as red blood cells flow past the tip of 

the catheter. The difference between absorption of light 

between saturated and desaturated hemoglobin results in the 

2 value.

2 equation is a modification of the Fick equation; 

2 is derived by rearranging the Fick equation as follows:

 
VO C a v O CO

2 2
10= -( ) ´ ´  

 
SvO SaO VO DO

2 2 2 2
= - /  

 

DO volumeof O delivered per minute

CO CaO

2 2

2 10

=

= ´ ´  

 

VO oxygen consumption per minute

C a v O CO

2

2 10

=

= -( ) ´ ´  

 
SaO arterialO saturation

2 2
1 0= ( ).  

 
CaO Hgb SpO PaO2 2 21 39 0 003= ´ ´ + ´. .  

2 2

2

2 2

2 2 -

tial pressure of arterial oxygen.

2 requires that vasoregula-

tion be intact [ ], and there must be a continuous flow of 

Fig. 20.24 An example of 

mixed venous saturation 

SvO2). 

Spectrophotometric 

technology such as pulse 

oximeter and mixed venous 

oxygen saturation monitors 

are utilized to measure the 

amount of oxygenated 

hemoglobin in circulating 

blood. A specific wavelength 

reflected wavelength off the 

red blood cells is detected and 

processed
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2 values may be incor-

rect if the tip of the pulmonary artery catheter migrates into 

the distal pulmonary artery and/or comes in contact with the 

2 values include 

miscalibration of the microprocessor or light intensity that is 

pulmonary artery in order to have true mixed venous 

oxygen.

2) monitoring pro-

vides information about the balance between total body oxy-

2

the amount of oxygen not taken up by organs and tissues. 

2, the higher the fraction extrac-

tion of oxygen by the tissues and a possible imbalance 

2 is 

dependent upon arterial oxygen saturation, oxygen con-

sumption, concentration of hemoglobin, and cardiac output. 

2 may be caused by decreased 

increased oxygen consumption, or decreased arterial oxygen 

2 monitoring is useful in 

 conditions where there is significant oxygen transport imbal-

ance including: severe cardiac and respiratory disease, sep-

sis, and/or dysfunctional oxygen transport [ ]. During 

2 

reflects the relative cardiac output [ , ]. Furthermore, 

2 may provide vital information in the 

medical management of critically ill [ , ] and/or cardiac 

surgery patients [ 2 drops during a period of 

increased oxygen demand, it may indicate inadequate tissue 

perfusion and oxygen delivery; this information would not 

be available with monitoring cardiac output only.

2 may be a better measurement of 

myocardial performance than cardiac output alone. Acute 

2

2 

-

ment of critically ill patients by implementing measures to 

2 normal is considered important for decreasing 

morbidity and mortality [ , 2 is 

2 may be elevated during septic 

shock, hyperoxygenation, and cyanide toxicity and in 

patients with arterial venous shunts [ , ]. The increase in 

2 during sepsis is considered, in part, due to the loss of 

vasoregulation and yet does not mean that organ tissues are 

2 value is increased due to the 

decreased metabolic requirement for oxygen by tissues.

2 cath-

2) monitor may be used. The advan-

2 is that a pulmonary artery catheter is not 

2 

obtains venous oxygen saturation readings from the superior 

vena cava or right atrium. During normal physiological and 

2 2 

[ – 2 

2 [ – ] and, there-

2 can only be measured in the pulmonary artery 

in such cases [ ]. Resuscitation and medical management 

2 monitor may provide 

benefits over conventional monitors such as vital signs and/

or central venous pressure [ ].

20.9  Flow Monitoring

While cardiac output is similar regardless of where it is mea-

sured within the heart, the flow profiles can change dramati-

cally within different anatomical structures and disease states. 

Given a constant cardiac output, flow velocity increases with a 

smaller diameter vessel, with larger velocities seen at the cen-

ter of the flow profile and with zero velocity at the vessel wall.

For example, flow through the cardiac valves is important 

for diagnoses of stenosis and regurgitation. Stenosis is defined 

as a narrowing of the orifice area of the valve. This can be 

caused by a variety of factors including sclerosis formation on 

leaflets and is characterized by abnormally high flow veloci-

ties through the valve. Regurgitation is defined as flow rever-

sal through a valve and can be caused by annular dilatation, 

leaflet prolapse, and/or changes in chamber dimensions affect-

ing the valve performance. While a small amount of regurgita-

closing 

volume), patients with pathologic regurgitation have abnor-

mally high flows traveling retrograde across the valve 

orifice.

Clinical diagnoses of regurgitation and stenosis are typi-

22

wave Doppler measures a frequency shift in the ultrasound 

waves to calculate a flow velocity. Color flow mapping 

allows for visualization of the flow through the valve. By 

standards, areas flowing toward the transducer head appear 

red, areas flowing away from the transducer head appear 

blue, and areas of regurgitation or turbulent flow appear in a 

third color, typically yellow or green. Flow rates, pressure 

gradients, and orifice area measurements are available in 

Table  for the varying degrees of stenosis for each of the 

cardiac valves, as reported by the American College of 

guidelines [ -

nosing the severity of regurgitation.

flow monitoring across the cardiac valves in an in vivo setting. 

Doppler sensors, using the same principles as echocardiogra-

phy, are available in a number of forms, a c-ring transducer 
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measurements, calculates a velocity from the measurement, 

and then multiplies the velocity by the area of the c-ring to 

determine the flow through the vessel. This type of sensor is 

useful for flows downstream of the aortic or pulmonary valves 

but cannot be attached in the atrioventricular positions.

Electromagnetic sensors take advantage of Faraday’s law 

of inductance to measure velocity of a conducting fluid, such 

as blood. A rapidly reversing magnetic field is produced and, 

as the fluid moves through this field, a voltage is generated. 

This voltage is measured and translated into a frequency signal 

which is proportional to flow rate. Sensors are capable of mea-

suring the instantaneous velocity of a small area with high 

temporal resolution and can be attached to a catheter. The dis-

advantage of electromagnetic sensors is that the measurements 

are affected by catheter placement, the exact location of which 

can be difficult to determine through fluoroscopy.

Cardiac magnetic resonance can be utilized in both a clin-

ical and research role to investigate flow through valves and 

enables the measurement of blood flow velocity across the 

cardiac valves and the great vessels with a high temporal and 

spatial resolution. As blood flows through the static mag-

netic field, the precession frequency changes in the hydrogen 

atoms of the tissue. This frequency change results in a 

dephasing effect on the magnetization of the atoms. The net 

dephasing of the atomic spins is a function of the velocity of 

the blood flow as well as the direction. This technique is used 

for clinical diagnoses of valvular regurgitation and aortic ste-

nosis and to investigate coronary flow. For more information 

on these methods, the reader is referred to Chap. .

Angiograms are utilized to observe acute flow through the 

coronary system. While this is a qualitative technique for 

flow monitoring, it is of clinical importance, particularly for 

patient is typically cannulated via a femoral artery and the 

catheter is fed into or near the coronary ostia. Contrast is then 

injected through the catheter and into the bloodstream. By 

can be observed traveling through the coronary system. Flow 

is considered interrupted anywhere that contrast cannot tra-

verse, indicating a blockage or reduced flow in the coronary 

system. An arterial dissection of the left anterior descending 

20.12. The dissection 

is a tear in the tunica intima of the blood vessel, which allows 

blood into the space between the inner and outer layers of the 

vessel wall, resulting in vessel stenosis and possible occlu-

sion. The area of the dissection is circled on the left of the 

image and the reduction in flow is visible downstream of the 

dissection. The image on the right shows the same artery 

after the vessel has healed.

Classification of blood flow using engineering terms is 

not a simple task. Blood flow through vessels is typically 

laminar, but partial occlusions can lead to turbulence down-

stream of the occlusion. This phenomenon is utilized in 

through or near a cardiac valve becomes quite a bit more 

complicated, as it is neither laminar nor turbulent. Yoganathan 

et al. classify the pulsatile flow of blood through cardiac 

valves as borderline turbulent flow, characterized by regions 

borderline turbulent flow being defined as unsteady laminar 

flow with more than one temporal frequency excited. Yet, 

they further describe the flow to transition into a fully turbu-

lent state during peak systole [ ].

20.10  Implantable Monitoring

optimally and continuously monitor hemodynamic proper-

ties is being realized. Furthermore, devices are being devel-

oped for researchers who work with small animals, for 

clinical researchers, and for physicians to monitor their 

patients without clinical visits. These devices may consist of 

sensors that transmit data to an implantable loop recorder, 

where the information is stored until it is collected by the 

researcher or physician by telemetry or other means.

An implantable loop recorder is a valuable tool for 

researchers conducting chronic studies and for clinicians. 

For example, data can be collected continuously when inves-

tigating properties that occur only rarely or change slowly 

over time. Clinically, implantable loop recorders that gather 

ECG data are used for diagnosis of patients with unexplained 

syncope, near syncope, episodic or recurrent palpitations, 

and seizure-like events. The use of an implantable loop 

recorder has diagnosed patients in which standard tilt-table 

testing has failed to induce syncope [ – ] and is now 

advised for management of patients with syncope [ , 70]. 

Two examples of implantable loop recorders are the Sleuth 

Table 20.6

2)

Aortic stenosis

Severe <1.0

Severe <1.0

Tricuspid stenosis

Severe <1.0

Severe
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monitoring system to date is the investigational device called 

lead that is implanted in the right ventricle to provide continu-

ous hemodynamic monitoring of heart rate, right ventricular 

systolic pressure, right ventricular diastolic pressure, right ven-

or estimated pulmonary artery diastolic pressure [71, 72]. The 

data storage period of this device can be adjusted with the 

desired sampling rate but can also be reprogrammed as desired.

Another application of implantable sensors is the moni-

toring of patients with congestive heart failure. Signs and 

symptoms of congestive heart failure are not well correlated 

with the disease status [ , -

bining pacing capabilities with monitoring capabilities have 

been implanted in ambulatory patients with congestive heart 

failure to monitor parameters such as the mixed venous oxy-

gen saturation and right ventricular pressures. The feasibility 

of these devices has been shown [ ], but clinical validation 

studies are ongoing.

-

tion they collect and the manner and ease in which that infor-

mation is transferred to those interpreting it. Collection of the 

data is less of an issue in a research setting, where the 

researcher can personally ensure the data is retrieved at the 

proper time and in the desired format. Clinicians, on the other 

hand, could have a large number of patients with implantable 

numerous home telemonitoring units are in use to gather data 

from patients with implantable devices and send the data to a 

location where it can be processed and interpreted by their 

physicians. Examples of telemonitoring systems include the 

-

ing is growing rapidly and with the advent of printed flexible 

electronics it will continue to accelerate.

20.11  Summary

Advanced methods and technology continue to develop for the 

assessment of cardiac hemodynamics. Such monitoring can be 

used acutely; however, many new technologies are being 

developed for chronic monitoring of the cardiac patient 

-

general overview of several devices and/or systems that can be 

used either clinically or experimentally to monitor cardiac 

understand how the output of such devices can be used for the 

assessment of cardiac function, one needs to first possess an 

in-depth understanding of underlying basic cardiac physiology.
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Fueling Normal and Diseased Hearts: 
Myocardial Bioenergetics

Arthur H.L. From and Robert J. Bache

Abstract

Cardiac contractile performance depends upon: (1) the delivery of carbon substrates and 

oxygen present in the blood to the cardiac extracellular space (via the coronary circulation), 

(2) the ability of the cardiomyocytes to efficiently extract these substrates from the extracel-

lular space, and (3) the pathways via which the chemical energy stored within the carbon 

substrates is transferred to adenosine triphosphate (ATP), an energy storage molecule that 

can be directly utilized by most chemical energy driven processes. Importantly, ATP syn-

thetic capacity must be sufficient to support a wide range of energy demands with high rates 

of ATP generation and must not be associated with destabilization of cytosolic and intra- 

organelle chemical milieus. The latter characteristic is crucial if the performance of the con-

tractile apparatus and intracellular organelles is to remain optimal over the broad range of 

cardiac work states required by a physically active organism. Hence, even a high rate of 

myocardial energy expenditure must not induce the fatigue that is known to develop in heav-

ily working skeletal muscle. This chapter describes the ways in which the chemical energy 

stored in ingested carbon substrates (glucose, fatty acids, and, to a modest extent, proteins) 

is transferred to ATP and reviews some of the regulatory systems which integrate the func-

tion of these pathways and make them responsive to changes in ATP demand without desta-

bilizing the intracellular chemical milieu. The generation of toxic by-products of the 

metabolic processes and mechanisms that limit their adverse effects are also reviewed. Last 

of all, the effects of several physiological states and diseases on these processes are briefly 

discussed, and the concept that the diseased heart may be energy limited is presented.
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TCA Tricarboxylic acid

21.1  Introduction

In the interest of putting the subject of myocardial metabo-

lism into a broader perspective, it should be understood that 

the heart is ultimately a solar-powered organ (as are all other 

organs). Virtually, all energy-driven biological processes in 

our biosphere are ultimately dependent upon energy radiated 

by the sun (in the form of photons). Photons are captured by 

plants, and their energy is used to synthesize energy-rich car-

bon molecules that are then used to fuel many biological pro-

cesses. In green plants, a portion of the solar photon energy 

is first trapped by chlorophyll and then stored in the form of 

highly energetic chemical bonds resident in adenosine tri-

21.1); the equation for 

this process is as follows:

 

2 2 3 3 2 2

3
2

2

H O NADP ADP P light NADPH H

ATP O
i+ + + + ® +

+ +

+ +

The distal phosphate bonds of ATP store high levels of chem-

ical energy. In plants, the energy released by breakdown of 

the terminal high-energy phosphate bond of ATP and the 

carbohydrates and ultimately glucose. The chemical energy 

stored in glucose can be released in a controlled fashion by 

enzyme-catalyzed reactions and drives the synthesis of all 

other species of biomolecules including fatty acids (another 

convenient storage molecule for chemical energy) and amino 

acids, as well as for resynthesis of ATP. Hence, because ani-

mals are unable to directly convert solar photon energy to a 

storage form of chemical energy, simple and complex animal 

life is ultimately powered by plants that carry out photosyn-

thesis. The ingestion of plants and (other) animals containing 

energy-rich molecules supplies animals with carbohydrates, 

fatty acids, and amino acids that can be metabolized to sup-

port the generation of ATP.

In the myocardium, as in other biologic tissues, most 

energy-driven processes use ATP as the immediate source of 

energy. Hydrolysis of the terminal phosphate bond of ATP 

releases energy that can be captured and used to drive 

(energy-dependent) processes such as protein synthesis, 

muscle contraction, ion transport, etc. Therefore, the ability 

of the heart to pump blood to the pulmonary and systemic 

circulations is dependent on the presence of adequate con-

are modest in relation to the rate of expenditure, and continu-

ous ATP synthesis is required to support energy-requiring 

processes. Importantly, most of the energy required for ATP 

synthesis is derived from the controlled breakdown of the 

chemical bonds in carbohydrates (glucose) and fatty acids; 

body protein-derived amino acids are used to fuel ATP gen-

eration only when supplies of the major fuels are compro-

mised, as would be the case during a period of starvation.

To summarize, this chapter will describe: (1) how carbon 

substrates and oxygen are delivered to the heart, (2) the bio-

chemical pathways within the heart (most of the same path-

ways are present in all tissue types) that transfer the chemical 

bond energy stored in carbon substrates to ATP, (3) some of the 

ways that these pathways are regulated such that they are capa-

ble of responding to the increased ATP demand associated with 

these processes that occur under changing physiological states 

in normal and diseased hearts. The reader should understand 

that this relatively brief summary of myocardial metabolism is, 

by necessity, an extremely superficial overview of the individ-

major topics in greater detail, a list of recent references—pri-

marily current topical reviews, research reports, and a standard 

biochemistry textbook—is provided at the end of the chapter.

21.2  Myocardial Blood Flow: Carbon 
Substrate and Oxygen Delivery 
to the Heart

into human and animal hearts (see Chap. ) by coronary 

arteries that originate from the proximal aorta. These arter-

ies then subdivide to form progressively smaller branches 

that arborize inward throughout the ventricular wall and 

Fig. 21.1 Adenosine triphosphate (ATP). ATP is the major source of 

chemical energy used to power the reactions that support contractile 

and other processes in myocardium and all other living tissues. The ~ 

symbol is used to designate a phosphate bond which has a very high 

level of stored chemical energy. Although ATP contains two ~ phos-

phate bonds, it is the hydrolysis of the terminal phosphate bond that 

releases the energy that directly powers cellular processes

A.H.L. From and R.J. Bache
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21.2). The left ven-

tricular wall (for descriptive purposes) is arbitrarily subdi-

vided into transmural layers termed the subepicardium 

(outermost layer), the midmyocardium, and the subendocar-

dium (innermost layer). The coronary arterial tree  terminates 

arteri-

oles. The arterioles are the major locus of resistance to blood 

flow, and contraction or relaxation of the smooth muscle in 

the walls of the arterioles (vasomotion) provides the mecha-

nism for control of the rate of blood flow into the myocar-

thin-walled tubes comprised of a single layer of endothelial 

cells, across which most of the exchange of nutrients, oxy-

gen, and metabolic waste products occurs. As their terminal 

end capillaries coalesce into venules, the initial component 

of the cardiac venous system then conducts most postcapil-

lary blood back into the cardiac chambers, primarily through 

details on the coronary circulation, see Chap. 8.

21.2.1  Regulation of Myocardial Blood Flow

Coronary blood flow is highly regulated and falls or rises 

appropriately in response to subtle or large changes in the 

rate of myocardial energy expenditure. The principal pur-

pose of the heart is to generate the pressure that forces blood 

from the ventricles into the pulmonary and systemic circula-

-

ing exercise or other stresses increases myocardial demand 

for oxygen and carbon substrates. In clinical practice, there 

is often a need to assess the effects of changes of the rate of 

myocardial energy expenditure on cardiac performance (e.g., 

-

ment of myocardial oxygen consumption is not practical, a 

rough estimate of the change in the energy demands of the 

heart is afforded by the product of systolic blood pressure 

multiplied by the times per minute that pressure generation 

occurs (heart rate); this is termed the rate-pressure product. 

This measurement provides a simple estimate of changes in 

the metabolic requirement of the heart resulting from differ-

ent cardiac work states in animals and humans.

The coronary circulation operates on the principle of 

“just-in-time” delivery of oxygen and carbon substrates. In 

other words, coronary blood flow is regulated to be only 

minimally greater than required to meet the instantaneous 

2 from the blood as it flows 

of basal oxygen extraction, there is little ability to increase 

oxygen uptake by means of increased extraction of oxygen 

from the blood. As a result, increases in myocardial energy 

requirement during exercise or other stresses must be satis-

fied by concomitant increases of coronary blood flow. As 

noted, ATP and oxygen stores in the myocardium are rela-

tively small. Therefore, the response time for the increase 

in coronary flow following an increase in cardiac work 

-

ations, it is clear that highly responsive signaling systems 

exist which link the rate of myocardial energy expenditure 

to vasomotor activity in the resistance vessels that control 

coronary blood flow. Interestingly, these signaling systems 

are not fully understood despite intense study over the last 

Fig. 21.2 Transmural distribution of the coronary arterial system. The 

large epicardial conductance arteries supply shallow and deep branches 

to the subepicardium and subepicardium, respectively. These perforat-

ing vessels arborize to create the arteriolar network that supplies the 

myocardial capillary bed. LV

conditions and during acute myocardial hypoperfusion, Pharmacol 
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21.2.2  Signaling Pathways Regulating 
the Coronary Circulation

The regulatory signals that increase blood flow in response to 

increases/decreases of cardiac work can be classified as 

 having feedback or feed-forward characteristics; the final 

common response to these signals is relaxation/contraction of 

vascular smooth muscle cells within the arteriolar resistance 

21.3

major feedback mechanisms resulting from increased cardio-

myocyte metabolism (including adenosine, nitric oxide, ATP, 

H2 2, and others) cause opening of ATP-sensitive potassium 

ATP) located within the sarcolemma of arterio-

potassium to escape from the cytosol of the smooth muscle 

cells, resulting in hyperpolarization (increased negativity) of 

the arteriolar smooth muscle cell membrane. The increased 

negativity of the membrane causes sarcolemmal voltage-

dependent calcium channels to close; as a result, calcium 

entry into the smooth muscle is reduced, the vessel relaxes 

(i.e., dilates), and coronary blood flow increases. In addition 

ATP channels, adenosine (a product of ATP 

utilization in the cardiomyocyte) also has potent, direct dilator 

effects on arteriolar smooth muscle. Another metabolic feed-

back signal is nitric oxide generated by the vascular endothe-

exerted on the endothelial cells augments nitric oxide synthe-

sis. In addition to causing potassium channel opening, nitric 

oxide also initiates direct relaxation processes in vascular 

smooth muscle. It is important to note that this brief discus-

sion does not include many of the known feedback mecha-

nisms involved in regulation of coronary blood flow.

(i.e., during exercise) activates a feed-forward mechanism 

for control of coronary blood flow which augments the local 

metabolic vasodilator influences. The sympathetic neu-

rotransmitter norepinephrine activates α- and β-adrenergic 

receptors located within the sarcolemma of arteriolar 

smooth muscle cells. Activation of similarly located 

α-adrenergic receptors causes modest constriction of the 

large coronary arteries; since these arteries function as con-

duit vessels that offer little resistance to blood flow, this has 

little effect on coronary flow. However, activation of arterio-

lar β-adrenergic receptors results in relaxation (vasodila-

tion) of these small resistance vessels; the resultant decrease 

of coronary resistance causes a feed-forward increase in 

blood flow that is independent of local metabolic mecha-

nisms and augments the increase of coronary blood flow 

during exercise.

Pharmacologic studies have shown that simultaneous 

ATP channels, adenosine, and nitric 

oxide pathways significantly decreases myocardial blood 

flow that normally occurs during exercise is severely blunted, 

resulting in a perfusion-metabolism mismatch that is accom-

panied by evidence of ischemia even in the normal heart. 

Hence, activation of these three pathways appears to be the 

primary means by which metabolic vasodilatation is achieved 

in the heart. However, in the healthy heart, blockade of any 

one of these mechanisms for smooth muscle relaxation will 

elicit compensatory (i.e., increased) activation of the other 

pathways to minimize changes in coronary blood flow. Lastly, 

other (not discussed) circulatory regulatory mechanisms may 

also be of biological significance.

Fig. 21.3
and feed-forward mechanisms 

underlying metabolic 

vasodilatation of resistance 

vessels are depicted (see text 

for discussion). KATP channel 

ATP-inhibited potassium 

channel, NO nitric oxide

A.H.L. From and R.J. Bache
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21.2.3  Blood Flow in the Diseased Heart

Coronary blood flow in the diseased heart can be limited by: 

(1) partial or complete obstruction of the large coronary arter-

ies (e.g., atherosclerotic disease), (2) decreased responsive-

ness of the signaling systems relating blood flow to energy 

requirements, and/or (3) increases in extravascular mechani-

cal forces acting to compress the small vessels in the wall of 

the left ventricle. In the case of obstructive (generally athero-

sclerotic) disease of the epicardial coronary arteries, a moder-

ately narrowed vessel may only restrict blood flow during 

periods of increased blood flow demand (i.e., it reduces vaso-

dilator reserve), while a severely narrowed vessel may limit 

blood flow even when the subject is at rest. In the presence of 

a moderate coronary obstruction, the arteriolar bed can main-

tain adequate blood flow by metabolic signaling- based arte-

riolar vasodilatation. That is, a decrease in small vessel 

resistance can compensate for the increased resistance caused 

by a proximal coronary artery stenosis. However, when the 

capacity for vasodilation of the arterioles has been exhausted, 

any further increase in cardiac work cannot induce an increase 

of blood flow, and the myocardium supplied by the narrowed 

epicardial vessel will become ischemic. There is also consid-

erable evidence that malfunction of metabolic signaling path-

ways in the arteriolar resistance vessels (e.g., in the absence 

of obstructed large coronary arteries) can cause myocardial 

ischemia in certain patients.

In the normal heart, blood flow to the inner layers of the 

left ventricle occurs principally during diastole. This is 

because tissue pressures in the wall of the left ventricle dur-

ing systole are so great that inner layer arterioles are squeezed 

shut by the extravascular compressive forces produced by 

-

sures are also greatest in the subendocardium. When the 

heart fails and/or becomes hypertrophied, these extravascu-

lar compressive forces increase as left ventricular filling 

pressure increases. In the hypertrophied or failing heart, 

slowing of myocyte relaxation also shortens the duration of 

the diastolic interval and thus limits coronary flow reserve in 

the inner cardiac layers. In the normal heart, autoregulatory 

(i.e., metabolic vasodilatation) processes cause enough arte-

riolar vasodilation in the subendocardium to compensate for 

systolic underperfusion. However, increased left ventricular 

diastolic pressure (and myocardial tissue pressure) in the 

failing heart may compress the arteriolar bed in the inner 

myocardial layers sufficiently to overwhelm autoregulatory 

mechanisms, particularly those that normally maintain ade-

blood flow occurs almost exclusively during diastole, tachy-

cardia also acts to impede blood flow in the subendocardium 

by shortening of the diastolic interval. Thus, even in the 

absence of obstructive coronary artery disease or intrinsic 

arteriolar abnormalities, increased arteriolar compression 

can limit blood flow to the inner myocardial layers of the 

diseased heart. Importantly, if these abnormalities limit sub-

strate delivery to the inner myocardial layers, they will dis-

rupt the balance between ATP synthetic capacity and ATP 

utilization in this region of the ventricular wall. Thus, the 

extravascular forces cause the subendocardium to be the 

region of the ventricular wall that is most vulnerable to hypo-

perfusion and ischemia.

21.3  Intermediary Metabolism 
and Bioenergetics 
in the Normal Heart

the heart, with fatty acid consumption predominating under 

will be discussed later.

21.3.1  Glucose Metabolism

 shows a flowchart for glucose metabolism. 

-

-

-

(glycogen is a macromolecular polymeric storage form of glu-

cose), the pentose monophosphate shunt (that generates 

-

lular processes), or it can undergo molecular rearrangement 

via the enzyme phosphohexose isomerase to form fructose-

-

hyde-3-phosphate and dihydroxyacetone phosphate by the 

enzyme aldolase. These two molecules are in constant 

exchange with each other via the enzyme phosphotriose isom-

form 1,3- bisdiphosphoglycerate by the enzyme 

glyceraldehyde-3- phosphate dehydrogenase. The phosphate 

bond in the 1 position is a high-energy-containing bond (signi-

fied by the ~P symbol); this reaction also simultaneously 
+

transport of the two removed electrons and H+ into the mito-

chondrial matrix then occur in cardiac muscle via the malate-

). In the mitochondrial 
+

utilized by the mitochondria to generate ATP (to be discussed 

later). In the next cytosolic reaction, the high-energy phos-

21 Cardiac Energy Metabolism



Fig. 21.4 A general overview of carbon substrate metabolism in the 

primarily amino acids (not major contributors to ATP synthesis), glu-

cose, and fatty acids. The pathways which convert amino acids and 

processed (via intermediary metabolic processes) to yield the reducing 

2, which supply the energy necessary to 

power oxidative phosphorylation. The latter process, which occurs 

within the mitochondria in the presence of oxygen, supplies almost all 

of the ATP synthesized and utilized in the heart. ATP adenosine triphos-

phate, ETC electron transport chain, FADH2 flavin adenine dinucleo-

tide, NADH nicotinamide adenine dinucleotide, TCA tricarboxylic acid

Fig. 21.5

ADP adenosine diphosphate, ATP adenosine triphosphate, ETC  electron 

transport chain, NADH nicotinamide adenine dinucleotide, TCA 

 tricarboxylic acid
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phate bond in 1,3-bisdiphosphoglycerate is transferred to ade-

via the enzyme phosphoglycerate kinase. The latter molecule 

is converted to 2-phosphoglycerate by the enzyme phospho-

converts 2-phosphoglycerate to the ~P-containing molecule 

phosphoenolpyruvate. The latter is converted to pyruvate by 

ATP molecule. Pyruvate can then enter the mitochondria to 

be further metabolized by the pyruvate dehydrogenase 

-

nase complex that converts pyruvate to acetyl-CoA (and 
+

that metabolizes acetyl-CoA are located within the mito-

, , and 21.7). Within the mitochon-

dria another metabolic pathway for pyruvate metabolism 

also exists. The enzyme, pyruvate carboxylase, converts 

pyruvate to oxaloacetate, which is a TCA cycle intermediate 

 and 21.8). The significance of the latter reaction 

will be discussed later.

Within the cytosol, pyruvate can be converted to lactic 

hydrogen ion are then exported from the cell via the mono-

, , and 21.9). 

This pyruvate to lactic acid reaction is associated with the 
+ and, as will be shown, is criti-

cal to maintaining glycolysis when the availability of oxygen 

to the cardiomyocyte is limited. Conversely, under aerobic 

conditions, lactate in the blood can be transported into the 

cardiomyocyte by the monocarboxylic acid transporter, to be 

+

by the malate-aspartate shuttle, and the pyruvate generated is 

are produced. However, because two ATP molecules are con-

sumed early in the glycolytic pathway, the net production of 

ATP in the cytosol is two molecules/glucose molecule. As 

Fig. 21.6 Anaplerotic and 

cataplerotic processes. 

Anaplerotic processes are 

those which supply substrate 

used to maintain the TCA 

cycle intermediate pool size. 

In contrast, cataplerotic 

processes remove substrates 

from the TCA cycle 

intermediate pool and 

decrease its size. The balance 

between these two processes 

determines the TCA cycle 

pool size. (a

glucose (via its metabolic 

product, pyruvate) contributes 

to anaplerosis. (b

the β-oxidation of odd-

numbered carbon chain fatty 

acids contributes to 

may want to review 

21.13, a flowchart for 

β-lipid oxidation, before 

examining (b) which depicts 

the terminal reaction of 

β-lipid oxidation.) ADP 

adenosine diphosphate, ATP 

adenosine triphosphate, TCA 

tricarboxylic acid
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Fig. 21.7
mitochondrial morphology. 

Fig. 21.8 Tricarboxylic acid (TCA) cycle. The filled blue circles are 

discussion. ATP adenosine triphosphate, ETC electron transport chain, 

FADH2 flavin adenine dinucleotide, NADH nicotinamide adenine dinu-

cleotide, TCA tricarboxylic acid

A.H.L. From and R.J. Bache
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mitochondria for oxidative generation of ATP. Complete 

metabolism of one glucose molecule (i.e., including oxida-

tion of the products of glycolysis in mitochondria) results in 

depending on the literature cited) than does glycolysis alone. 

However, under conditions when mitochondrial function is 

severely oxygen limited, the oxidative contribution to ATP 

synthesis is lost, and only two ATP molecules can be formed 

from each glucose molecule.

21.3.2  The Mitochondrion

in most mammalian cells, contain the β-lipid oxidation path-

way enzymes, the TCA cycle enzymes, the electron trans-

1 -H+
1 -ATP 

synthase or ATP synthase). To better understand the location 

of these systems, mitochondrial structure will be briefly 

21.7). The inner mitochondrial membrane 

1 -H+-ATPase, the 

adenine nucleotide translocase, and other transporters. The 

mitochondrial matrix contains the TCA cycle enzymes, 

β-lipid oxidation enzymes, and many other enzymes and 

reactants. The cristae are invaginations that markedly 

expand the surface area of the inner membrane and, thereby, 

the quantity of energy generation-associated proteins that 

can be contained within the inner membrane. The inner 

membrane- bound components of the metabolic pathways 

are positioned to optimize the flow of substrates through 

their reaction sequences. The mitochondrial outer mem-

brane forms a boundary between the cellular cytoplasm and 

the mitochondrial intermembrane space. The intermem-

brane space contains creatine kinase which is important for 

high-energy phosphate transport out of mitochondria 

21.7, , and 21.11) and cytochrome c, a compo-

nent of the electron transport chain. The importance of the 

intermembrane space to oxidative ATP synthesis will be dis-

cussed subsequently. The outer mitochondrial membrane 

through which ATP and other moieties exit the intermem-

-

cules enter the intermembrane space.

21.3.3  Fatty Acid Metabolism

21.12 presents a flowchart for the β-lipid oxidation 

normal myocardium. They are transported in the blood bound 

to plasma albumin, lipoprotein moieties, or in the form of tria-

cylglycerol which is also bound to albumin. The latter can be 

plasma and at the surface of the capillary and cardiomyocyte. 

accross capillary walls and into cardiomyocytes by fatty acid 

acid-binding proteins which provide solubility and intracellu-

and stored as triglycerides or activated by acyl- CoA synthetase 

(which requires the presence of free CoA and ATP) to form a 

readily diffuse through the mitochondrial inner membrane, it is 

converted to long-chain acyl carnitine by carnitine palmitoyl-

transferase 1 at the outer surface of the inner mitochondrial 

Fig. 21.9
anaerobic glucose 

metabolism. A large red X 

indicates metabolic pathways 

text for discussion. ATP 

adenosine triphosphate, ETC 

electron transport chain, LDH 

lactic acid dehydrogenase, 

NADH nicotinamide adenine 

dinucleotide, PDH pyruvate 

dehydrogenase, TCA 

tricarboxylic acid

21 Cardiac Energy Metabolism
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membrane and then transported across the inner membrane by 

carnitine-acylcarnitine translocase (which also transports free 

carnitine liberated by carnitine palmitoyltransferase 2 back 

into the intermembrane space; see below). The long-chain acyl 

carnitine is next converted back to acyl-CoA at the inner sur-

face of the mitochondrial inner membrane by carnitine palmi-

toyltransferase 2. Long-chain acyl-CoA is then processed by a 

sequence of enzyme-catalyzed reactions that comprise the 

β-lipid oxidation pathway. If the long-chain acyl-CoA has an 

even number of carbon atoms, then the final products of the 

last cycle (i.e., the metabolism of a four-carbon acyl-CoA mol-

ecule) through the β-oxidation sequence are two acetyl-CoA 

). However, if the last long-chain acyl-

products of the last cycle through β-oxidation are one acetyl-

CoA cannot enter the TCA cycle. However, propionyl-CoA is 

readily converted to succinyl-CoA, a TCA cycle intermediate 

). Hence, this is another pathway that contributes to 

pyruvate molecules produced from glucose and odd-numbered 

fatty acid molecules that undergo complete β-oxidation con-

tribute to maintenance of the TCA intermediate pool. Processes 

that add molecules to the TCA intermediate pool are termed 

anaplerotic ), and those that remove intermedi-

ates from the pool are called cataplerotic. The importance of 

these processes to TCA cycle function will be illustrated in a 

clinical example of an inborn metabolic abnormality to be pre-

sented later.

The products of complete β-oxidation of a fatty acid are 

acetyl-CoA (and propionyl-CoA if the chain has an odd number 

2). However, consumption of these products by the 

TCA cycle and the electron transport chain cannot occur in 

the absence of oxygen. Thus, β-oxidation cannot occur under 

anoxic or ischemic conditions, and markedly ischemic myo-

cardium does not support either pyruvate- or fatty acid- 

derived ATP synthesis. Hence, during ischemia, the only 

source of ATP synthesis is anaerobic glycolysis.

21.3.4  Regulation of Carbon Substrate 
Metabolic Pathways

21.13a); the first is entry of glucose 

into the cell. In the heart and skeletal muscle, this process is 

plasma membrane is determined by the action of insulin on 

the sarcolemmal insulin receptor, the activation of which 

begins a sequence of biochemical events that ultimately trig-

from cytoplasmic storage sites. Increased levels of fatty acid 

metabolites in cardiomyocytes inhibit insulin receptor activa-

by an organism, so glucose availability is not usually limiting 

in the plasma membrane usually determines the rate of glu-

cose transport. In addition to insulin- associated increases, 

Fig. 21.10
chain (ETC

discussion. FADH2 flavin 

adenine dinucleotide, NADH 

nicotinamide adenine 

dinucleotide

A.H.L. From and R.J. Bache
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increased myocardial work states via the associated elevation 

to the plasma membrane. The subsequent reactions of the gly-

colytic sequence (and glycogen breakdown) are also activated 

by a number of factors including increased cytosolic Ca++, 

are inhibited by increased levels of ATP and increased cyto-

solic levels of H+

example, increased free fatty acid metabolism increases mito-

chondrial citrate synthesis, and increased citrate exiting the 

mitochondria inhibits glycolysis. The first step of oxidative 

glucose metabolism (the decarboxylation of pyruvate to form 

and phosphatases, and a high level of β-lipid oxidation causes 

specific kinases. The regulatory pathways are complex and 

discussed in more detail in several references cited at the end 

of the chapter.

21.13b). The first is at the level of fatty acid transport 

through the plasma membrane; transport occurs by means of 

specific proteins located within the membrane (major path) 

and via free diffusion through the plasma membrane (minor 

path). This process is mainly regulated by the blood concen-

trations of fatty acids, i.e., fatty acid uptake is blood level 

dependent. This means that if the rate of fatty acid utilization 

is slower than the uptake rate, cardiomyocytes will accumu-

late fatty acids. The latter are mainly stored as triglycerides. 

-

cytes (and other cells as well). A second regulatory site is at 

the level of long-chain fatty acid transport into mitochondria. 

As discussed above, long-chain acyl-CoA must be converted 

to long-chain acylcarnitine at the outer mitochondrial mem-

brane by the enzyme carnitine palmitoyltransferase 1. This 

enzyme is inhibited by malonyl-CoA, a molecule produced 

by cytosolic acetyl-CoA carboxylase in response to increased 

cytosolic levels of acetyl-CoA. The latter occurs as a result 

of increased fatty acid or pyruvate oxidation by the 

 mitochondria; this overall signaling pathway is complex. 

Hence, in nonischemic myocardium, increased fatty acid 

Fig. 21.11 Creatine kinase shuttle hypothesis. The diffusion rates of 

through the cytosol and into the intermembrane space are considered to 

be relatively slow compared to those of creatine and creatine phosphate. 

from sites of ATP utilizing reactions to the mitochondrial intermem-

brane space and also to facilitate the transfer of ATP to the sites of uti-

lization. The way the shuttle is proposed to function is described below. 

The adenine nucleotide transporter (ANT), which is not rate limiting, 

mitochondrial matrix where it is rephosphorylated back to ATP. The 

to the intermembrane space. Within the intermembrane space, the mito-

chondrial isozyme of creatine kinase (MCK) transfers the terminal 

high-energy phosphate of ATP to creatine to form phosphocreatine. 

by this reaction in the intermembrane space is returned to the mitochon-

-

atine which has diffused into the cytosol is then used as a high-energy 

kinase have extremely rapid turnover rates, they can facilitate transport 

of ATP (by, in effect, shuttling the terminal high energy phosphate 

bonds) from the mitochondria to the sites of ATP hydrolysis and of 

-

brane. There, phosphocreatine leaving the mitochondria is used to 

diffuses into the mitochondrial intermembrane space to be rephosphor-

slower rates than creatine and phosphocreatine. As a result, cytosolic 

-

tion) are kept at low levels even if the rate of ATP utilization increases. 

permits ATP to maintain a high level of free energy that can be trans-

ferred to energy-requiring cellular processes. ADP adenosine diphos-

phate, ANT adenine nucleotide transporter, ATP adenosine triphosphate, 

CCK cytosolic creatine kinase, Cr creatine, MCK mitochondrial cre-

atine kinase, PCr phosphocreatine
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oxidation or high blood concentrations of lactate (the latter, 

by virtue of increasing cytosolic pyruvate levels) will 

increase cytoplasmic citrate levels, and this increases malo-

nyl-CoA synthesis and thereby limits fatty acid uptake and 

utilization by mitochondria. This explains why lactate (and 

exogenously supplied pyruvate; see below) is able to com-

pete successfully with fatty acids for oxidation by mitochon-

can directly inhibit acetyl-CoA carboxylase and thereby 

reduce malonyl-CoA levels. This will relieve inhibition of 

carnitine palmitoyltransferase 1 and facilitate fatty acid entry 

into mitochondria. The rate of mitochondrial fatty acid or 

pyruvate oxidation (assuming no limitation of transport into 

mitochondria) is, of course, ultimately controlled by the rate 

of consumption of the products of these metabolic pathways. 

The latter is determined by the rate at which the cell utilizes 

ATP (see below for discussion of this point). A more detailed 

discussion of the regulation of fatty acid metabolic pathways 

and of how malonyl-CoA levels are controlled is available in 

references cited at the end of this chapter.

21.3.5  Myocardial Carbon Substrate Selection

) taken up 

and metabolized by the myocardium are free fatty acids 

and glucose, the heart also readily takes up and metabolizes 

pyruvate, lactate, ketone bodies, and amino acids (that are 

 converted to pyruvate if availabilities of glucose and fatty 

acids are limited). However, the relatively low blood concen-

trations of the latter substrates and the normal availability of 

glucose and fatty acids limit their utilization. In contrast, dur-

ing intense exercise that is associated with marked  elevation of 

blood lactate content or during periods when blood levels of 

ketone bodies are elevated, the utilization of these substrates 

increases markedly, and glucose and fatty acid utilization is 

decreased. A more detailed discussion of the regulation of 

blood levels of these substrates exceeds the scope of this chap-

ter, yet a few orienting comments are appropriate with regard 

between the alimentary uptake of glucose, glucose release 

from the liver (which can synthesize glucose or release glu-

cose from the glycogen storage pool), and removal of glucose 

from the blood by various organs. As noted, glucose uptake in 

both cardiac and skeletal muscle is stimulated by insulin, a 

hormone secreted by specialized cells in the pancreas in 

response to increased blood glucose levels.

The heart has often been called an omnivore because of its 

capacity to consume virtually any available carbon substrate 

(either directly or following processing). As already noted, 

glucose is transported into the cardiomyocyte by a family of 

sarcolemmal glucose transport proteins and the predominant 

myocytes via sarcolemmal fatty acid transport proteins, 

while lactate and pyruvate are taken up by the sarcolemmal 

Fig. 21.12
depicting the cellular uptake 

of free fatty acids and the 

pathways through which their 

for discussion. ATP adenosine 

triphosphate, CPT 1 carnitine 

palmitoyltransferase 1, CPT 2 

carnitine palmitoyltransferase 

2, ETC electron transport 

chain, FADH2 flavin adenine 

dinucleotide, FFA free fatty 

acids, NADH nicotinamide 

adenine dinucleotide, TCA 

tricarboxylic acid
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the heart is largely regulated by the availability of fatty acids, 

glucose, and insulin in the blood. In the fasted state, glucose 

levels are generally normal, but insulin secretion is modest, 

and blood fatty acid levels (released from the liver and adi-

pose tissue) are high. Hence, fatty acids are the predominant 

cardiac substrate despite normal blood glucose levels. In 

contrast, during vigorous exercise, blood lactate levels can 

rise markedly (remember, they are a by-product of skeletal 

muscle glycolysis which is markedly enhanced by exercise). 

Lactate competes favorably with the myocardial metabolism 

of fatty acids, and glucose despite the presence of substantial 

blood levels of the latter substrates and much more lactate is 

consumed by the heart.

In contrast, after a high-carbohydrate meal, blood glucose 

levels rise, and this elicits insulin secretion. Increased insulin 

levels stimulate glucose uptake by the heart, skeletal muscle, 

and certain other tissues and also cause blood fatty acid lev-

els to decrease by stimulating their uptake by the liver and 

adipose tissue. As a result, myocardial glucose consumption 

lactate (and pyruvate) are the most favored substrates when 

the relative blood concentrations of all of the substrates are 

-

iological conditions, the switching of carbon substrates does 

not affect myocardial performance.

21.3.6  The TCA Cycle

Acetyl-CoA is the carbon substrate consumed by the (tricar-

boxylic acid) TCA cycle. As already discussed, when oxygen 

is available, acetyl-CoA is produced (within mitochondria) 

Fig. 21.13 (a

regulatory sites in the 

glycolytic pathway (including 

pyruvate dehydrogenase 

which is immediately distal to 

the glycolytic sequence). (b) 

fatty acid metabolic pathway 

(including β-lipid oxidation). 

ADP adenosine diphosphate, 

AMP adenosine 

monophosphate, AMPK 

adenosine monophosphate-

activated kinase, ATP 

adenosine triphosphate,  

CPT 1 carnitine 

palmitoyltransferase 1,  

NADH nicotinamide adenine 

dinucleotide, PDH pyruvate 

dehydrogenase
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from glycolysis derived pyruvate and by β-oxidation of fatty 

21.8 shows the individual reactions of the TCA 

cycle. In the first step of the cycle, acetyl- CoA is combined 

with oxaloacetate to form citrate and free CoA; this reaction is 

catalyzed by the enzyme citrate synthase. Citrate then enters a 

sequence of reactions that  ultimately generate two molecules 

2

2

-

-

ecule) is stepwise decarboxylated and ultimately converted 

back to oxaloacetate, the four-carbon molecule which, when 

condensed with a new acetyl-CoA, reinitiates the sequence of 

reactions just described. The reducing equivalents generated 

2) deliver electrons to the electron trans-

pyruvate dehydrogenase complex (which precedes, but is not 

really a component of the TCA cycle), isocitrate dehydroge-

nase, and α-ketoglutarate; these enzymes are highly regulated 

21.3.7  The Electron Transport Chain 
and Oxidative Phosphorylation

2. These molecules are produced by glycolysis, 

β-lipid oxidation, and the TCA cycle as previously discussed; 

in this context, they transfer electrons to the electron trans-

) is com-

prised of: (1) two freely diffusible compounds, ubiquinone 

(also known as coenzyme Q) which is confined to the mito-

chondrial inner membrane and cytochrome c which is located 

in the intermembrane space, and (2) four multi-protein 

 functional complexes (I, II, III, and IV) that are contained 

with the electron transport chain by transferring electrons to 

(and thereby reducing) complex I; this, in turn, reduces coen-

2 interacts with the electron 

transport chain by transferring electrons to complex II that, 

like complex I, also transfers its electrons to coenzyme Q. It 

should be noted that complex II is also a component of the 

TCA cycle (it is succinate dehydrogenase) and, thereby, 

directly links the TCA cycle to the electron transport chain 

Q then diffuses to complex III and transfers its electrons. 

diffuses to complex IV and transfers electrons to this com-

2 
−2 −2 ion combines with two H+ ions to 

form H2

become apparent that the individual complexes of the elec-

tron transport chain (many of which contain multiple pro-

teins) are organized to form “super-complexes” (see 

references for additional information if desired). These 

super-complexes appear to increase the efficiency of oxida-

tive phosphorylation and to reduce the generation of toxic 

by-products of the oxidative phosphorylation process such 

-

lular defenses against them will be discussed later.

released as electrons pass sequentially through the com-

plexes of the electron transport chain. The purpose of elec-

tron transport chain complexes I, III, and IV is to capture this 

released energy and use it to pump H+ from the mitochon-

drial matrix across the inner mitochondrial membrane into 

). These pumps create 

an electrochemical gradient (ΔμH+) comprised of an electri-

cal potential and a chemical potential (the latter reflected by 

Fig. 21.14
oxidative phosphorylation 

and the transport of ATP from 

the mitochondrial matrix to 

text for discussion. ADP 

adenosine diphosphate, ANT 

adenine nucleotide 

transporter, ATP adenosine 

triphosphate, ETC electron 

transport chain
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ΔpH) across the inner mitochondrial membrane. As a 

 consequence of proton transport, the mitochondrial matrix is 

1 -

ATPase, which is also located in the inner mitochondrial 

), is the major pathway of H+ return 

from the intermembrane space into the matrix. The energy 

released by the passage of H+ down this electrochemical 

1 -ATPase and used to 

drive the next reaction [inorganic phosphate 

(Pi) + ADP  ATP]. In this way, much of energy released by 

the metabolism of glucose and fatty acids is transferred to 

the terminal high-energy phosphate bond of ATP. The con-

cept of proton pumping into the intermembrane space, and 

the use of the electrochemical gradient thus formed to syn-

thesize ATP, is known as the chemiosmotic theory. In recog-

nition of his insight into how these processes function (ideas 

The production of ATP by mitochondria is termed oxidative 

phosphorylation; in virtually every human tissue (heart, 

brain, kidney, but not red blood cells), oxidative phosphory-

lation is the primary source of ATP generation.

1 -H+-

remains under investigation. However, a number of charac-

1 -H+-ATPase has been shown to be a near-equilibrium 

enzyme. In other words, the reaction can occur in both direc-

tions. However, it has also been shown, both in isolated mito-

chondria (which generate ATP under conditions of carbon 

1 -H+-ATPase operates far out of equilibrium 

-

1 -H+-

ATPase is kinetically controlled by the concentrations of its 

proton electrochemical potential gradient. Hence, in princi-

as long as oxygen and carbon substrates are not limiting and 

the proton gradient is large. However, in vivo regulatory 

mechanisms are far more complicated than those described 

21.3.8  Regulation of the TCA Cycle, Electron 
Transport Chain, and Oxidative 
Phosphorylation

As pointed out by Chance and Williams, a simple kinetic regu-

Pi) availability controlling the ATP synthetic rates is valid 

when both oxygen and reducing equivalents are in excess. 

-

mines the steady-state rate of ATP synthesis. Therefore, 

synthesis is determined by the rate of ATP hydrolysis (i.e., the 

rate of ATP utilization). This simple feedback regulation of 

ATP synthesis can be demonstrated in the perfused rat heart by 

providing a perfusate containing unphysiologically high con-

-

become low enough to kinetically regulate oxygen consump-

Pi levels to rise and the rate of ATP synthesis to speed up, in 

association with an increase in the rate of oxygen consump-

1 -ATPase increases the rate of ATP synthesis. 

must increase concordantly with 

the increased rate of ATP synthesis.

In the in vivo mammalian heart (e.g., rat, dog, swine, 

estimated by means of 31P magnetic resonance spectroscopy) 

are higher than those in the isolated perfused rat heart and are 

well above the usual kinetic regulatory range described in 

studies of isolated mitochondria or perfused rat hearts. 

remain fairly constant even when increased rates of ATP uti-

lization (increased cardiac work) drive substantial increases 

of myocardial oxygen consumption. However, this does not 

synthesis. When the rate of ATP expenditure is increased in 

normal myocardium, there is an obligatory identical increase 

steady state is reached). To emphasize this point, the increase 

in the rate of ADP delivery to the ATP synthase (e.g., as 

myocardial work increases) is obligatory, despite the fact 

that a change in steady-state ADP levels is not.

in vivo myocardium as the rates of ATP utilization and syn-

thesis increase led to the recognition that additional regula-

tory systems are required to explain the data obtained in the 

must have very rapid response times with regard to facilita-

tion of ATP synthesis. The latter is required because myo-

cardial contents of ATP and creatine phosphate (another 

high-energy phosphate bond storage molecule which serves 

to buffer ATP levels) are only sufficient to support a few 

seconds of ATP expenditure in the absence of continuing 

ATP synthesis. The reaction converting cytosolic ATP to 

phosphocreatine is rapid and near equilibrium via the 

21.11 

provides a brief overview of the ~P shuttle function of 

phosphocreatine.
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It is now known the overall regulation of metabolism in 

cardiomyocytes is a complex process that is quite far from 

being fully understood. It is comprised of a large number of 

parallel, sequential, and massively interacting feedback and 

feed-forward regulatory pathways, the effects of which com-

bine to allow the cell to alter ATP synthetic rates sufficiently 

to meet changing demands without destabilizing the cellular 

chemical milieu and inducing fatigue. In contrast, ATP 

demand can exceed synthetic capacity in tissues such as 

skeletal muscle, and destabilization of the cellular chemical 

milieu and fatigue develop under these circumstances. To 

offer the reader a feel for such regulatory processes, a discus-

sion of several (but far from all) Ca++-based mechanisms for 

regulation of oxidative phosphorylation will be presented 
++-based con-

traction and relaxation mechanisms presented elsewhere in 

 to refresh their under-

standing of cardiomyocyte Ca++ dynamics.

sympathetic nerve fibers and increased epinephrine from the 

adrenal glands activate β-adrenergic receptors in cardiomyo-

cytes. This receptor activation causes an increase of Ca++ 

entry into the cytosol (per beat) via sarcolemmal voltage- 

dependent Ca++ channels. Cytosolic Ca++ levels are further 

augmented by the increased heart rate (which reflects an 

increased number of Ca++ channel openings/min). The 

increased Ca++ entering the cytosol, together with 

β-adrenergic receptor-mediated activation of sarcoplasmic 

reticulum Ca++ sequestration, increases the sarcoplasmic 

reticulum Ca++ store. The more fully loaded sarcoplasmic 

reticulum (which is the predominant source of “contraction 

activation” Ca++) can then release more Ca++ per beat (via its 

Ca++ release site, the ryanodine receptor) into the cytosol. 

The larger systolic cytosolic Ca++ transient present following 

adrenergic stimulation and/or heart rate increase then gener-

ates increased force and shortening. The ryanodine receptor 

is also activated by β-adrenergic receptor stimulation and 

other factors. Concomitantly, the increased frequency of 

Ca++ transients (heart rate) and their larger size increase the 

“average” Ca++

transport Ca++ both in and out of their matrix and maintain a 
“steady-state” matrix Ca++ level that is related to average 

cytosolic Ca++. In response to higher average cytosolic Ca++ 

levels, mitochondrial Ca++ uptake increases, resulting in an 

increase in the steady-state level of matrix Ca++. It is impor-

tant to note that increased mitochondrial matrix Ca++ has 

already mentioned, the TCA cycle has three rate-limiting 

α-ketoglutarate 

dehydrogenase), and the activities of these enzymes are reg-

ulated, in part, by mitochondrial matrix Ca++ levels. 
++, their 

sensitivity to respective substrates is increased. This acceler-

ates their reaction rates and increases the rate of acetyl-CoA 

entry into and flux through the TCA cycle without requiring 

pyruvate, acetyl-CoA levels, or immediate substrate levels of 

the TCA cycle pool to rise, provided that the rates of delivery 

of acetyl-CoA to the TCA cycle (and anaplerotic processes) 

are increased sufficiently to support the increased TCA cycle 

flux rate. Therefore, glucose uptake and glycolysis-mediated 

must increase, and/or the rates of fatty acid uptake and 

β-oxidative delivery of acetyl-CoA to the TCA cycle must 

increase to support the increased rate of TCA cycle flux. 

Fig. 21.15 Pathways of Ca++ 

entry and exit in the 

cardiomyocyte and several 

intracellular organelles 

relevant to excitation-

contraction coupling and 

energy metabolism. The 

strong linkage between the 

stimulatory effects of 

intracellular [Ca++] on 

contraction and ATP 

text for discussion. ATP 

adenosine triphosphate, LCC 

l-type voltage-activated Ca++ 

channel, RR ryanodine 

receptor, SR sarcoplasmic 

reticulum, TCA tricarboxylic 

acid, TT t-tubule
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As noted above, the rates of cellular substrate uptake, glyco-

lytic flux, and β-oxidation also respond to metabolic signal-

ing to produce the required increases in the rate of acetyl-CoA 

production.

A major consequence of an increased TCA cycle flux is 

2; this results in maintenance or increases in their 

steady-state levels despite the increased rate of electron 

transfer to the electron transport chain. Hence, stimulation of 

the electron transport chain fluxes is facilitated by an 

increased rate of reducing equivalent generation and also by 

direct stimulation of electron transport chain complex activi-

ties by other metabolic signals which are present during peri-

ods of increased ATP demand. Increased rates of electron 

transport chain fluxes will then result in an increased rate of 

H+ pumping by the electron transport chain, which serves to 

maintain the electrochemical gradient across the inner mito-

chondrial membrane at a level adequate to support the 

increased rate of ATP synthesis despite the fact that the rate 

of H+ passage (through the ATP synthase) is markedly 

increased to support the increased ATP synthesis rate. 

1 -ATPase is also regulated in that the 

fraction of this enzyme that is in an active state is increased 

by elevations of mitochondrial matrix Ca++. An increased 

fraction of this enzyme in the active state is beneficial during 

periods of increased ATP synthesis, because an increased 

amount of active enzyme increases the rate of ATP synthesis 

(which it does when the rate of ATP utilization increases), 

-

tractile protein interactions and also decrease the amount of 

energy that hydrolysis of the terminal phosphate bond of 

ATP can release to drive energy-dependent processes. 

activation of carbon substrate metabolic pathways, the TCA 

cycle, the electron transport chain, and ATP synthase are all 

crucial to meeting work increase-associated ATP synthetic 

requirements, control of respiration is equally linked to the 

rate of ATP utilization and the resulting rate of delivery of 

ADP to the mitochondrial matrix. Hence, the newer, more 

complex model of respiratory regulation still includes 

aspects of the simpler Chance and Williams model.

To summarize, these observations support the concept 

that increases of average cardiomyocyte cytosolic Ca++ levels 

(e.g., that occur during exercise) act as an important feed- 

forward signal for oxidative phosphorylation. This signal 

stimulates, in a parallel manner, ATP utilization by the con-

1 -ATPase as 

well as many preceding reactions in the energy-generating 

). The net effects of these regulatory mech-

anisms (and additional feedback regulatory mechanisms 

which are not discussed) are to facilitate fluxes of basic 

 food-derived carbon substrates through the metabolic 

sequences without requiring the cytosolic concentrations of 

increase. The rapid response time of this entire system also 

allows ATP levels to remain relatively constant despite wide 

-

thetic rates, the free energy (Δ

hydrolysis of the terminal high-energy phosphate bond of 

ATP (and transferred to the reactions it drives) is maintained 

constant despite the increased rate of ATP expenditure. 

-

dative phosphorylation, glycolysis, β-lipid oxidation, and the 

TCA cycle has been the subject of detailed study; for further 

discussion of this topic, refer to the references listed at the 

end of this chapter.

21.3.9  Toxic By-Products Generated by 
Mitochondria and Other Cellular 
Moieties that Impact Energy 
Generation and Contraction- 
Associated Processes

Carbon substrate metabolism, oxidative phosphorylation, 

and a number of other cellular processes produce potentially 

). The descriptor “potentially” 

is employed because a number of these by-products (when 

generated at low levels) can exert useful influences on intra-

cellular signaling pathways; in contrast, when generated at 

high levels, they are highly toxic. As a generalization, these 

moieties can induce modifications of proteins, lipids, and 

carbohydrates which can alter the performance of these mol-

ecules in diverse ways including the stimulation and/or dis-

“toxic by-products” included in this category are highly 

2

other tissues have evolved strong defense systems at sites of 

generation of these reactive species (i.e., in the cytosol, mito-

chondria, and other organelles). These systems are capable 

of maintaining the concentration of reactive molecules below 

levels that can adversely affect cardiomyocyte structure and 

function while preserving their physiological signaling roles. 

this survey chapter, but several reactive species generation 

and degradation systems will be briefly described to convey 

the concept.

-

chondrial electron transport chain (complexes 1, 2, and 3) 
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sarcoplasmic reticulum, and peroxisomes (as well as other 

intracellular sources) is the superoxide radical (−
2). 

−
2 in 

itself is not highly toxic, and its mobility (i.e., diffusivity) is 

limited. However, −
2 is readily converted to a more diffus-

2 2). The latter can 

then be rapidly converted the hydroxyl radical, a highly toxic 

entity. Additionally, −
2 -

-

doxically, low concentrations of H2 2 (and other reactive 

molecules) can act to modulate a number of intracellular 

molecular signaling pathways. However, at high concentra-

tions, these reactive species are quite toxic and interfere with 

many important processes required for cellular homeostasis. 

-

ties during the postischemic reperfusion period and adds 

substantially to the injury accrued during the ischemic period 

(see later discussion of effects of ischemia on myocardium). 

surprisingly, recent experimental work suggests that in nor-

mal working cardiac and skeletal muscle, reactive species 

originate mainly from non-mitochondrial sources. In the 

heart, the levels reached during endurance exercise do not 

significantly decrease myocardial contractile performance. 

In contrast, in working skeletal muscle, exercise-induced 

contributing causes of the fatigue associated with substantial 

levels of work.

(and most other cell types) have a number of defenses against 

accumulation of excessive levels of −
2 and its toxic deriva-

tives. The enzyme superoxide dismutase, isoforms of which 

are located in the interstitial space, cytoplasm, and within 

mitochondria, converts −
2 into H2 2. H2 2, in turn, is con-

verted to water by catalase, another protective enzyme that is 

widely distributed within cells. The destruction of H2 2 lim-

its the formation of the highly reactive (and thereby toxic) 

defenses by transgenic techniques or by administration of 

-

emic reperfusion period. However, it should be noted that 

large clinical trials involving ingestion of substantial doses 

associated degenerative processes have been negative, pos-

sibly because the antioxidant molecules do not reach the 

ablate the effects of beneficial signaling induced by low lev-

-

ent in the cytosol and mitochondria which can 

nonenzymatically scavenge the reactive species.

Fig. 21.16
are located in various cellular compartments including the plasma mem-

stemming from physiological activation of these mechanisms serve as 

pathways that induce pathological remodeling of the myocardium. 

shown. ROS reactive oxygen species, NOS
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Another defense against the deleterious effects of reactive 

species (in addition to their destruction) is the reversal of the 

chemical “damage” they induce. There are a number of cou-

pled enzyme/substrate systems that do this, and the inter-

ested reader can review a reference listed at the end of the 

induced damage is the sequential oxidation of the sulfur 

atoms contained in some of the amino acids that form a pro-

-

group-containing molecule that is abundant in cardiomyo-

cytes (and many other cell types), as a cofactor and reduces 

the oxidized sulfur atoms on the protein at the cost of the 

oxidation of glutathione molecules. The oxidized glutathi-

one is then reduced back to its native form by another 

undergoes multistage oxidation as a result of the interaction 

oxidative defenses.

Within limits, irreversibly modified proteins and other 

molecules can be replaced by cellular synthetic processes. 

However, if large numbers of these molecules are damaged 

by an oxidative insult, then repair capacity will be exceeded, 

and the cell will die. Taken together, the oxidant defenses of 

the normal cardiomyocyte are extremely effective and are 

highly protective over a wide range of myocardial work 

states. However, they are clearly inadequate to protect dis-

eased myocardium which is often subjected to quite severe 

oxidant stresses induced by various types of pathological 

processes.

21.4  Metabolism in Diseased Myocardium

21.4.1  Ischemic Myocardium

The most common cause of inadequate myocardial ATP syn-

thesis is ischemia, and the most frequent cause of myocardial 

ischemia is occlusive disease of the major coronary arteries. 

Demand ischemia occurs when: (1) a narrowed coronary 

artery can conduct sufficient blood to sustain aerobic metab-

olism in the portion of myocardium that it supplies during 

basal levels of physical activity and (2) the degree of narrow-

ing is sufficient to limit increases of blood flow that normally 

(and seamlessly) occur during the increased demands for 

ATP production that are present during exercise or other 

stress. This phenomenon is the basis of exercise- or stress- 

induced angina pectoris (i.e., heart-associated chest pain). 

Patients with this pathophysiology are asymptomatic at rest 

or during mild exertion, but when the work of the heart 

exceeds the ability of a narrowed coronary artery to meet the 

increased blood flow required to support the increased rate of 

ATP demand, ischemia ensues, and the patient experiences 

chest pain. In response to the symptom of chest pain, the 

patient will typically discontinue exercise, and during the 

rest period, the cardiac work and ATP synthetic needs fall to 

levels where the narrowed coronary artery can meet the 

blood flow demand; hence, ischemia is relieved.

In contrast, supply ischemia occurs when the coronary 

artery narrowing is so severe that it limits blood flow in the 

absence of increased ATP demand, i.e., ischemia occurs even 

caused by an acute narrowing or abrupt complete closure of 

coronary vessels and may cause myocardial infarction. Less 

commonly, supply ischemia can occur as the result of coro-

nary artery spasm, in which inappropriate (pathologic) vaso-

constriction of a major coronary artery causes transient total 

(or near total) occlusion of blood flow. Although the nature 

of the myocardial ischemia is qualitatively similar in supply 

and demand ischemia, supply ischemia is generally more 

inner myocardial layers of the left ventricle to blood flow 

reduction, mild ischemia is usually confined to the subendo-

cardium. However, as the coronary obstruction becomes 

more severe, ischemia proceeds as a wave front from suben-

docardium to subepicardium until the full myocardial wall is 

involved.

When myocardial blood flow is inadequate, the limited 

availability of both oxygen and carbon substrate may limit 

the ATP synthetic rate, but it is usually the oxygen deficiency 

that is most critical. This is because the myocyte has substan-

tial glucose reserves (i.e., in the form of glycogen that can be 

converted to glucose); the glucose released from glycogen 

can then undergo anaerobic glycolysis and generate modest 

amounts of ATP. In contrast, myocardial oxygen stores are 

very small and can only support a short period of oxidative 

metabolism. Consequently, when coronary blood flow is lim-

ited, the severity of the induced oxygen deficit determines 

the extent of limitation of oxidative phosphorylation and sec-

ondarily enhances the rate of glycogen breakdown and gly-

colysis. As indicated, the early effects of oxygen limitation 

are confined to pathways supporting oxidative phosphoryla-

 and 21.17

when blood oxygen content is moderately or markedly 

reduced, but blood flow is maintained) or during ischemia 

(where blood flow is restricted), electron transport within the 

electron transport chain slows or stops depending on the 

severity of the oxygen deficit. This is because electrons can-

not be transferred from cytochrome oxidase to molecular 

oxygen (the terminal electron acceptor). In consequence, the 

pumping of H+ from the mitochondrial matrix into the inter-

membrane space stops because it depends on energy liber-

ated as electrons pass through the electron transport chain on 

their way to interacting with oxygen within cytochrome oxi-

dase. As a result, the proton-motive force across the inner 
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mitochondrial membrane begins to dissipate, and mitochon-

drial ATP synthesis fails. If the oxygen deficiency is severe, 

the dissipation of the H+
1 -H+-

ATPase begins to operate in the reverse direction, i.e., it con-

hydrolysis to pump H+ back into the intermembrane space. 
+ electrochemical potential is also used to 

energize other mitochondrial functions in addition to sup-

porting ATP synthesis, mitochondrial degradation of ATP 

during periods of oxygen limitation may serve to preserve 

nonoxidative mitochondrial function and prolong the time 

when mitochondrial oxidative function can respond to 

resumption of blood flow. However, this mechanism of mito-

chondrial preservation occurs at the expense of hastening the 

fall in cytoplasmic ATP levels, and the latter limits all other 

cardiomyocyte functions that are ATP dependent.

absence of oxygen, but it is also limited when blood flow is 

-

ward electron transport chain function and, thereby, stops the 

-
+ is a substrate of glyceraldehyde 

phosphate dehydrogenase, a key enzyme of the glycolytic 

+ by the transfer of reducing equiva-

lents into the mitochondria by the malate-aspartate shuttle or 
+ 

will then inhibit glyceraldehyde phosphate dehydrogenase. 

during ischemia are cytosolic accumulations of lactate and 

 and 21.9

normal coronary flow, the myocardium can rapidly export 

both of these ions even when the glycolytic rate is aug-

mented. Thus, in a model in which low oxygen content of 

coronary arterial blood is associated with preserved blood 

flow, lactate and H+

myocardium is ischemic, the capacity to export lactate and 

protons decreases in proportion to the severity of the blood 

concentration during ischemia can inhibit the conversion of 

glycolysis may have limited exit possibilities, since pyruvate 

-

+ to glyceraldehyde phosphate dehy-

drogenase is further reduced when rising cytosolic levels of 

, 21.9, and 21.13a). In 

contrast, during hypoxia, if coronary flow is not restricted, 

glycolysis proceeds at a rapid rate because metabolic signal-

ing activates the rate-limiting glycolytic reactions, the trans-

moderate ischemia, when both glucose and oxygen deliver-

ies are impaired, myocyte glycogen stores are the main 

source of glucose for glycolysis. When glycogen stores are 

exhausted, the limited rates of glucose delivery to (and lac-

tate clearance from) the ischemic myocyte control the rate of 

glycolysis.

These concepts have specific importance in patients with 

coronary artery disease, because they typically define the 

Fig. 21.17
long-chain acyl-

dehydrogenase deficiency on 

the metabolism of long-chain 

fatty acids (even and odd 

numbered), short-chain fatty 

acids (even numbered), and 

short-chain fatty acids (odd 

can also supply anaplerotic 

substrate to the TCA cycle. A 

large red X indicates 

metabolic pathways which 

cannot be used by a specific 

discussion in text. TCA 

tricarboxylic acid
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temporal boundary for viability of the ischemic myocar-

contractile function rapidly decreases in response to: (1) 

decreased ATP availability, (2) accumulation of H+ ions, and 

(3) many other factors. However, if residual coronary blood 

flow during ischemia is sufficient to permit some glycolysis 

(by allowing the export of some lactate and H+ and the import 

of some glucose), then modest (glycolytic) ATP production 

may preserve tissue viability for some time. In contrast, fol-

lowing acute total coronary occlusion, glycolysis is rapidly 

inhibited, and myocyte death will occur much more rapidly. 

In other words, a level of coronary blood flow that is insuf-

ficient to maintain oxidative phosphorylation and contractile 

function may support glycolytic ATP production at a rate 

sufficient to sustain myocardial viability until appropriate 

medical or surgical treatment can restore blood flow to the 

ischemic myocardium.

Another adverse biochemical event that occurs during the 

ischemic period, and especially during a subsequent period 

of reperfusion, is a markedly enhanced rate of generation of 

mitochondria and extramitochondrial enzymes. The interac-

tion of these species with myocardial lipids, proteins, and 

carbohydrates further damages the structural and functional 

capabilities of cardiomyocytes. Cardiomyocyte endogenous 

protective mechanisms (see earlier discussion) offer a par-

tial defense against the effects of the high levels of reactive 

species generated during and following a relatively short 

period of ischemia, but they are inadequate to forestall the 

species- induced damage contributes to both ischemic and 

post-ischemic cardiomyocyte loss. In experimental models 

of cardiac ischemia/reperfusion, augmentation of defenses 

against reactive species has been shown to decrease cardio-

myocyte loss.

21.4.2  Metabolism in Hypertrophied 
and Failing Hearts

-

cose and not fatty acids. This pattern of metabolism is well 

suited to the low oxygen levels in fetal arterial blood; glu-

cose metabolism requires less oxygen than fatty acid metab-

olism. Additionally, the lower cardiac work levels (lower 

blood pressure) in the fetus are adequately supported by ATP 

production through glycolysis and pyruvate oxidation. 

However, after birth substrate preference of the heart (now in 

a higher oxygen environment and operating at a higher work 

load) rapidly shifts to the adult metabolic pattern, which is 

predominantly dependent on fatty acid oxidation. This 

change of substrate preference is the result of upregulated 

expression of genes controlling the transport of fatty acids 

into the myocyte and their subsequent metabolism in the 

cytosol and mitochondria. This upregulation in the expres-

sion of genes involved in fatty acid metabolism and oxidative 

phosphorylation is commonly referred to as the shift from a 

fetal to an adult gene expression pattern.

A chronic mechanical overload produced by hyperten-

sion, heart valve abnormalities, and/or ischemic destruction 

of a portion of the left ventricle can result in left ventricular 

dilation as well as cellular hypertrophy. The severity of the 

dilation is dependent on the excess stress placed upon the 

viable myocardium. In general, left ventricular wall tension 

(systolic and diastolic) increases as ventricular dimensions 

increase; this is a consequence of the law of LaPlace that 

relates the internal chamber pressure and chamber radius 

(and wall thickness) to the level of chamber wall tension. 

The increased left ventricular wall tension (this principle 

applies to all cardiac chambers) can activate changes in the 

expression patterns of a number of genes involved in control 

of myocyte growth (hypertrophy), energy metabolism, and 

many of the processes that support cardiomyocyte contrac-

tion. It does this, in part by directly activating sarcolemmal 

receptors (e.g., angiotensin type 2 receptors) that are respon-

sive to stretch. Among the adverse consequences of activa-

and increased levels of reactive species that may overwhelm 

antioxidant capacity and cause oxidant damage to many 

important structural and functional molecules. This damage 

then limits a variety of cardiomyocyte functions (i.e., metab-

olism, ion pumping, and contraction).

Initially, the stress-activated growth stimulation pathways 

stimulate cardiomyocytes to grow (i.e., hypertrophy), and 

increased wall thickness can reduce systolic wall stress 

toward normal (via the LaPlace relationship), this may result 

in a prolonged period of stable compensated myocardial 

hypertrophy. However, chronic (pathological, not exercise 

induced) myocardial hypertrophy is usually associated with 

important changes in energy metabolism, including reduc-

tions of ATP and creatine phosphate levels. This shift in the 

myocardial gene expression is often referred to as a reversion 

also occur in the level of molecules participating in energetic 

processes such as oxidative phosphorylation. Although the 

increased glucose metabolism and decreased fatty acid 

metabolism associated with this reversion (to a fetal gene 

expression pattern) may have short-term energetic benefits 

(perhaps by modestly decreasing the oxygen cost of ATP 

synthesis), the overall ATP synthetic capacity of severely 

hypertrophied and failing myocardium is significantly 

reduced. The period of compensated hypertrophy in the 

chronically overloaded heart is often followed by a signifi-

cant contractile dysfunction of the ventricular myocytes with 

ultimate progressive left heart dilation and dysfunction and 
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mild to severe symptoms such as marked fatigue and short-

ness of breath. At this point, the clinical syndrome known as 

heart failure is present.

The question arises as to whether the decreased ATP syn-

thetic capacity observed in hypertrophied and/or failing car-

diomyocytes induces the decompensated state. It has been 

shown that all of the operational subsystems in the failing 

cardiomyocyte (i.e., energetic, contractile, and electrical) are 

severely dysfunctional and that this dysfunction occurs in a 

parallel manner. However, whether contractile dysfunction 

in the failing heart is caused primarily by a limited ability of 

the abnormal contractile apparatus to consume ATP or 

whether the reduced ability to produce ATP (i.e., the concept 

of the energy-starved heart) is also causal is still unclear.

In animal models, molecular and other interventions that 

have been specifically directed toward improving either dis-

ordered energetic functions or contractile processes have 

often attenuated the development of both contractile and 

energetic dysfunctions. Hence development of malfunctions 

in both systems appear to be inter-dependent. As discussed 

elsewhere in this book, interventions that block the adverse 

effects of the neurohumoral activation present in patients and 

animals with heart failure are also beneficial. This is because 

neurohumoral activation is associated with stimulation of 

many of adverse intracellular signaling pathways.

Lastly, significant abnormalities of left ventricular cham-

ber function can add an ischemic component to the intrinsic 

metabolic abnormalities of hypertrophied and failing myo-

cardium, even when occlusive coronary artery disease is not 

present. Increased ventricular filling pressures, impaired dia-

stolic relaxation, and tachycardia present in the abnormal 

heart can limit the ability of myocardial blood flow (espe-

cially in the subendocardium) to increase normally in 

response to an increased metabolic rate. Hence, in the chron-

ically overloaded heart, acquired intrinsic abnormalities of 

the cardiomyocytes and superimposed limitations of blood 

flow can act together to compromise cardiomyocyte ATP 

synthetic capacity and thus further impair overall cardiac 

function.

21.4.3  Primary (Genetic) Myocardial Metabolic 
Abnormalities

As described above, changes in gene expression in the hyper-

trophied or failing cardiomyocyte can cause various abnor-

malities of myocardial metabolism that, in turn, can act to 

constrain contractile function. However, “primary” (geneti-

cally determined) abnormalities of carbon substrate metabo-

lism or oxidative phosphorylation can also cause myocyte 

hypertrophy and/or failure. Interested readers can refer to the 

references at the end of this chapter for more information on 

such defects. A dramatic example of one abnormality and a 

successful therapeutic approach to treat this metabolic defect 

will be discussed below.

An inherited deficiency of the enzyme very long-chain 

-

ated with cardiomyopathy and skeletal muscle myopathy 

21.17). This enzyme is the first component of the β-lipid 

markedly increased cardiac dependence on glucose for ATP 

generation. The fact that even upregulated glucose metabo-

lism cannot adequately support cardiac function is indicated 

by the development of progressive myopathy (although the 

cytosolic accumulation of long-chain fatty acids, which can-

not be fully metabolized, also contributes to the myopathy). 

The classical treatment for this condition has been to replace 

the long-chain fatty acids in an individual’s diet with even-

numbered short- or medium-chain length fatty acids such as 

octanoate or decanoate. Importantly, the short-chain fatty 

acids bypass the metabolic roadblock, because the medium- 

and short-chain acyl-CoA dehydrogenases are normal in 

these patients. This therapeutic strategy induces increased 

fatty acid utilization and causes clinical improvement, but 

unfortunately cardiac and skeletal muscle myopathies may 

persist in many patients treated in this manner.

The question arose as to why feeding even-numbered 

short-chain length fatty acids did not fully correct the muscle 

defects in these patients despite the augmentation of acetyl- 

deficiency caused limitation of metabolism of both even- and 

odd-numbered long-chain fatty acids; hence, both acetyl- 

CoA and propionyl-CoA deliveries (i.e., from beta oxidation 

of fatty acids) to the TCA cycle were limited by this inherited 

defect. Although the metabolism of even-numbered short-

chain fatty acids supplied acetyl-CoA, it did not supply the 

anaplerotic substrate propionyl-CoA. Consequently, even-

numbered short-chain fatty acids could not correct the defect 

in the anaplerotic delivery of substrate to the TCA cycle and, 

therefore, were unable to correct a possible decrease in TCA 

intermediate pool size resulting from propionyl- CoA defi-

-

tation with an odd-numbered short-chain fatty acid would be 

expected to permit β-lipid oxidation to supply both acetyl-

CoA and propionyl-CoA. In fact, when patients were treated 

with heptanoate, a seven-carbon fatty acid, they showed 

marked improvement in both skeletal muscle and cardiac 

abnormalities. Hence, this disorder was effectively managed 

by defining all of the biochemical defects and prescribing a 

biochemical treatment strategy that compensated for these 

generating systems in the heart and other organs are not ame-

term, work in the molecular biology of genetic manipulation 

shows promise in remedying these diseases.
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21.5  Summary

This chapter summarized how chemical energy stored in 

ingested carbon substrates is transferred to ATP, as well as 

some of the regulatory systems which integrate the function 

of these pathways and make them responsive to changes in 

ATP demand without destabilizing the intracellular chemical 

milieu. Also reviewed were the generation of toxic by- 

products of the metabolic processes and mechanisms that 

limit their adverse effects and the effects of several physio-

logical states and diseases on these processes.
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Introduction to Echocardiography
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Abstract

Advances in ultrasound technology in the last 30 years have allowed transthoracic echocar-

diography to become the primary technique for noninvasive assessment of cardiac structure 

and function in patients with congenital and acquired heart disease. Advanced ultrasound 

techniques, including transesophageal echocardiography and intravascular ultrasound, are 

widely used and can refine imaging and improve outcomes during invasive cardiac proce-

dures. Better resolution and advanced Doppler techniques have allowed more accurate 

diagnoses and improved monitoring of pathologic conditions, and provide tools to study 

embryonic and fetal cardiac development. Finally, ultrasound technologies play an impor-

tant role in cardiovascular research as well and are currently applied to research in physiol-

ogy, molecular biology, vascular and cardiac regeneration, and stem cell therapies.
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22.1  Introduction

The use of ultrasound to provide noninvasive evaluation of 

cardiac structure and function was a revolutionary advance-

ment in cardiac care in the late twentieth century [1]. 

Development of the field of echocardiography has allowed 

detailed serial examinations of the development, structure, 

and function of the human heart both in normal physiologic 

states and in pathologic conditions Echocardiography has 

increased the diagnostic accuracy of noninvasive cardiac 

evaluation and provides a tool for the monitoring of diagnos-

tic and therapeutic procedures. The goals of this chapter are 

to: (1) provide the reader with a brief overview of the types 

of echocardiography in clinical use today; (2) review the 

physical principles that underlie this clinical tool; and (3) 

demonstrate how echocardiography can be used to assess 

cardiac structure and function.

Prior to the 1970s, diagnosis of congenital and acquired 

heart disease was achieved by the combination of physical 

-

diac catheterization. Unfortunately, clinical examination and 

catheterization can augment clinical information, but can be a 

stressful and risky procedure, particularly in the young or 

very ill patient. Noninvasive imaging, including echocardiog-

-

tomic and functional diagnoses in congenital heart disease. 
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focused hemodynamic information that compliments nonin-

vasive methods or intervention.

experimental technology and its initial clinical application in 

1]. During the 1970s, simple motion-mode 

structures, but these were not adequate for providing great 

diagnostic detail in complex congenital heart disease. During 

the 1980s, the technology to provide two-dimensional real- 

time imaging of the heart was developed, and this subse-

quently revolutionized noninvasive evaluation of cardiac 

Doppler ultrasound, including color mapping, were devel-

oped to extend the analyses of cardiac function and hemody-

namics [1]. By the late 1980s, many cardiac defects could be 

diagnosed accurately and repaired completely without inva-

being refined to provide more accurate noninvasive assess-

ments of cardiac function in normal and disease states.

22.2  Physical Principles 
of Echocardiography

22.2.1  Ultrasound Imaging of Tissues

Echocardiography uses the properties of sound waves to dif-

travels in mechanical waves with a speed dependent on the 

density and the elastic properties of the medium in which they 

are traveling [2]. This property of tissue is termed its acoustic 

density. Ultrasound waves, which are used in medical appli-

cations, have frequencies that are higher than those audible to 

the human ear. Ultrasound frequencies are generally over 

performed using frequencies of two million to ten million 

is generated by electrical stimulation of a piezoelectric crys-

tal, travels through an interface between two tissues of varied 

acoustic density, such as myocardium and blood, a portion of 

rest travels forward through the next tissue (the refracted 

turned back into electrical energy, amplified, and displayed 

[1

of the tissues being imaged (as in air-filled lung and myocar-

dium or bone and myocardium), the entire ultrasound wave is 

1]. The 

depends not only on the acoustic characteristics of the inter-

face but also on the angle of incidence or interrogation. An 

-

structure or that encounters an irregularly shaped structure, as 

of scatter that is proportional to the angle of incidence [2].

22.2.2  Resolution of Structures

The ability of cardiac ultrasound to provide anatomical reso-

lution depends on the wavelength of the sound used. The 

speed of transmission, the frequency, and the wavelength are 

related by the equation c = f × λ or λ = c/f, where c = the speed 

of sound in the medium, f = the frequency of the wave (in 

λ = the wavelength. Thus, a 

higher frequency transducer will produce a smaller wave-

length and improved resolution along the path of the beam, 

also termed axial resolution [1]. Axial resolution is generally 

pediatric imaging) has a wavelength of 0.2 mm and axial 

1]. Unfortunately, the 

use of high-frequency transducers is limited because the 

smaller wavelengths cannot penetrate as deeply into tissue, 

and they are therefore less useful for cardiac imaging in 

adults. Lateral resolution in echocardiography is impacted 

by the diameter of the beam width, which is a function of the 

transducer size, shape, and focal plane, as well as the fre-

quency [1].

22.3  Imaging Modalities

22.3.1  M-Mode Echocardiography

type of ultrasound used for clinical cardiovascular imaging. 

motion and reliable reproducible measurements of chamber 

sizes and function [1, 3

narrow ultrasound beam is pulsed rapidly in a single plane 

through the heart, and the movements of the structures in that 

single plane are plotted against time with very high temporal 

to assess cardiac wall thickness, aortic root size, chamber 

percent of fractional shortening of the left ventricle, which is 

calculated using the following equation:

 
SF % LVEDD LVESD LVEDD( ) ( ) /= - ´100  
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 end- systolic dimension. Normal values vary with age and 

and adults [ , ].

22.3.2  Two-Dimensional Imaging

Two-dimensional imaging provides an arc of imaging planes 

by employing multiple ultrasound beams to provide cross- 

structure and function in routine clinical studies. Two- 

dimensional imaging requires the presence of multiple 

beams of ultrasound interrogation in a single transducer, and 

several types of transducers are available to achieve this. 

Transducers available for two-dimensional imaging include 

mechanical (a sweeping or rotating ultrasound beam), phased 

array (multiple independently controlled sources), and linear 

array (a line of crystals simultaneously generating a beam of 

ultrasound). Today, phased array transducers are most com-

monly used due to their: (1) small size, (2) ability to provide 

imaging, and (3) improved control of focal length for more 

uniform images throughout the field of view [

to using two-dimensional imaging for viewing anatomic 

detail, left ventricular function can be quantitated using this 

method, which has been shown to correlate well with angio-

graphic estimates of ventricular function, takes advantage of 

the conical shape of the left ventricle to estimate end- diastolic 

and end-systolic ventricular volumes from tracings of two- 

3]. The 

 
EF % LVEDV LVESV LVEDV( ) ( ) /= - ´100  

volume.

-

heart rate, using the equation:

 CO HR SV= ´  

volume.

22.3.3  Doppler Ultrasound

The Doppler Principle

sound is altered when the source of the sound is moving [2]. 

The classic example is the change in pitch of a train whistle 

as it moves, getting higher as it approaches the receiver and 

lower as it moves away from it. This change in frequency, or 

Doppler shift, also occurs when the source of sound is sta-

including red blood cells in the vasculature. The shift in fre-

quency is related to the velocity of the moving target, as well 

as the angle of incidence, and is described by the equation:

 
F f V Cd = ( ( )( ) cos ) /2 0 f  

where Fd = observed Doppler frequency shift, f0 = transmitted 

frequency, C

V

ϕ = the intercept angle between the ultrasound beam and the 

the human heart and vasculature. Using a modified Bernoulli 

equation where pressure drop is equal to four times the 
2), Doppler ultrasound can also be used 

to estimate chamber pressures and gradients and to provide 

significant noninvasive hemodynamic data.

22.3.4  Continuous Wave Doppler

Continuous wave Doppler is performed by using a single 

transducer with two separate elements for transmission and 

reception of sound waves, so that there is continuous monitor-

ing of the Doppler shift. This technique enables detection of 

of the site of velocity shift along the line of interrogation [1].

22.3.5  Pulse Wave Doppler

Pulse wave Doppler uses bursts of ultrasound alternating 

with pauses to detect Doppler shift in a localized region. The 

timing between the generation of the ultrasound wave and 

-

rogation. Pulse wave Doppler is useful to measure velocity 

changes in a region defined by two-dimensional echocar-

diography, however, the spatial resolution limits the velocity 

-

able is one half of the Doppler sampling rate (pulse repeti-

Nyquist limit 

[1]. The maximal sampling rate is determined by the dis-

tance of the sampling site from the transducer and the trans-

ducer frequency, so that sampling from a transducer position 

nearer to the region to be interrogated and using a lower fre-

quency transducer will improve the detection and localiza-

1].
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22.3.6  Color Doppler Flow Mapping

Color Doppler flow mapping uses the principles of pulsed 

Doppler to examine multiple points along the scan lines. The 

mean velocity and direction of these signals are calculated 

and then displayed and superimposed upon a two- dimensional 

-

because of the large amount of information that can be 

-

-

from color Doppler can be further refined by pulse wave 

Doppler and continuous wave Doppler interrogation.

22.3.7  Quantification of Pressure Gradients 
Using Doppler Shift Measurements

Today, quantification of pressure gradients using Doppler 

echocardiography can provide hemodynamic information 

that could previously be obtained only by invasive cardiac 

3, 7] 

defines the relationship between velocity shifts across an 

obstruction and the pressure gradients caused by the obstruc-

tion. For practical purposes, the proximal velocity is 

neglected and the simplified equation becomes: pressure dif-

estimate pressure drops across obstructive valves and/or 

pressure differences between chambers (based on the veloci-

ties of valvar regurgitation or intracardiac shunting).

22.3.8  Myocardial Performance Index

The myocardial performance index

Doppler measurement of global ) ventricular function that 

incorporates both systolic and diastolic function and may be 

8]. 

-

(Fig. 22.1). The index is easily measured with high reproduc-

ibility and is important in the assessment of global perfor-

mance, as the active energy cycles of contraction and 

independent of heart rate and blood pressure and can be a use-

ful tool to evaluate myocardial function in different clinical 

situations [8].

Fig. 22.1 Diagrammatic 

representation of the 

myocardial performance 

index or Tei index. The Tei 

index is the sum of the 

isovolumetric contraction 

isovolumetric relaxation time 

from Pellet et al. [8]
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22.3.9  Tricuspid Annular Plane Systolic 
Excursion

The tricuspid annular plane systolic excursion

used to estimate the right ) ventricular global systolic function. 

distance traveled by the tricuspid annulus along the direction of 

longitudinal function of the entire right ventricle and that longi-

tudinal myocardial shortening is a significant contributor to 

-

sor on the lateral tricuspid annulus (Fig. 22.2). The annular 

plane is identified as the first continuous line immediately 

annulus is measured and compared to normal values (Fig. 22.2).

22.3.10  Tissue Doppler Imaging

Tissue Doppler imaging -

-

cardial motion and velocity [9] (Fig. 22.3A

velocity information can be displayed as a pulse tissue 

Doppler signal and data color-coded and displayed in real 

myocardial motion superimposed on conventional 

a region of interest can be arranged to obtain spectral dis-

plays of tissue velocities. The graphic display includes 

-

stolic waveforms. The systolic waveform is preceded by 

diastolic waves are preceded by regional isovolumic 

-

resents the early rapid filling phase of diastole (E), which 

is followed by a period of diastasis, and a second late 

active filling phase of diastole (A) due to atrial contraction 

(Fig. 22.3B).

Fig. 22.2
of the tricuspid annular 

plane systolic excursion 

measures the motion of 

the lateral tricuspid 

valve annulus (white 

arrow) as it moves 

during systole. Normal 

values are greater than 

longitudinal shortening 

as a measure of global 
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22.4  Clinical Applications of Cardiac 
Ultrasound

22.4.1  Transvaginal and Transabdominal Fetal 
Echocardiography

The human fetal heart is fully developed and functional by 

11 weeks after conception. Using transvaginal ultrasound, 

the structure and functional characteristics of the fetal heart 

can be observed as early as 9 weeks of gestational age [10]. 

This technique remains the most useful type of fetal cardiac 

time, transabdominal imaging becomes the preferred 

method (Fig. ). Fetal imaging is routinely performed at 

10]. The quality 

maternal body habitus, fetal bone density, and/or the fetal 

-

Fig. 22.3 Tissue Doppler 

imaging. (A) Pulse wave 

tissue Doppler provides a 

spectral display of peak tissue 

velocity. (B) Tissue Doppler 

velocity data for the 

quantification of asynchrony 

from apical four- chamber 

the lateral septal segment
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sound techniques are useful for analyses of the anatomy and 

function of the fetal heart, the diagnoses and monitoring of 

fetal arrhythmias, and the guidance of fetal interventional 

-

uted to: (1) improved understanding of the natural history of 

many forms of congenital heart disease; (2) improved moni-

toring and obstetric care of fetuses with structural heart dis-

eases and arrhythmias; and (3) attempts at in utero correction 

of vascular, valvular, and structural cardiac abnormalities 

[11, 12].

22.4.2  Transesophageal Echocardiography

Transesophageal echocardiography allows imaging of the 

heart from the esophagus or stomach, which improves image 

resolution by eliminating much of the acoustic interference 

from the lungs and chest wall while, at the same time, allow-

ing for reduced distance of the ultrasound source to the heart. 

Transesophageal imaging is performed using either a biplane 

probe (two single plane arrays set at perpendicular planes) or 

a rotating single array probe that provides multiple planes of 

view (an omniplane probe). Today, transesophageal probes 

come in sizes appropriate for use in adults, children, and 

infants. Transesophageal echocardiography is used when 

improved resolution is required or when transthoracic win-

dows are unavailable, as is typical in the operating room or 

cardiac catheterization laboratory [3

routine form of intraoperative monitoring for open-heart sur-

gery and is specifically useful to detect incomplete repairs 

prior to separation from cardiopulmonary bypass [13

procedures. Transesophageal echocardiography typically 

requires sedation or anesthesia and thus adequate patient 

monitoring. Note that it is significantly more invasive than 

standard transthoracic echocardiography and can be compli-

cated by airway compromise, dysphagia, or esophageal per-

foration [3, , ].

22.4.3  Transthoracic Echocardiography

Today, transthoracic echocardiography remains as the most 

be performed in any cooperative patient, and only rarely 

requires sedation. Yet, images obtained are limited by 

patient size and can be complicated by interference from 

soft tissues, bone, or lung. The transthoracic echocardio-

gram is performed from standard windows on the chest 

(Fig. ) and requires the use of multiple transducers at 

varied ultrasound frequencies to maximize the two-dimen-

sional image resolution and Doppler ultrasound information 

and licensed cardiac sonographers and then interpreted by a 

cardiologist.

22.4.4  Standard Transthoracic Examination

standard transthoracic cardiac echo includes 

images from parasternal, apical, suprasternal notch, and sub-

costal imaging windows (Fig. ). Two-dimensional sec-

Fig. 22.4
Four-chamber views are shown with pulse wave Doppler analysis of 

waves, an E wave representing passive filling of the left ventricle in 

diastole and an A wave representing active filling of the ventricle with 

-
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tors are imaged in each window to provide anatomic details 

and functional analyses. The highest frequency transducer 

set at the lowest depth possible is used to maximize image 

resolution while scanning for anatomical detail. Two- 

dimensional images are then used to guide Doppler ultra-

sound interrogations, often with a lower frequency transducer 

that will optimize Doppler information. Two-dimensional 

chamber size and function, and Doppler gradients are calcu-

lated across valves and shunts to maximize the hemody-

namic information obtained.

The standardized transthoracic echocardiograms are 

obtained by scanning at four regions on the chest wall: the 

parasternal window, apical window, subcostal region, and 

suprasternal notch (Fig. ). Parasternal long-axis views 

are used to obtain long-axis images of the left side of the 

heart, including the left atrium, left ventricle, and aorta 

(Fig. ). A subtle tilt of the transducer inferiorly from this 

position gives views of the right atrium, tricuspid valve, and 

right ventricle, and tilting leftward brings the pulmonary 

valve and main pulmonary artery into view. Turning the 

transducer and scan plane by 90° results in short-axis views 

of the heart in planes from the base of the heart (region of the 

aorta, tricuspid, and pulmonary valves) to the apex 

(Fig. 

chambers are obtained from parasternal short-axis windows 

and can be used to assess chamber size and function 

(Fig. 22.7E, F). Apical windows reveal standard four- 

chamber views of the left atrium, mitral valve, left ventricle, 

right atrium, tricuspid valve, and right ventricle (Fig. 22.8A, 

B). This view sends the ultrasound beam parallel to the sep-

tal structures, so is not adequate to assess the integrity of the 

atrial or ventricular septums. Tilting the transducer anteri-

orly results in a five-chamber view that allows excellent 

Doppler gradients across the mitral, tricuspid, and aortic 

valves can also be obtained from this view (Fig. ), and 

the velocity of tricuspid valve regurgitations can be used to 

estimate right ventricular and pulmonary artery systolic 

pressures.

lung disease or in those who have had recent open-heart sur-

gery. From subcostal images, the orientation of the heart in 

-

of the intra-atrial septum (Fig. 22.9A) and four-chamber 

notch views are most useful for visualization of the aortic 

arch, its branching vessels, and the descending thoracic aorta 

(Fig. ), as well as for determining the Doppler shifts 

across the aortic valve. This view is also important to exclude 

vascular abnormalities, including coarctation of the aorta.

Fig. 22.5 Diagram of the 

chest showing transducer 

position for standard 

transthoracic 

echocardiographic windows. 

A typical examination in a 

cooperative patient is 

performed in a standard order: 

parasternal, apical, subcostal, 

and then suprasternal notch 

views. Perpendicular imaging 

planes can be obtained from 

each position by rotating the 

transducer 90°
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22.5  Other Techniques in Cardiac 
Ultrasound

The use of ultrasound for cardiac imaging and investigation 

of hemodynamics has been revolutionary in the diagnoses 

-

niques available for use on a limited clinical basis include 

-

sound include embryonic and small animal cardiac imaging. 

on the tips. These transducers are capable of cross-sectional 

imaging or true sector imaging using phased array ultra-

sound transducers mounted on their tips [3, ]. As technol-

for the imaging of the aorta and pulmonary arteries, aortic 

and pulmonary valves, and/or coronary arteries [17]. 

transplant patients as a means to detect intimal thickening 

18] and in patients with 

Kawasaki syndrome who commonly develop coronary artery 

aneurysms [3

monitoring of interventional procedures [ ] and has recently 

been shown to reduce rates of stent thrombosis and adverse 

cardiac events in drug-eluting stents [17, 19]. Lead extrac-

Three-dimensional imaging technology has recently been 

improved so that cardiac images can be displayed in real 

time (four-dimensional imaging). Three- and four- 

dimensional images are useful for the re-creation of a mov-

able three-dimensional image to assist with surgical planning 

[1]. Unfortunately, currently large transducer sizes and slow 

image processing capabilities make three- and four- 

dimensional imaging less desirable for routine cardiac ultra-

sound examinations [7]. Ultrasound imaging technology has 

been improved so that the heart can be studied during embry-

onic development. For example, pregnant mice can be anes-

patterns can be observed during both normal and abnormal 

cardiac development [2, 20, 21]. Additionally, ultrasound 

techniques can be applied to vertebrate and nonmammalian 

model systems to study physiology, cardiac regeneration, 

and cell therapies [22 ].

22.6  Summary

The development and application of clinical echocardiogra-

phy has enabled thorough, accurate, and noninvasive evalu-

ations of both cardiac structure and function. Today, 

transthoracic echocardiography remains as the mainstay of 

cardiac diagnosis and monitoring in both adult and pediatric 

Fig. 22.6 Transthoracic parasternal long-axis views in a newborn 

infant. These views demonstrate the long axis of the left side of the 

heart. Frame 1 is in diastole with an open mitral valve to accommodate 

left ventricular filling and a closed aortic valve (arrow). Frame 2 is in 

systole with an open aortic valve (arrow) and closed mitral valve (aster-

isk). White dots on the sector border represent centimeter marks. Ao 

aorta, LA left atrium, LV left ventricle, RV right ventricle, MV mitral 

valve
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Fig. 22.7 -

sternal short-axis views. Panel A shows a view through the base of the 

heart in diastole. Panel B shows the same imaging plane in systole, with 

-

onstrates a cross-sectional or short-axis view of the left ventricle at the 

level of the papillary muscles in diastole, and Panel D is at the same 

plane in systole. This is the appropriate level for quantification of left 

-

strated in this plane. LA left atrium, RA right atrium, RV right ventricle, 

Ao aorta, PA main pulmonary artery, LVD left ventricle, diastole, LVS 

left ventricle, systole, D diastole, S systole, IVS interventricular septum
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patients. Advances in two-dimensional imaging allow sig-

nificant anatomic detail to be visualized, especially in 

smaller patients, and Doppler ultrasound allows for direct 

-

tigations of hemodynamics. New Doppler methods have 

improved the quantification of regional and diastolic myo-

cardial function. The use of transesophageal echocardiogra-

phy, although slightly more invasive, has also become 

routine when improved resolutions and/or intraprocedural 

monitoring are required. Future directions in echocardiogra-

and monitoring of interventional procedures; (2) improve-

ments in three- dimensional ultrasound techniques that will 

make them appropriate for routine imaging; and (3) the use 

of embryonic imaging to study normal and abnormal heart 

development.

Fig. 22.8 Panel A is a two-dimensional apical four-chamber views of 

the heart in diastole (open mitral valve), and Panel B shows the same 

imaging plane in systole (closed atrioventricular valves). The pulsed 

shows passive filling of the left ventricle during early diastole (E) fol-

lowed by active filling of the left ventricle in late diastole with the onset 

LA left atrium, 

RA right atrium, RV right ventricle, LV left ventricle, MV mitral valve
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      Monitoring and Managing the Critically 
Ill Patient in the Intensive Care Unit       

     Fahd     O.     Arafat       and     Gregory     J.     Beilman      

    Abstract  

  The need for better acquisition and monitoring of patient physiological information within 

and outside of healthcare settings is especially important, as our healthcare system prepares to 

care for an aging population of more critically ill patients. Monitors serve several purposes, 

including: identifi cation of shock and abnormal cardiac physiology, evaluation of cardiovas-

cular function, and/or to allow for optimizing titration of therapy. An important function of an 

effective monitoring device is the reliable detection of abnormal physiology. Despite much 

research on the use of monitoring techniques in critical care, there is little evidence to support 

improved outcome related to routine use of monitors. Mainstays of invasive monitoring in the 

ICU include central venous pressure monitoring and arterial pressure monitoring, with pul-

monary arterial monitoring reserved for occasional patients with multisystem disease. Recent 

trends in monitoring have included development of less invasive monitoring techniques that 

yield a number of cardiovascular parameters potentially useful to clinicians. New noninvasive 

measures of tissue perfusion (e.g., StO 2 ) have signifi cant potential for identifi cation and treat-

ment of pathophysiologic states resulting in inadequate tissue perfusion. Developers of new 

monitors, despite facing regulatory requirements that are less stringent than those of drug 

manufacturers, will increasingly be expected to demonstrate clinical effi cacy of new devices. 

In the fi nal analysis, the most important “monitor” is a caring healthcare provider at the patient 

bedside carefully evaluating the patient’s response to intervention and therapy.  

  Keywords  

  ICU monitoring   •   Near-infrared spectroscopy   •   Pulse waveform contour analysis   

•   Sublingual capnometry   •   Pulmonary artery catheter  
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       All exact science is dominated by the idea of approximation (Bertrand 

Russell, 1870–1972) 

23.1       History 

 The  treatment of shock   is closely related to healthcare 

workers’ experience during times of war. Ambroise Pare, a 

French military surgeon practicing during the sixteenth 

century, fi rst described ligature to control bleeding in 1545. 

Experiences during World War I resulted in a clear under-

standing of the need for operative interventions for bowel 

perforation, with this operative intervention available due to 

the accessibility of general anesthetics. The discovery of 

 blood types   by Karl Landsteiner in 1901 (for which he 

received the Nobel Prize in 1930) enabled the safe and 

practical use of blood transfusions by medical providers 

during World War II, thus allowing resuscitation of combat-

injured casualties. Advances utilized in the Korean War 

included new surgical techniques such as vascular anasto-

mosis and new medical therapies including renal dialysis. 
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The use of positive pressure  ventilation and renal dialysis 

was broadened during the Vietnam War due to the develop-

ment of complications of resuscitation in patients with pre-

viously nonsurvivable injury, including acute respiratory 

distress syndrome and/or renal failure. 

 The fi rst described use of an  intensive care unit (ICU)   as 

a separate area to care for patients was in the early 1950s, as 

a result of a poliomyelitis epidemic in Denmark. The fi rst 

 coronary care unit   was established in Kansas City, KS, in 

the early 1960s with the observation that new techniques of 

cardiopulmonary resuscitation could reduce mortality in 

patients suffering myocardial infarction. Their use expanded 

to postsurgical patients during the mid-1960s, as more com-

plicated surgery mandated a closer observation of patients 

and more aggressive interventions in the ICU. More specifi -

cally, physiological monitoring displays were introduced in 

the ICU in the 1970s, and, unfortunately, they have not 

changed substantially since then. In contrast, the last four 

decades have seen signifi cant efforts and resources expended 

toward improving data display design in high-risk fi elds, 

such as aviation and power plant control. These efforts have 

yielded marked improvement in the safety and effi ciency of 

air travel and nuclear power plant operations. 

 Our ability to care for sicker patients has also improved. 

The fi rst “monitors” were the fi ve senses of the physician. 

Lanneac described the fi rst stethoscope as an extension of the 

sense of hearing in the late eighteenth century. The develop-

ment of  neurosurgery   as a specialty in the early twentieth cen-

tury and the need to monitor blood pressure during these 

operations led to development of the sphygmomanometer. The 

need to monitor the physiology of astronauts in space led to 

the capability of continuous EKG and other types of monitors. 

 EKG   was one of the very fi rst technical approaches to monitor 

patient physiology and was clinically developed by the British 

cardiologist, Sir Thomas Lewis, in 1908. Some of today’s 

most innovative monitors still employ elements of Lewis’ 

original strip chart (for a more complete history of the EKG, 

see Chap.   19    ).  ICU   monitoring techniques developed over the 

last four decades have resulted in a signifi cant improvement in 

our overall understanding of cardiac physiology and patho-

physiology. The last three decades have seen a plethora of 

invasive and noninvasive monitoring tools developed for criti-

cal care use. Despite these tools, the most important tool avail-

able to the clinician remains his/her fi ve senses, mandating a 

careful examination of patients on a daily routine basis.  

23.2     Goals of Monitoring 

23.2.1     Diagnosis of Shock 

   Many monitoring strategies  relate   to identifi cation of shock; 

therefore, an important issue is the  clinical   defi nition of 

shock. In the fi nal analysis, shock can be simply defi ned as 

inadequate oxygen delivery to a tissue bed, resulting in 

decreased adenosine triphosphate (ATP) production and fl ux 

at the mitochondrial level related to decreased oxidative 

phosphorylation. Therefore, the ideal monitor for diagnosis 

of shock would be able to identify the rate of ATP produc-

tion and turnover. Unfortunately to date, such a monitor 

does not exist for routine clinical use; hence, clinicians use 

common clinical end points to identify shock and other 

associated abnormalities in patients. A list of commonly 

used clinical monitoring end points is listed in Table  23.1 . It 

requires an astute clinician to balance the sometimes contra-

dictory fi ndings identifi ed during evaluation of the patient 

and to develop an appropriate treatment strategy. An impor-

tant component of this process is frequent reevaluation of 

the patient to assess results of the initial intervention. 

Importantly, a response to intervention contradictory to ini-

tial evaluation should prompt reconsideration of the initial 

diagnosis.  

23.2.2        Evaluation of Cardiac Function 

   Another reason  for   consideration of advanced monitoring is 

for  frequent   evaluation of cardiac function. In particular, 

serious illness in patients with underlying cardiac disease 

(e.g., cardiomyopathy, congestive heart failure, congenital 

heart disease, etc.) may require a careful titration of therapy 

to prevent decompensation. Situations that commonly result 

in invasive monitoring of patients include serious infectious 

episodes, planned major operations, and/or decompensation 

of the underlying disease.    

23.2.3     Titration of Vasoactive Therapy 

 Many patients receive  advanced   monitoring due to hemody-

namic instability (i.e., hypotension or severe hypotension) or 

due to the need to titrate vasoactive therapy for other thera-

peutic purposes (e.g., optimization of  cerebral   perfusion in 

patients with neurologic insult). Most vasoactive agents have 

short half-lives, requiring frequent titration of therapy to 

achieve monitoring targets. This need mandates accurate, 

continuous monitoring of blood pressure (or other end point), 

typically via an invasive route. 

   Table 23.1     Commonly    used   clinical end points of resuscitation   

 Heart rate 

 Blood pressure 

 Mentation 

 Skin perfusion 

 Urine output 50 cm 3 /h 

 Normal lactate/acid base status 

 Appropriate response to therapeutic interventions 
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 An important, but frequently unstated, reason for invasive 

monitoring in the critically ill patient is to allow a more defi nitive 

diagnosis and/or end point for treatment. This more defi nitive 

observation after initial evaluation may allow ongoing manage-

ment of the patient’s issues with the clinician away from the bed-

side, allowing the clinician to perform other duties (Fig.  23.1 ).

  Fig. 23.1    Different monitors 
used in  the   ICU. Heart rate, 
arterial blood pressure, and 
mechanical ventilation 
settings ( top ). Intravascular 
temperature manager, ECHO, 
and perfusion monitors 
( below )       
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  Fig. 23.2     Tele-ICU  . The 
workstation arrangement in 
the tele-ICU may vary, but 
usually there are between 5 
and 7 monitor screens 
displaying real-time patient 
data, including vital signs, 
medications, lab results, and 
the patient’s entire medical 
history       

23.3         Monitors: Do They Help? 

 Despite the common reliance on monitors in the modern 

ICU, a number of monitoring end points commonly used 

have not demonstrated consistent benefi t with respect to 

patient outcome, including continuous EKG monitoring, 

pulse oximetry, pulmonary artery catheters, and/or intracra-

nial pressure monitoring. For example, with regard to  pulse 

oximetry  , Pedersen et al. in the  Cochrane database systems 

review   of 2003 [ 1 ] noted that “the confl icting subjective and 

objective results of the studies, despite an intense method-

ological collection of data from a relatively large population 

(>20,000 patients) indicates that the value of perioperative 

monitoring with  pulse oximetry   is questionable in relation to 

improved quality outcomes effectiveness and effi cacy.” 

 Another  randomized nonblinded study   was performed in 

2006 [ 2 ] which was designed to compare the effects of con-

tinuous and standard monitoring of pulse oximetry on patient 

outcomes in 1219 subjects. Ochroch and colleagues observed 

that there was no difference in the rate of ICU readmission 

from postcardiothoracic surgery care fl oor, mortality, or 

overall estimation of costs of hospitalization between the 

CPOX and standard monitor groups. The same can be said 

regarding pulmonary artery catheters. Shah et al. [ 3 ] noted 

that “despite almost 20 years of randomized controlled trials, 

a clear strategy leading to improved survival with a pulmo-

nary artery catheter has not been devised.” This has led to the 

near abandonment of the  use of   pulmonary artery catheters 

in many institutions. 

 One nuance with regard to monitors is that the use of such 

devices will not change the outcome for a fatal disease if 

there is no treatment available for the disease [ 4 ]. For instance, 

while you can monitor the progression of end-stage organ 

function in a patient with metastatic cancer, it is unlikely that 

utilizing a monitor to guide therapy in such a patient will 

affect the ultimate survival outcome of the patient. 

 On the other hand, one positive bit of evidence demon-

strating benefi cial effects for physiologic monitoring relates 

to the signifi cant decrease in anesthesia-related deaths over 

the last two decades. Anesthesia care is currently highly 

dependent on multiple physiologic monitors. As monitors 

have become increasingly utilized during anesthesia, the 

anesthesia-related mortality rate of 1 per 20,000 anesthetics 

reported in the late 1970s has decreased to a rate of 1 in 

300,000 anesthetics at the turn of the century. Most knowl-

edgeable clinicians in this area would agree that much of this 

decrease in mortality is related to both better understanding 

of pathophysiology and more widespread use of continuous 

monitoring. 

23.3.1     What About Telemedicine? 

    Telemedicine   applied to the ICU is an innovative  approach   to 

providing critical care services and to treating critical ill 

patients, especially  those   residing in broad or remote geo-

graphic areas (Fig.  23.2 ). Rosenfeld et al. published, in 2000 

[ 5 ], the fi rst feasibility study of telemedicine. Their study 

 

F.O. Arafat and G.J. Beilman



403

looked at a single open model surgical ICU that, for a 

16-week period, was provided with 24-h off-site monitoring. 

Compared with the baseline periods prior to the intervention, 

the mortality rate, length of stay, and costs were all reduced. 

In another study, one from a large university medical center, 

administrators retrospectively reviewed their data from 2011 

to 2012, which showed a reduction in mortality rates from 

6.5 % before to 4.9 % after the implantation of an enhanced 

monitoring system [ 6 ]. Subsequently, other larger trials have 

also identifi ed similar improvements in mortality [ 7 ,  8 ]. 

Finally, it was also suggested that if the hospital is able to 

provide the initial capital and fi nancing for the ongoing oper-

ation, a  tele-ICU   may positively benefi t the hospital’s profi t 

margin [ 9 ].  

23.4         Invasive Monitoring Techniques 
in the ICU 

23.4.1     Central Venous Pressure (CVP) 
Monitoring 

    Pressure monitoring in a central  venous   location, using  a 

  large-bore catheter,    is likely the most frequently utilized 

invasive monitoring technique in current ICUs. Central 

venous catheters allow an estimate of “cardiac preload” and 

are typically placed via the internal jugular or subclavian 

venous route (Fig.  23.3 ). These monitors are very accurate 

for the identifi cation of situations in which cardiac output is 

affected by a low preload. However, the assumption is made 

when monitoring CVPs that this value is proportional to 

pulmonary artery pressure, which is proportional to left 

atrial pressure, which is proportional to left ventricular end- 

diastolic volumes. Unfortunately, there are many common 

conditions in ICU patients which may elevate CVP that do 

not relate to increased fi lling of the left ventricle. These 

include: pneumonia, positive pressure ventilation, acute 

respiratory distress syndrome, pulmonary emboli, and others. 

Thus, one should have a strong concern for the situation in 

which a high CVP does not correlate with the clinical condi-

tion of the patient.   

23.4.2        Arterial Blood Pressure Monitoring 

     Arterial blood pressure monitoring   can be performed using 

both  noninvasive   and invasive techniques.    Noninvasive 

monitors have progressed signifi cantly over the years and 

currently allow a hands-off approach to intermittent mea-

surement of blood pressure. Unfortunately, it is diffi cult to 

noninvasively measure blood pressure more frequently than 

every 5 min due to patient comfort and potential for inducing 

pressure sores. In situations where more frequent measures 

are necessary, invasive catheters placed percutaneously into 

a peripheral artery are utilized (Fig.  23.4 ). Typically, contin-

uous  beat-to-beat blood pressure   is measured using an 

arterial catheter placed in one of several positions (most 

commonly radial or femoral arteries). However, this can be 

associated with injury, greater expense, and the need for 

required skills to acquire the data [ 10 ].

   Recently, a  continuous noninvasive arterial pressure 

(CNAP)   measurement was made possible by using a  fi nger 

cuff technology   (Fig.  23.5 ). It has been shown to be superior 

to intermittent oscillometric measurements in detecting rapid 

changes in arterial pressure [ 11 ]. Such an approach employs 

  Fig. 23.3    Venous anatomy of subclavian ( top ) and internal jugular 
veins. Veins are in blue. Outline of clavicle and manubrium are in black 
( upper panel ). Sternocleidomastoid muscle ( lower panel ) is in red       
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  Fig. 23.4    Arterial line placed 
into radial artery. The line is 
attached to a pressure 
transducer which measures 
blood pressure and allows 
slow fl ush of intravenous fl uid 
though the line. This line can 
also be utilized for sampling 
of arterial blood       

   Fig. 23.5      Continuous noninvasive arterial blood pressure (CNAP)   pro-
vides a continuous, beat-to-beat, blood pressure signal recorded from 
the fi ngers of a subject. The monitoring system uses a double fi nger cuff 

in three cuff sizes to accommodate small children through large adults. 
The system outputs a continuous blood pressure waveform that is simi-
lar to a direct arterial pressure waveform. Adopted from biopac.com       

a double fi nger cuff that is easy to place on the patients’ 

hand, a pressure transducer mounted on the forearm, and an 

upper arm oscillometric cuff for calibration. The system out-

puts a continuous noninvasive blood pressure waveform that 

is similar to a direct arterial blood pressure waveform and 

also displays values for systolic, diastolic, and mean blood 

pressures as well as heart rate.

   CNAP is    obtained by applying pressure via the fi nger 

cuffs such that the blood volume fl owing through the fi nger 

arteries is held constant (i.e., volume clamping). The diame-

ter of a  fi nger artery   under a cuff is “clamped,” i.e., kept at a 

constant diameter in the presence of the changes in arterial 

pressure during each heart beat. The fi nger diameters are 

measured by means of an infrared photo-plethysmograph 

built into the fi nger cuff. The fi nger diameter is held constant 

by dynamically applying a counter pressure throughout the 

cardiac cycle. The pressure in the cuff that is needed to keep 

the volume constant during arterial pulsation corresponds to 

the relative arterial pressure. Recent studies have demon-

strated comparable results to continuous invasive arterial 

blood pressure measurements [ 12 ]. For additional informa-

tion on blood pressure monitoring, see Chap.   18    . 

 Like CVP monitoring, there are assumptions built into 

blood pressure monitoring that are occasionally incorrect. 
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Importantly, the assumption that a normal arterial blood 

pressure has excluded the presence of shock may be false, 

since afterload may be increased due to low cardiac output. 

This results in a normal blood pressure but inadequate 

oxygen delivery to tissues.     

23.4.3     Pulmonary Artery Catheter 

    Since  pulmonary artery catheterization    was   fi rst described in 

1970 by Drs. Swan and Ganz [ 13 ], it has been widely used as 

a diagnostic tool and to  understand   the physiology of the 

cardiovascular system during critical illness. The pulmonary 

artery catheter is inserted via central venous access through 

the femoral, subclavian, or internal jugular route. A balloon 

at the tip of the catheter allows the catheter to be “fl oated” to 

the right side of the heart and into the pulmonary artery, 

where it wedges into a smaller branch of the pulmonary 

artery (Fig.  23.6 ). It allows the measurement of stroke volume, 

cardiac output, mixed venous saturation, and pressures on 

the right side of the heart (Table  23.2 ). This catheter allows 

for a more accurate measure of intravascular volume than 

CVP because it bypasses the situations that can falsely ele-

vate CVP; additionally, the information it provides can be 

utilized to distinguish among the various types of shock 

(Table  23.3 ). Since the pulmonary artery system is a high 

   Fig. 23.6      Pulmonary artery 
catheter  . This catheter has an 
infl atable balloon at the tip, 
allowing the catheter to be 
carried through the right heart 
and into the pulmonary artery 
during insertion       

   Table 23.2     Calculations   for invasive hemodynamic measurements   

 Hemodynamic formula  Normal 

 CI = CO/BSA  2.8–4.2 l/min/m 2  

 SV = CO/HR  60–90 ml/beat 

 MAP = DBP + 1/3 (SBP − DBP)  80–120 mmHg 

 SVR = [(MAP − CVP)/CO] × 80  900–1400 dynes cm s 3  

 SVRI = [(MAP − CVP)/CI]  1900–2400 dynes cm m 3  

 PVR = [(MPAP − PAOP)/CO] × 80  100–250 dynes cm s 3  

 Arterial oxygen content: CaO 2  = (SaO 2 ) (Hb × 1.34) + PaO 2  (0.0031)  21 ml/100 ml 

 Venous oxygen content: CvO 2  = (SvO 2 ) (Hb × 1.34) + PvO 2  (0.0031)  15 ml/100 ml 

 Oxygen consumption: VO 2  = CO (CaO 2  − CvO 2 ) × 10 (VO 2  not indexed, 
indexed by weight, BSA) 

 225–275 ml/min, 3.5 ml/kg/min; 110 ml/min/m 2  

 Oxygen delivery: DO 2  = CO(CaO 2 ) × 10  1000 ml/min 

 Oxygen extraction ratio: O 2 ER = VO 2 /DO 2   22–30 % 

   BSA  body surface area,  CI  cardiac index,  CO  cardiac output,  CVP  central venous pressure,  DBP  diastolic blood pressure,  Hb  hemoglobin,  HR  heart 
rate,  MAP  mean arterial pressure,  MPAP  mean pulmonary artery pressure,  PAOP  pulmonary artery occlusion,  PVR  peripheral vascular resistance, 
pressure,  SBP  systolic blood pressure,  SV  stroke volume,  SVR  systemic vascular resistance,  SVRI  systemic vascular resistance index  
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fl ow, low resistance system, those conditions which falsely 

elevate pulmonary artery pressure do not affect pulmonary 

artery wedge pressure. As noted previously, the use of this 

catheter has signifi cantly declined in the last decade due to 

paucity of data supporting improved mortality, general ICU 

or hospital length of stay, or cost for adult patients in inten-

sive care [ 14 ,  15 ]. Despite the decreased use, the pulmonary 

artery catheter can still be indispensable to assist in the 

evaluation and titration of therapy of the patient with multi-

system disease.   

23.4.4          Complications of Invasive Monitors 

   A major  issue   with all invasive  monitors   involves complica-

tions such as those related to insertion, infectious compli-

cations, and/or problems associated with an indwelling 

catheter. Insertion complications can result when the catheter: 

(1) is placed in the wrong vessel, (2) creates a pneumothorax, 

or (3) causes bleeding related to coagulopathy or inappropri-

ate dilation of a vessel (Fig.  23.7 ). Furthermore, centrally 

placed catheters can allow air within the central circulation, 

   Fig. 23.7     Complications 
associated with insertion of 
central access and  pulmonary 
artery catheter   including: ( a ) 
right pneumothorax, ( b ) 
pulmonary hemorrhage due to 
distal migration of pulmonary 
artery catheter, and ( c ) 
knotting of pulmonary artery 
catheter in right ventricle       

   Table 23.3    Changes in  cardiac   preload (PAOP), systemic vascular  resistance  ,  and   cardiac output in various causes of shock   

 Type of shock  PAOP  SVR  CO  Prime mover 

 Hemorrhagic  Decreased  Increased  Decreased  Decreased preload 

 Septic  Unchanged  Decreased  Increased  Decreased SVR 

 Cardiogenic  Increased  Increased  Decreased  Decreased CO 

 Neurogenic  Unchanged  Decreased  Increased  Decreased SVR 

   CO  cardiac output,  PAOP  pulmonary capillary wedge pressure,  SVR  systemic vascular resistance,  prime mover  variable  primarily responsible for 
shock in clinical syndrome  
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occasionally resulting in stroke [ 16 ]. Unfortunately, catheter- 

associated central line infections are common and represent 

a major and expensive source of hospital morbidity. Typical 

infection rates for central venous catheters are in the range of 

3–5 infections per 1000 patient catheter days. Thus, it is 

important to remove central venous catheters at the point 

where they are no longer necessary. Since indwelling cathe-

ters are made of a foreign material, there is risk of thrombo-

sis and embolus [ 17 ]. Both of these risks are well described 

in the literature, and attempts to decrease these risks with 

heparin bonding or using other coatings are prevalent.  

23.5         Less Invasive Monitoring Techniques 

 There are many new monitors making their way into daily 

clinical use. The utility of these monitors varies widely 

depending on clinician experience and understanding of 

monitoring end points, patient populations chosen for study 

of these monitors, and the clinical relevance of these moni-

tors. The two questions clinicians should ask themselves 

when evaluating any new monitoring strategy are as follows: 

(1) Does this monitoring system provide the information 

needed to make a decision about the patient’s status that is 

clinically relevant? (2) How should the clinician intervene 

related to the results of the monitor? If results from the moni-

toring system are not clinically relevant or do not allow deci-

sions to be made with respect to intervention, then the 

monitor is likely not useful for patient care. 

23.5.1     Cardiac Hemodynamics 

   There  are   several  new    measurements   available allowing less 

invasive measurement of cardiac hemodynamics. 

23.5.1.1     Pulse Contour Wave Processing 

   Recently, several investigations  have   validated the benefi ts  of 

  employing less invasive measures of hemodynamics, includ-

ing pulse contour wave processing and the ability to predict 

whether a patient is going to respond to fl uid boluses as the 

initial step of the hemodynamic resuscitation. Some of these 

commonly used methods (e.g., PiCCO, LiDCO, FloTrac) are 

based on assessing changes in left ventricular output during 

positive pressure ventilation, e.g., pulse pressure variation 

(PPV) and stroke volume variation (SVV). Underlying these 

measures, intrathoracic pressure increases during respira-

tion, causing right arterial pressure to increase as a conse-

quence; cardiac preload will decrease, leading to a decrease 

in right ventricular output and thus left ventricular output 

after few beats. The  PiCCO monitor   utilizes intermittent 

arterial thermodilution with beat-to-beat analyses of the arte-

rial pulse waveforms to provide several hemodynamic 

parameters. This monitoring approach requires both a central 

arterial line (femoral or axillary) and a central venous line 

[ 18 ]. The  LiDCO monitor   also uses pulse contour analysis 

and is calibrated using a dye dilution technique employing 

lithium chloride as an indicator. This approach requires only 

a peripheral venous line and arterial catheter [ 19 ]. The afore-

mentioned techniques also allow evaluation of preload using 

different calculated measures including SVV, PPV, and others. 

Importantly, these measures of preload have been demon-

strated to be well correlated with fl uid responsiveness in a 

number of clinical settings [ 20 ]. 

 It should be noted that the previous measures have some 

general and specifi c limitations, one being that the results 

become inaccurate in the setting of atrial fi brillation, fre-

quent premature ventricular contractions, and/or intra-aortic 

balloon central pulsation. They also require the patient to be 

heavily sedated and to be receiving mechanical ventilation 

with a tidal volume of >6 ml/kg for obtaining accurate PPV 

and SVV values. Therefore, their use becomes more chal-

lenging during periods of hemodynamic instability, requir-

ing frequent recalibration of the system. An additional 

limitation of  the   LiDCO monitor approach is that some 

 nondepolarizing muscle relaxants (e.g., vecuronium) will 

interfere with the sensor [ 21 ]. 

 A new pulse contour method, the  FloTrac/Vigileo™ sys-

tem   (Edwards LifeSciences, Irvine, CA, USA), has been 

recently introduced. It uses intra-arterial pressure waveform- 

based pulse contour analyses to measure cardiac output 

and SVVs, without the need for continual calibration. 

For estimation of the  cardiac output  , the standard deviation 

of pulse pressure sampled in 20 s is related to normal stroke 

volume based on the patient’s demographic data (height, 

weight, age, and gender). Unlike PiCCO which requires 

femoral or brachial arterial cannulation to estimate SVV, the 

FloTrac/Vigileo system uses only a peripheral arterial pres-

sure waveform without any other invasive monitoring. SVV 

measured by the  FloTrac/Vigileo™ system   (SVV-FloTrac) 

has been reported to have acceptable sensitivity and specifi c-

ity for the prediction of fl uid responsiveness [ 22 ].    

23.5.1.2     Ultrasonography/Echocardiography 

       Ultrasonography and    echocardiography have   been used to 

measure fl ow volume  and   diameter of the aorta  and   left 

 ventricular function as a  noninvasive   hemodynamic evalua-

tion (Fig.  23.8 ). The described methods include transthoracic 

or transesophageal echocardiograms (TEE). Transthoracic 

methods are less invasive but signifi cantly less accurate, 

while transesophageal techniques require a sedated and/or 

mechanically ventilated patient. Subramaniam and co- authors 

suggest a method of rapid echocardiographic assessment 

using a standardized algorithm [ 23 ]. This approach uses 

transesophageal echocardiography for assessment but 

requires an experienced operator to prevent misinterpretation 
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of fi ndings. Over the last few years, several studies within dif-

ferent ICU and critical care settings have demonstrated the 

feasibility of utilizing TEE in the management of hemody-

namic instability. It is now clear that this semi-invasive tool 

can provide critical information about the heart. Further, even 

when invasive continuous monitoring by a  pulmonary artery 

catheter   is used, TEE can further help defi ne a patient’s diag-

nosis by acquiring morphological and functional information 

that can be integrated with the pulmonary artery catheter data. 

Several recent reports have demonstrated the potential utility 

of this semi-invasive approach in the ICU patient [ 24 – 26 ].

   Preload can also be evaluated by measuring left ventricu-

lar end-diastolic area (which correlates well with end- 

diastolic volume) and also by evaluating respiratory variation 

in the diameter of the inferior vena cava or the collapsibility 

of the superior vena cava and then sampling the velocity time 

integral of the aortic valve fl ow during inspiration. To date, 

this technique is fi nding limited, but increasing, use in ICUs 

in the United States, in part due to lack of training and expe-

rience with this technique for many ICU physicians.       

23.5.1.3     CO 2  Partial Rebreathing Technique 

   The  CO 2  partial rebreathing technique   can be used via a 

modifi ed Fick technique in  mechanically   ventilated patients. 

 The   NiCO device (Respironics, Murrysville, PA, USA) 

allows measurement of cardiac output using this method. 

The technique involves measurement of end-tidal CO 2  

obtained before and during rebreathing periods. The ratio of 

the change in end-tidal CO 2  allows a noninvasive  estimate 

of   cardiac output [ 27 ]. To achieve optimal results with the 

NiCO monitor, the patient should be maintained under fully 

controlled mechanical ventilation. This technique is limited 

by the fact that the calculation includes blood fl ow perfus-

ing ventilated portions of the lung and bypassing any blood 

fl ow bypassing ventilated alveoli. Therefore, these results 

can be a signifi cant underestimation  of   cardiac output, cor-

rected by making an estimate of shunt fraction (the amount 

of blood fl ow bypassing ventilated alveoli). Compared with 

conventional cardiac output methods, the partial CO 2  

rebreathing technique is noninvasive, can easily be auto-

mated, and can provide real-time and continuous cardiac 

output monitoring [ 28 ,  29 ].       

23.5.2     Perfusion Monitors 

   There are a number of recently  developed   noninvasive  mea-

sures   of regional tissue perfusion including near-infrared 

spectroscopic measurement of StO 2 , sublingual and other 

capnometry methods, and the use of the ScvO 2  catheter. 

23.5.2.1     Refl ectance Near-Infrared Spectroscopy 

   Tissue hemoglobin saturation (StO 2 ) is  derived    from   near- 

infrared spectroscopy and is a potentially useful, noninvasive 

adjunct for monitoring critically ill patients. StO 2  refl ects 

changes in microcirculatory tissue perfusion. Unlike pulse 

oximetry signal (SpO 2 ), which measures oxygen contents in 

large, pulsatile vessels, StO 2  measures the oxygen content in 

vessels less than 1 mm in diameter (i.e., arterioles, capillar-

ies, and venules) and describes the oxygen content at the tis-

sue level; thus, it alerts the clinician that peripheral blood 

fl ow is being redistributed to vital organs, as the normal 

 balance between the proportion of oxyhemoglobin and 

deoxyhemoglobin in the peripheral tissues undergoes 

adverse changes. There are several studies that have showed 

correlations between StO 2  and multiple organ failure, ICU 

admission, ICU outcome, and mortality [ 30 ,  31 ]. In patients 

with septic shock, StO 2  has been shown to correlate with 

higher mortality [ 32 ]. Additionally, one study conducted on 

158 emergent cancer patients who presented to the emer-

gency department with hypotension and/or systemic infl am-

matory response syndrome found that a SpO 2  less than 70 % 

signifi cantly increased the risk of ICU admission [ 31 ]. 

Iyegha et al. [ 33 ] concluded, in a study of 620 ICU patients, 

that low StO 2  (<70 %) is common and associated with poor 

outcomes in SICU patients. However, no studies to date have 

utilized a randomized sampling or established a cause-and-

effect relationship between a specifi c intervention that aimed 

toward normalization of StO 2  and specifi c patient outcomes.    

  Fig. 23.8    Bedside ultrasound machine commonly  used   in the ICU 
setting and easy to move and handle (three different probe sizes)       
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23.5.2.2     Capnometry 

  In shock states, it is common to  see   redistribution of fl ow 

away from the gastrointestinal tract, resulting in increased 

gastrointestinal mucosal pCO 2 . Many investigators have 

demonstrated this effect in both septic and hemorrhagic 

shock [ 34 ,  35 ]. Unfortunately, techniques to measure pCO 2  

in the gastrointestinal tract have been limited by the efforts 

involved in appropriate placement of catheters within that 

area. This has led to the development of sublingual capnom-

etry, capitalizing on the fact that the oral tissues are embryo-

logically continuous with the gastrointestinal tract. This 

technique has the potential to allow rapid information regard-

ing adequacy of tissue perfusion in critically ill patients; 

however, clinical studies utilizing this technology are lack-

ing at this time.   

23.5.2.3     Central Venous O 2  Saturation Monitors 

    The   measurement of mixed venous  oxygen saturation   in 

either the pulmonary artery (SvO 2 ) or in the right atrium 

(ScvO 2 ) has been studied as a refl ection of resuscitation of 

patients in a variety of settings [ 36 – 38 ]. It has also been used 

to guide the treatment of shock [ 39 ]. This technique has the 

potential advantage of yielding both an end point for resusci-

tative efforts and intravenous access. Since a decreased car-

diac output and a resultant decrease in oxygen delivery to 

tissues will result in increased peripheral tissue extraction of 

oxygen from circulating blood, a low ScvO 2  in a critically ill 

patient has typically carried the implication that the patient is 

suffering from inadequate cardiac output. One potential 

shortcoming of this technique is the lack of sensitivity related 

to mixing of venous blood returning from organs with high 

and low metabolic needs, resulting in a falsely high reading. 

Despite these theoretic concerns, a recent study by Rivers 

and colleagues [ 36 ] used ScvO 2  as an end point of resuscita-

tion in a group of septic patients presenting to an emergency 

department and demonstrated improved survival in patients 

who received interventions designed to improve ScvO 2  lev-

els to greater than 70 % (defi ned as early goal-directed ther-

apy). These fi ndings have resulted in incorporation of early 

goal-directed therapy into protocols for treatment of patients 

with severe sepsis or septic shock.     

23.5.3     Subcutaneous Continuous Glucose 
Monitoring 

    Hyperglycemia   is  common   in acutely  ill   patients, especially 

within the ICU population [ 40 ]. Tight glucose control has 

been proposed to be crucial in these critically ill patients, 

especially for reduction in morbidity and mortality in the 

SICU populations. However, recent studies showed no evi-

dence that intensive insulin therapy and tight glycemic con-

trol in ICU patients has led to decreased 28-day mortality; on 

the other hand, it can be associated with a high incidence of 

hypoglycemia and death [ 41 ,  42 ].      

23.5.4     Conclusions 

 The need for monitoring of the critically ill patient has grown 

as the healthcare system has developed the ability to care for 

progressively more compromised and elderly patients. 

Monitors serve several purposes including: (1) the identifi ca-

tion of shock and abnormal cardiac physiology, (2) the evalu-

ation of cardiovascular function, and (3) to allow titration of 

therapy. An important function of an effective monitoring 

device is reliable detection of abnormal physiology. Despite 

much research on the use of monitoring techniques in critical 

care, there is little evidence of improved outcome related to 

routine use of monitors. To date, the mainstays of invasive 

monitoring in the ICU include CVP monitoring and arterial 

pressure monitoring, with pulmonary arterial monitoring 

reserved for occasional patients with multisystem disease. 

Recent trends in monitoring have included development of 

less invasive monitoring techniques that yield a number of 

cardiovascular parameters potentially useful to clinicians. 

New noninvasive measures of tissue perfusion (StO 2 , sublin-

gual capnometry) and semi-invasive techniques (TEE) have 

signifi cant potential in identifi cation and treatment of patho-

physiologic states resulting in inadequate tissue perfusion. 

 Tele-ICU   is a new trend that has so far proven to reduced 

mortality and morbidity. Developers of new monitors 

(despite facing regulatory requirements that are considered 

less stringent than those of drug manufacturers) will increas-

ingly be expected to demonstrate clinical effi cacy of new 

devices. In the fi nal analysis, the most important “monitor” 

is a caring healthcare provider at the patient bedside evaluat-

ing the patient’s response to intervention and therapy.      
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Abstract

This chapter provides a condensed review of the basic principles of magnetic resonance 

imaging (MRI) and introduces the reader to some of the concepts and terminology neces-

sary to understand the use of MRI to study the heart. We then proceed to describe a wide 

range of MRI cardiac applications, both in vivo and ex vivo, which should interest the bio-

medical engineer. While the capabilities of cardiac MRI are quite extensive, our choice of 

topics for this chapter is rather judicious, as cardiac MRI has evolved to the point where 

entire books are published on the subject.
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24.1  Introduction

“Magnetic resonance imaging” (MRI) of the heart has rap-

idly become very popular worldwide, because of its clinical 

information on anatomical structure and function simultane-

ously. An additional benefit of MRI is that patients are not 

subjected to any ionizing radiation or invasive procedures 

(e.g., catheterization). Recently, many specialized MR tech-

niques have become available for cardiovascular imaging 

and thus may potentially replace other types of imaging 

modalities. As such, cardiac MR may become the “one-stop 

shop” for imaging, as it is able to: (1) measure myocardial 

-

-

dial contractile properties (multislice, multiphase cine imag-

with real-time imaging (interventional MRI). The capabili-

ties of MRI as a tomographic imaging modality to capture, 

were already well appreciated before the first attempts were 

made to apply MRI to the heart. Yet cardiac motion, com-

the ventricular cavities and large vessels, initially imposed 

formidable barriers to the acquisition of artifact-free images 

that could depict cardiac anatomy with sufficient detail. It 

has taken well over a decade for cardiac MRI to mature to the 

point where it is currently being applied in routine fashion in 

the clinical setting. Therefore, in future medical centers of 
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excellence, other cardiac imaging modalities such as ultra-

sound imaging and nuclear imaging may be partially eclipsed 

by MRI for selected applications.

This chapter provides a condensed review of the basic 

principles of MRI and introduces the reader to some of the 

concepts and terminology necessary to understand the appli-

cation of MRI to the heart. We then proceed to describe a 

wide range of cardiac applications of MRI, both in vivo and 

ex vivo, which should interest the biomedical engineer. 

While the capabilities of cardiac MRI are quite extensive, 

our choice of topics for this chapter is rather judicious, as 

cardiac MRI has evolved to the point where entire books are 

published on the subject.

24.2  Overview of MRI

MRI works using the principle of nuclear magnetic reso-

nance. That is, in the presence of a strong magnetic field 

the body are stimulated to emit radio waves. These radio 

waves are detected by an antenna, or coil, placed around the 

body region of interest and the signals are decomposed to 

reconstruct an image. We present a short summary of the 

basic concepts here and refer the reader to the overall litera-

ture for an in-depth examination.

24.2.1  Resonance

Inside the MRI scanner protons in the body align with the 

magnetic fields, similar to what happens to a compass needle 

placed in a magnetic field. These magnetic dipoles, if tipped 

away from the direction of the magnetic field, will precess 

). 

This precession has a rotation frequency, νL, that is directly 

proportional to the magnetic field strength B

nuclei, the precession frequency varies with field strength as:

 n
L

MHz Tesla Tesla= ( ) × ( )42 6
0

. / .B
 

The precession frequency is also known as the Larmor fre-

quency. Tipping a nuclear magnetic moment away from the 

direction of the z axis (B  direction) can be accomplished by 

applying an oscillating magnetic field, denoted by B1, in a 

direction perpendicular to B . The radiofrequency transmit-

ter should be tuned to a frequency close to the Larmor fre-

quency to elicit a resonant excitation. After a radiofrequency 

excitation pulse, the static magnetic field, B , causes preces-

sion of the transverse magnetization component, which can 

. It is 

customary to refer to the magnetic fields which are oscillat-

ing at radiofrequencies and turned on for brief durations as 

radiofrequency pulses. A pulse that tips the magnetic 

moment from the z axis into the x–y plane is referred to as a 

90° radiofrequency pulse

of the magnetic moment is called a 180° or inversion pulse. 

In general, the degree to which the spins are tipped into the 

transverse (x–y) plane is referred to the flip angle.

Immediately after a radiofrequency excitation, individual 

magnetic moments that were tipped into the transverse plane 

become in-phase, i.e., they have the same phase angle. If all 

magnetic moments were to precess at exactly the same 

Larmor frequency, this phase coherence would persist. 

Residual magnetic field inhomogeneities, magnetic dipole 

interactions between neighboring nuclei, molecule-specific 

shifts of the precession frequency, and other factors produce 

a distribution of Larmor frequencies. The frequency shifts 

relative to a reference frequency can be tissue-specific, as in 

the case of 1H nuclei in fatty tissue. The spread of Larmor 

frequencies results in a slow loss of phase coherence of the 

transverse magnetization, i.e., the sum of all transverse mag-

netization components decays with time. The decay follow-

ing a radiofrequency excitation is called free induction 

decay, and often has the shape of an exponential function 

with an exponential time constant denoted as T , roughly on 

 ms for 1H nuclei in biological 

 systems. In the presence of field inhomogeneities and other 

Fig. 24.1 A single magnetic dipole moment in a static magnetic field 

of strength, B . It is customary to align the z axis of a rectangular coor-

dinate system with the direction of the externally applied static mag-

netic field, B . In this example, the magnetic moment, initially aligned 

with the applied magnetic field, was tipped away from the z direction by 

an angle α through application of an oscillating magnetic field (not 

shown). The oscillating magnetic field is kept on only for the time nec-

essary to tip the magnetic dipole moment by a certain angle, α in this 

example. After turning the oscillating magnetic field off, the magnetic 

dipole moment precesses about the B  direction at a frequency, νL = γB , 

where γ is a constant, the gyromagnetic ratio, and represents a property 
1H nuclei, γ ϕ 

denotes the phase angle of the magnetization component in the x y 

plane, orthogonal to the direction of B
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factors that cause a spread of Larmor frequencies, the trans-

verse magnetization decay is further shortened. To distin-

guish this latter situation, one introduces a time constant, 

T *, that is characteristic of the exponential decay of the 

transverse magnetization in “heterogenous” environments. 

It follows that T * is always shorter than T .

After any radiofrequency excitation that tips the magneti-

zation vectors away from the direction of the applied static 

magnetic field, B , the nuclear spins will, over time, realign 

themselves with the magnetic field to reach the same align-

ment as before the radiofrequency excitation. This time con-

stant is denoted as T1.

24.2.2  The Echo

A loss of phase coherence due to any spread in Larmor fre-

quencies, for example, due to magnetic field inhomogene-

x y plane such that 

the faster precessing spins now lag behind and the more 

slowly precessing spins are ahead, compared to spins pre-

cessing at the mean Larmor frequency. Once the echo ampli-

tude peaks, the spread of Larmor frequencies again causes a 

to repeatedly reverse the loss of phase coherence and thereby 

produce a train of spin echoes, referred to as fast spin echo 

imaging. The decay of the spin echo amplitudes is governed 

by the decay constant T , while a free induction decays with 

a characteristic time constant T *, with T * < T . Importantly, 

for cardiac imaging applications, it is useful to note that the 

spin echo (and spin echo trains in particular) provides a 

obtaining “normal” spin echoes from stationary or slow 

moving tissue.

transverse magnetization for optimal MR signal detection. A 

similar, but nevertheless different, type of echo-like effect 

can be achieved by applying two magnetic field gradient 

pulse. The first gradient pulse causes a rapid dephasing of the 

opposite polarity, can reverse this effect. An echo-type signal 

is observed, and peaks at the point where the phase wrap 

produced by the first pulse is . This type of echo is called a 

gradient echo.

A train of gradient echoes can be created by consecutive 

pairs of dephasing and rephasing gradient waveforms. The 

acquisition of multiple phase-encoded gradient echoes after 

a single radiofrequency excitation is useful for very rapid 

image acquisition, but is limited by the T * decay of the 

signal.

Fig. 24.2 The transverse 

magnetization component of a 

nuclear dipole precesses at the 

Larmor frequency, and 

produces an oscillating 

be detected with a wire loop 

that is part of a resonant circuit. 

The induced voltage is 

amplified and mixed with the 

signal of an oscillator. The low 

frequency component from the 

mixer is a free induction decay 

with frequency, νL − νo. Often 

two coils, oriented 

perpendicular to each other, are 

used to detect the signal from 

the Mx and My components of 

the transverse magnetization, 

which are in quadrature, i.e., 

they have a relative phase 

of the quadrature components, 

it is possible to determine the 

sign of the difference νL − νo, 

and by combination of the two 

signals, after phase shifting one 

signal-to-noise by a factor of 

2 . FID free induction 

decay, MR magnetic resonance
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A variation of the gradient echo technique that reestab-

lishes phase coherence to the best possible degree before 

application of the next radiofrequency excitation (i.e., the 

next phase encoding step) can be used to produce a steady 

state. This allows the application of radiofrequency pulses 

T1 relax-

ation to return the magnetization from the transverse plane to 

the B  direction, the magnetization is toggled back and forth 

by the radiofrequency pulses between the z axis and the 

transverse plane. The attainable signal-to-noise ratio with 

this approach is significantly higher than with “conventional” 

gradient echo imaging. This type of gradient echo imaging is 

referred to in the literature by various acronyms—steady- 

state free precession imaging, true FISP, or balanced fast 

field echo imaging. In particular, for cardiac cine studies, this 

technique has led to a marked improvement of image quality. 

short repetition times which, in turn, impose high demands 

on the gradient system of the MR scanner in terms of ramp-

ing gradients up and down.

24.2.3  Image Contrast

density of 1H nuclei, and spin-density images show poor con-

trast to differentiate (e.g., tissue from blood or fat from mus-

cle). One of the most appealing aspects of MRI is the ability 

to manipulate the image contrast, based on differences in the 

T1 or T T1 

repetition time. Reducing repetition time or increasing the 

T1 weighting in the image.

The T * weighting of a gradient echo image is controlled 

by the time delay between the radiofrequency pulse and the 

T  

weighting the spin echo signal is similarly determined by the 

echo time. In a fast spin echo sequence, one can use multiple 

echoes to read out the signal with different phase encodings 

T1 weighting through adjust-

-

its that can be circumvented by applying an inversion pulse 

before the image acquisition and performing the image 

acquisition as rapidly as possible. The time between the 

inversion pulse and the start of the image acquisition controls 

the T1 contrast in this case. The image acquisition after the 

magnetization inversion is typically performed with a gradi-

T1 con-

trast is controlled by the prepulse and the delay after the 

α, 

of the gradient echo image acquisition. Gradient echo imag-

acquire rapidly T1-weighted images of the heart.

MR contrast agents, such as gadolinium, provide a further 

means for controlling the image contrast by injecting a com-

pound with paramagnetic ions that reduce the T1 of blood 

and tissue permeated by the agent. The local T1 reduction 

depends on: (1) delivery of contrast agent to the tissue region 

-

trast agent molecules can cross barriers such as the capillary 

within the tissue. The contrast seen after the injection of such 

an agent can be used to determine pathology, such as the 

normal concentration of contrast agent in infarcted 

myocardium.

24.3  Cardiac MR Techniques 
and Applications

24.3.1  Cardiac Morphology

The accurate depiction of cardiac morphology is important 

have been developed and they are generally categorized 

based on the appearance of the intracardiac blood in the 

image, as either black-blood or bright-blood techniques.

Spin-echo -

ation of cardiac morphology, however it was not until the 

more important by reducing motion artifacts associated with 

black-blood images 

-

vides very good contrast between the myocardium and the 

ventricular walls, however, can cause the blood signal to 

appear brighter, effectively reducing the quality of the image. 

increase the contrast in the image [1]. Although widely avail-

-

tion and susceptibility to respiratory and other motion 

through the development of sequences with shorter acquisi-

Although soft tissue contrast is not as optimal, these 

sequences have become the frontline sequence for depiction 

).

24.3.2  Global Cardiac Function

Global and regional assessments of ventricular function with 

MRI are very well established and have been shown to be 

accurate and reproducible compared with other imaging 

modalities for the calculation of volume, mass, and derived 
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parameters such as stroke volume and ejection fraction [ , 

]. Thus, it is now considered the gold standard for the evalu-

ation of cardiac function and mass in numerous studies com-

paring different imaging modalities [ ].

dimensions over the entire cardiac cycle and thus to assess car-

diac function. The acquisition of each image in the cine loop is 

broken up into several “segments,” and the image segments are 

. 

The acquisition of such image segments for each cardiac phase 

is subsequently synchronized with the heart cycle by gating of 

the encoding steps with the patient’s electrocardiogram. This 

technique works well as long as the subject has a regular heart 

beat. The final result of the segmented acquisition is a series of 

images, one for each phase of the cardiac cycle. These images 

can be played as a cine loop, e.g., to assess ventricular func-

tion. To increase the sharpness of the quality of images, clini-

cians ask patients to hold their breath during image acquisition. 

The segmented data acquisition approach always involves a 

tradeoff between temporal resolution (i.e., number of frames 

covering one R-to-R interval) and spatial resolution, as the 

image acquisition needs to be performed within a time short 

enough to allow for suspended breathing.

Typically, for the measurement of global cardiac function, 

bright-blood cine MRI is performed in multiple short-axis 

views, covering the heart from base to apex, using a multi-

phase, segmented k-space, gradient echo

[ -

tion effects in areas of low blood velocity, causing reduced 

contrast between blood and myocardium within the ventricu-

lar cavity [8]. In general, this problem causes difficulties in 

detection of the endocardial border, most dramatically in 

long-axis views of the heart where there is very minimal 

motion of blood through the imaging plane, as the majority 

of blood is moving within the image plane in these views as 

cine imaging have recently been minimized with the advent 

).

in the literature for many years, only recently has MR hard-

ware developed to the point that these techniques have 

become practical and available on clinical scanners (e.g., 

those from multiple vendors) [ , 

dramatically improved contrast-to-noise, shortened acquisi-

tion times, and increased both spatial and temporal resolu-

, 11, 

]. These improvements have enhanced the detection of the 

epicardial and endocardial surfaces (delineation of trabecu-

lation and papillary muscle), both manually and with auto-

mated detection schemes, resulting in improved accuracy 

and reproducibility for the quantification of cardiac mass and 

volumes [ , 

the heart can be acquired within a single breath-hold.

real-time MR imaging. Recently, real-time imaging techniques 

have been developed and improved such that they will be 

employed in future cardiac function studies, as well as in the 

emerging field of interventional imaging with MRI. These 

real-time sequences continuously acquire images of the heart 

[

therefore making it possible to image patients with severe 

arrhythmias or heart disease. In the past, these were difficult 

requirements to fulfill with segmented k

-

menting image reconstruction techniques with sensitivity 

-

].

Fig. 24.3 T2- 

weighted

LV), right ventricle (RV), 

and aorta are labeled. The signal from blood in the ventricular cavities 

was nulled by a magnetization preparation consisting of radiofrequency 

echoes in this case) and a long effective echo time also causes attenua-

tion of the signal from moving blood. These so-called black-blood 

imaging techniques are very useful for anatomical imaging to avoid 
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Fig. 24.4 Illustration of the principle of segmented acquisition of data, 

as that used for imaging multiple phases of the cardiac cycle in ven-

tricular function studies. The image acquisition is synchronized to the 

cardiac cycle by triggering of the pulse sequence with the R-wave on 

or segments in this example. The same five phase encodings are per-

interval, five other phase encodings are performed for each cardiac 

phase. The R-wave-triggered acquisition of phase encodings is repeated 

k number of times to obtain a total of k -

ral extent of each cardiac phase is shown in the diagram by the boxes 

that contain the symbolic representations of the phase-encoded lines as 

vertical lines. The temporal resolution (TR) of the resulting cine loop is 

determined by the number of lines per segment (five in this example) 

and the repetition time for each phase encoding step. Typical resolu-

during inotropic stimulation of the patient’s heart. The image acquisi-

the required duration of the breath-hold would be k heart beats, with k 

Fig. 24.5
segmented gradient echo sequence (left) and a steady-state free preces-

sion (SSFP) sequence (right

higher contrast to noise between intraventricular blood and myocardium, 

resulting in improved endocardial border definition throughout the car-

diac cycle, as compared with the older gradient echo sequence
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24.3.3  Regional Myocardial Function

volume and ejection fraction are the most commonly used 

variables for the assessment of systolic function in the clini-

cal setting, however they have associated limitations related 

to the measurement of contractile properties of the heart. 

not take into consideration the importance of regional con-

tractile dysfunction, the degree and extent of which are 

important prognostic factors with ischemic heart disease, 

]. It is gener-

ally accepted that quantitative estimates of wall motion and 

relative changes in wall thickening (expressed as % of end- 

diastolic wall thickness) are useful for measuring regional 

function and are also more precise than the subjective visual 

wall motion scoring system which is commonly used in the 

clinic today [ , ]. Wall motion changes and thickening 

are usually measured along the length of a center line 

between the segmented endocardial and epicardial borders 

of the heart. They are further divided into myocardial seg-

ments of equal circumferential extent which are positioned 

relative to the location of an anatomical landmark such as the 

anterior-septal junction of the left ventricle and right ventri-

as the radial component of myocardial strain, defined as the 

analyses have proven very useful for the assessment of 

regional contractile function in both animals and human 

patients [ ].

components of myocardial strain typically assessed by MRI 

tagging [ ]. This approach has a higher sensitivity to the 

identification of noncontracting regions of the myocardium 

compared to “conventional” cine MRI. As such, cine imag-

ing of the heart can be combined with a series of magnetiza-

tion preparation pulses that null the longitudinal 

magnetization along thin parallel stripes in the slice plane. 

The stripes or tags appear as black lines on the MR images 

and can be applied in two directions in a single slice, forming 

a grid pattern. This grid pattern is created immediately after 

-

). The grid tags visible in 

the resulting images are “imbedded” in the tissue and are 

therefore distorted if any myocardial motion occurs. Thus, 

intramyocardial displacements and myocardial strain can be 

tracked through monitoring visible motion and deformation 

 shows an example 

of a myocardial grid pattern laid down at end-diastole and, in 

a second frame, the same pattern is recorded at end-systole 

with evident distortion of the tag lines due to myocardial 

contraction. The tag lines, created right after the R-wave, 

tend to fade during the cardiac cycle due to T1 relaxation, but 

lines can persist long enough to allow visualization of car-

diac motion over nearly the entire R-to-R interval. 

Importantly, tag lines in the ventricular blood pool disappear 

very quickly because of the rapid motion and mixing of 

defining the endocardial borders.

24.3.4  Myocardial Perfusion

imaging of the heart during the first passage of an adminis-

tered contrast agent through the heart. T1 changes in the 

myocardium are directly proportional to the contrast agent 

concentration in the blood or tissue [ , ], so that through 

the use of T1-weighted imaging techniques, myocardial ter-

ritories affected by a coronary artery lesion can be both 

myocardial territory affected by a coronary artery lesion 

may or may not show a perfusion deficit under resting con-

stress, a stenotic vessel cannot respond (dilate) like a 

healthy vessel resulting in vascular steal, a phenomenon in 

by nonstenotic vessels [

areas of reversible and nonreversible (scar) defects can be 

represented [ ].

multislice fast gradient-echo imaging with saturation- 

recovery magnetization preparation obtained during the 

-

-

quency pulse, followed by a gradient crusher pulse designed 

to dephase the transverse component of the magnetization 

[ ]. This preparation drives the magnetization into a well- 

defined state, permitting the acquisition of a T1-weighted 

-

image signal intensities due to variations in the heart rate or 

capture the first pass of the injected contrast agent through 

scanners (with state-of-the-art gradient coils and amplifiers 

24 Cardiovascular MRI



418

Qualitative analyses of perfusion studies can be made by 

viewing the sequence of images as a movie loop, and then 

visually grading the rate of contrast enhancement in myocar-

dial segments. However, qualitative assessments are highly 

observer-dependent and thus are also subjective to misinter-

pretation based on image artifacts or variations in the image 

brightness due to the inhomogeneous detection of the MR 

signal by the surface coils. Therefore, in the future, a more 

quantitative technique based on the time course of signal 

intensity in the different myocardial segments of interest can 

provide an objective and robust method of analysis 

).

24.3.5  Myocardial Viability

The ability to distinguish nonviable myocardium is of criti-

cal importance in the management of patients with both 

acute and chronic coronary artery disease syndromes, yet 

this is complicated by the presence of reversibly damaged 

-

for evaluation of myocardial viability. However, with the 

development of delayed contrast-enhanced MRI (ce-MRI), 

the cardiac MRI method has quite dramatically and rapidly 

Fig. 24.6 Images with spatial 

modulation of magnetization 

in the form of vertical and 

horizontal stripes in a human 

volunteer. The grid-tag lines 

created immediately after the 

upper left panel shows a 

magnified view of the heart 

during this initial phase. A 

second image is shown on the 

upper right for an end-

systolic phase, with the 

distortion of the tag lines due 

to cardiac contraction clearly 

apparent. The tagging 

technique is equivalent to the 

implantation of 

intramyocardial markers. 

Tracking of the tag lines over 

the cardiac cycle allows 

determination of myocardial 

strains, and has been shown to 

provide a sensitive method for 

assessing regional wall 

motion abnormalities
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ascended into the forefront of viability imaging [ , ]. In 

general, this technique has been shown to identify irrevers-

ibly damaged myocardium in both acute and chronic settings 

following a myocardial infarction and, in tandem with cine 

imaging, can be used to consistently predict reversibly dam-

other therapies [ , 

substantially higher spatial resolution than nuclear tech-

niques, ce-MRI can detail the transmural extent of irrevers-

ibly damaged tissue and detect both small and large 

, ].

delayed ce-MRI is performed following the 

intravenous administration of a gadolinium-chelate contrast 

the cell membrane due to the severe myocardial injury and 

loss of viability [ , , , ]. After an appropriate delay 

approximate distribution equilibrium, and loss of functional 

viability and subsequent leakage of contrast agent result in 

T1-weighted signal enhancement because the distribution 

volume of the contrast agent is larger in the injured tissue 

under resting conditions using a breath-hold “inversion 

recovery” prepared and T1

sequence. The appropriate inversion delay time following 

results, appropriate inversion delay times are iteratively cho-

sen for each patient. This results in images where the normal 

viable myocardium is dark, nonviable, fibrotic, or scarred tis-

sue has dramatically increased (hyperenhanced) signal inten-

). Typically, one or two signal averages are 

Fig. 24.7 A sample of images acquired using a fast T1-weighted gradi-

-

nal intensity curves for the left ventricular blood pool and several myo-

cardial segments below. The first image in the series (A) shows a 

short-axis image of the heart prior to injection of the contrast agent. 

(B) and left ventricle (C) and then passes through the coronary and 

microcirculation (D, E) causing signal enhancement throughout the 

myocardium. This example shows a clear perfusion defect in the infe-

rior wall of the left ventricle which can be seen in images D and E 

(circled) and also the corresponding tissue curve immediately follow-

ing the first pass of the contrast through the left ventricle

24 Cardiovascular MRI



420

used with an in-plane image resolution of approximately 

breath-holds to encompass the left ventricle and can be typi-

approaches can also be used which cover the entire ventricle 

in a single, yet longer breath-hold with comparable, but not 

as good, image quality.

While the delayed ce-MRI sequence is the most widely 

accepted approach for viability imaging with MRI, there are 

other less popular techniques that should be mentioned (e.g., 

imaging with the use of a manganese-based contrast agent). 
++ analog which is actively taken up by 

viable cells, thus in obtaining T1-weighted images, viable tis-

sue is enhanced (bright) while nonviable tissue remains dark 

[ ]. Manganese contrast agents are not currently being used 

effective alternative method in the near future. MRI of 

sodium or potassium are also effective methods with poten-

tial for imaging viability, but their use remains strictly a 

research tool due to the very limited availability of multifre-

quency MRI scanners for clinical use [ ].

24.3.6  Blood Flow Velocity

A recorded MR signal can be represented in terms of a mag-

nitude and a phase component. As such, MRI images can be 

analyzed to elicit the spatial variations of the signal magni-

tude, but it is also possible to create maps showing the spatial 

shown that the phase of the signal is sensitive to the velocity 

of tissue or blood. The so-called phase contrast MRI tech-

nique uses the phases of the signals to measure relative 

-

gies, we refer the reader to the literature. Yet, an example of 

, which has been used to calculate pulse 

wave velocities for measuring vessel stiffness [ ].

Fig. 24.8
the region of infarction (arrows) with wall thickness and contractility. 

top) shows evidence of microvascular 

obstruction within the infarct and reduced wall thickening in the ante-

study (bottom), there is no longer a sign of microvascular obstruction 

within the infarct territory, diastolic wall thickness has decreased, and 

contractility has improved in regions adjacent to the infarcted territory
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24.3.7  Fiber Structure

24.3.7.1  Importance of Myofiber Orientation

The analysis of myocardial microstructure continues to be 

considered an important factor in better understanding 

is due to the fact that structural fiber arrangement is modified 

over the time course of various cardiomyopathies. In the 

healthy heart, it is generally accepted that cardiac muscle 

fibers or myofibers are arranged as counter-wound helices 

encircling the ventricular cavities and where fiber orientation 

is a function of their transmural location [

direction at the epicardial and endocardial surfaces, and 

rotate to a circumferential direction in the mid-wall. This 

counter-wound helical structure is considered to be respon-

Fig. 24.9
imaging of the aorta in a 

magnitude and phase images 

are shown. Images were 

acquired for X cardiac phases, 

heart beats. A region of 

interest (white box) was 

placed on the phase images in 

the thoracic aorta to 

determine the variation of 

direction of the image plane. 

The variation of the velocity 

is shown in the graph. ROI 

region of interest
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sible for the torsional or wringing motion of the left ventricle 

which serves three main mechanical functions: (1) equaliz-

-

ing torsional energy in the intracellular and extracellular 

matrix, and when released, increasing ventricular filling dur-

ing diastole [ ]. Therefore, cardiac fiber orientation can 

also be considered as one of the primary determinants of 

ventricular pump function.

24.3.7.2  Quantifying Fiber Structure 

with Diffusion Tensor MRI

More recently, diffusion tensor MRI

developed and employed as a nondestructive means to quan-

, ]. The under-

lying principle in determining cardiac fiber orientation by 

-

sponds to the local myofiber orientation. Therefore, by 

obtaining a series of diffusion- weighted images, the effec-

tive diffusion tensor of water in the myocardium can be esti-

mated using a relationship between the measured echo 

attenuation in each imaging voxel and the applied diffusion 

sensitizing gradient [ ]. As such, diffusion-weighted pulse 

sequences are designed such that molecular displacements in 

the direction of the applied diffusion sensitizing gradients 

will attenuate the echo signal, thus enabling the estimation of 

water diffusivity in a given direction. The strength of the 

diffusion weighting or b

tissue. In order to determine the required six independent 

parameters of the diffusion tensor, at least seven images 

must be obtained for a given slice—six diffusion-weighted 

images applied in six noncolinear directions and one diffu-

sion-independent image. However, it is also common to 

estimate the diffusion tensor by obtaining many diffusion-

b-value, where the best fit for the diffusion tensor can be 

-

the anisotropic nature of water diffusion in the myocardium 

[ ]. The fastest direction of diffusion or primary eigenvec-

tor of diffusion has been validated to coincide with the local 

longitudinal myofiber orientation, as water diffusion in the 

cross fiber directions is restricted by the cellular borders and 

laminar sheets in the myocardium [ , -

ondary and tertiary eigenvectors of diffusion correlate with 

the laminar sheet direction and sheet normal, respectively 

[ , , ].

in vivo or ex vivo [ , ]. In addition, it has been shown that 

[

research tool, and is not a routinely employed cardiac MR 

protocol in a clinical setting. Today, this imaging technique 

does not contribute to the diagnosis of cardiomyopathies, or 

provide information that can be used to determine patient 

treatment options. However, in concert with myocardial tag-

. 

In general, the spatial resolution of diffusion imaging is 

dependent on the diffusion sensitizing pulse sequence and 

magnetic field, a spatial resolution of approximately 

. The raw diffu-

sion images are shown along with the fiber orientation pro-

jected into the imaging plane as determined by the primary 

eigenvector of diffusion for a mid-ventricular slice. 

inclination angle α of a healthy human heart fixed directly 

et al. [ ].

24.3.7.3  Pathological Changes in Fiber 

Structure

with phase contrast strain-rate imaging, Tseng et al. were 

able to determine that a state of fiber disarray exists in hyper-

trophic cardiomyopathy which results in a disordered pattern 

of principle myocardial shortening. In the same study, these 

investigators observed that a positive correlation exists 

between fiber disarray and myocardial hypokinesis [ ]. 

Additionally, several studies have attempted to quantify car-

diac fiber architectural remodeling after the occurrence of 

myocardial infarction [ , ]. In these reports, fiber disar-

rays and increases in diffusivity were evident in the infarcted 

has played a key role in developing computational approaches 

to investigating the electromechanics of healthy and diseased 

hearts, which are becoming necessary for the comprehensive 

understanding of cardiac function [

models have provided important insights into arrhythmia 

induction in peri-infarct zones surrounding necrotic scar in 

chronically infarcted canine hearts [ ].
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24.4  MRI and Biomedical Devices

24.4.1  Real-Time Imaging and Cardiovascular 
Interventions

applications relative to the heart. However, with the advent 

of ultrafast MRI and the development of MRI-compatible 

catheters and guide wires, the goal of achieving real-time 

guidance by MRI for cardiovascular interventions is emerg-

ing as a new alternative [ ]. More specifically, the use of 

MRI for guided interventions would minimize or even elimi-

nate reliance on ionizing radiation and iodinated contrast 

agents, an advantage particularly for pediatric patients. To 

date, continuous improvements of MRI techniques and MRI 

scanner hardware have rendered it feasible to achieve the 

[ ]. Thus, it is considered highly probable to use MRI for 

guiding interventional cardiovascular procedures, such as 

coronary catheterization [ ] and cell or gene therapy deliv-

ery [ ], with close to real-time image refresh rates. Initial 

interventional studies with MRI guidance have demonstrated 

the advantages of MRI, including: (1) the ability to image 

detection and visualization of lesions [ ].

-

ered as crucial for advancing the possibility of performing 

interventional procedures under MRI guidance, including: 

fields to allow the operator to perform an intervention and 

control MRI scan parameters from a position right next to the 

-

nae for localized intravascular signal reception and high- 

resolution imaging [ ].

requirements is to visualize and track the catheters and 

devices used in the therapies while they are manipulated 

through the heart and vascular spaces [ ]. In general, cath-

eter tracking techniques can be divided into two categories—

active and passive. Active tracking of catheters and devices 

requires the instrument to receive or send a signal in order to 

Fig. 24.10
human heart. The unfixed heart was submerged in saline and all air was 

-

tation, six diffusion-weighted images were acquired with one 

nondiffusion- weighted image (A) at the mid-ventricular level. Three 

diffusion-weighted images are shown (B D) acquired with diffusion 

gradients applied in three orthogonal directions. The left ventricular 

fiber orientation is projected onto the imaging plane (E) as determined 

by the primary eigenvector of diffusion or direction of fastest diffusion. 

b LV left ventricle, 

RV right ventricle

Fig. 24.11 α in a healthy 

human heart fixed directly postmortem. The short-axis image was 

obtained from the mid-level of the left ventricle
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can be incorporated into the device and thus connected to the 

scanner such that the position can be located based on the 

frequency of the received signal from the body coil. 

intracardiac navigation, mapping, and ablation has been suc-

cessfully demonstrated in work by Gaspar et al. [81

tracking of catheters involves creating a signal void without 

interfering with the image quality of the tissue being imaged. 

This latter method can be achieved through the choice of 

-

ple, small amounts of titanium, gold, or copper can be depos-

ited into the catheter tip in order to introduce a susceptibility 

artifact such that the tip of the catheter can be continuously 

-

].

A recent development in the emerging field of MRI- 

guided cardiac interventions is the real-time delivery of 

that a transcatheter bioprosthetic aortic valve could be deliv-

ered via a direct approach through the left ventricular apex in 

[ ]. Importantly, immediately after the procedure, myocar-

function were assessed with MRI in order to verify proper 

placement of the valve. It is considered that this minimally 

invasive MRI-guided aortic valve replacement technique 

may prove to be a less morbid approach than conventional 

valve replacement surgeries, and thus may have added ben-

Research in swine has also proven the feasibility of a trans-

arterial aortic valve implantation using a commercially 
®

].

To date, other reported MRI-guided cardiac interventions 

and applications include, but are not limited to [ , ]: (1) 

81, -

tion and stent placement [ -

difficulties associated with these MRI-guided cardiac inter-

ventions, we refer the reader to the growing body of related 

 and ).

24.4.2  MR-Conditional Implantable Devices 
and Nomenclature

Today, most implantable cardiac devices contain metallic 

-

tions can include mechanical effects from the static magnetic 

field that could cause movement or dislodgement of an 

such as pacemakers or implantable cardioverter- defibrillators 

-

scanning patients with such devices, it can still be permissi-

ble to conduct an MRI scan under certain conditions. 

Importantly, implantable devices with demonstrated safety 

in the MR environment within defined conditions are referred 

to as MR-conditional, whereas devices that pose no known 

hazards resulting from exposure to any MR environment are 

termed MR-safe [88]. An MR-safe item is typically com-

posed entirely of electrically nonconductive, nonmetallic, 

devices do not fall into this category. Lastly, devices which 

pose unacceptable risks to the patient, medical staff, or other 

persons within the MR environment are termed MR-unsafe.

a strict contraindication to MRI. The potential interactions 

limited to [ ]

Mechanical movement of the device or lead dislodgment 

(static magnetic field interaction)

interaction)

-

ent magnetic field interaction)

and gradient magnetic field interaction)

Reed switch interference (static magnetic field interaction)

and gradient magnetic field interaction).

Recently, the risks of these potential hazards have been 

MR-conditional. In a randomized, prospective, controlled 

worldwide clinical trial, patients (n

-

plant (MRI group, n

group, n

engineered dual-chamber pacemaker and leads. MR imaging 

was performed under the following conditions: static mag-

for each sequence, and a maximum gradient slew rate of 

T . The results of 

the study demonstrated that no MRI-related complications 

occurred during or after MRI, including sustained ventricu-

lar arrhythmias, changes in pacing thresholds or sensed 
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resets, or other pacemaker malfunctions [ ]. This  pacemaker 
® 

MR-conditional, the problem remains to be very complex. 

can lead to an increase in pacing threshold, is dependent on 

many parameters including [ ]:

Anatomy

Lead routing

Lead design.

has been used as a practical and efficient method for exploring 

millions of variable combinations in a holistic manner [ ].

It should be noted that a device may be MR-conditional, 

but that does not necessarily mean it is “MR-compatible.” 

MR-compatibility is used to describe the interaction of the 

device with the diagnostic quality of the MR image. In the 

example of the MR-conditional pacemaker, researchers have 

cardiac anatomy and function can be obtained in most 

patients with an implantable pacing system [

new scan sequences have been proven effective at reducing 

].

It is foreseen that a new set of MRI safety concerns may 

arise when such imaging is performed using intravascular 

coils [ , 

heating in the vicinity of the coil could disrupt the plaque, thus 

depends on the wavelength (MRI frequency), geometry of the 

body and the device, and placement of the body and device 

with respect to each other and within the MR system. On the 

other hand, one could also foresee potentially using this heat-

ing phenomenon to induce therapy itself (e.g., tumor ablation 

contraindications for cardiac MRI exams, we refer the reader 

to the growing body of literature on this topic.

24.4.3  Assessment of Biomedical Device 
Performance

in vivo, the performance of implanted devices such as pros-

thetic heart valves and heart pacing devices (those that would 

from the implanted valve may be severely altered. These 

changes have been associated with an increased risk of 

thrombus formation and mechanical hemolysis. Therefore 

the capabilities of MRI velocity mapping would be consid-

profiles in patients with a mechanical valve prosthesis [ , 

with valvular prosthesis than in normal patients [ ]. In that 

same study, the investigators also reported that diastolic 

time MRI is used to guide the placement of a stented artifi-

immediately to determine the relative success of the implant 

procedure.

The usefulness of MRI for assessing the function of car-

diac pacing devices has already been proven in experimental 

animal studies [ ], with early feasibility data obtained in 

humans using MR-conditional pacemakers [ -

ple, in our laboratory, we have quantified pacing-induced left 

ventricular dyssynchrony in swine paced from the right ven-

tricular apex, a standard pacing lead implant site, using MR 

 demonstrates that right ventricu-

lar apex pacing alters the mechanical activation pattern of the 

left ventricle, resulting in circumferential stretch in the lat-

eral and posterior walls and regional variations in circumfer-

). 

Our lab has also demonstrated intraventricular dyssynchrony 

during right ventricular apical pacing in an isolated human 

heart [

swine heart and healthy human volunteer can be viewed in 

 and .

24.5  Quantitative Analyses of Cardiac MR

It is important to note that post-processing of cardiac MRI 

studies represents the stage at which the full potential of the 

processing is comprised of two major steps, namely image 

post-processing and data post-processing. The first step 

largely involves segmentation algorithms to delineate and 

extract features and structures of interest from the collected 

images. The second step consists mainly of applying mathe-

matical and statistical methods to aid in diagnosis.

-

dium is the area of interest for analysis, so one needs to seg-

ment the myocardium from the rest of the image to extract 

further information, e.g., utilize contrast enhancement in a 

perfusion study or monitor systolic thickening of the wall for 

a MR cine study.
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24.5.1  Ventricular Function

Quantitative analyses of relative ventricular function are also 

based on the segmentation of the myocardium. In general, 

this is achieved by drawing contours on the endocardial and 

). In gen-

eral, the ventricular volumes of interest are the end-diastolic 

and end-systolic volumes, as well as derived parameters such 

as the stroke volume and ejection fraction. Although ven-

tricular volumes have been computed from differently orien-

tated views of the heart, analyses of the short-axis views are 

most widely used in cardiac MRI due to their proven accu-

racy [ ]. In the simplest case, myocardial segmenta-

tion is performed only for the images corresponding to the 

end-diastolic and end-systolic phases. The end-diastolic 

phase is defined as the phase containing the largest blood 

pool area in the left ventricle, whereas the end-systolic phase 

is identified as the image containing the smallest blood pool 

).

Once the end-diastolic and end-systolic phases are fixed, 

the contours are drawn in the images for the end-diastolic 

and end-systolic phases for all slices containing left  ventricle. 

In images for a basal slice of the left ventricle, parts of the 

aorta and aortic valve may be visible. It should be noted that 

inclusion of contours above the mitral valve plane will sig-

nificantly overestimate the values for myocardial mass and 

ventricular volume. Thus, the careful inclusion or exclusion 

of slices near the base of the heart for determination of the 

volumes at end-diastole and end-systole is of considerable 

importance for an accurate determination of the relative ven-

tricular volumes. Once all contours are drawn and verified, 

the ventricular volume can be computed by simple slice 

Fig. 24.12
normal porcine heart (A B

the right ventricular apex in the same heart (C D). Graphs (B) and (D) 

plot the circumferential strain values throughout the cardiac cycle prior 

(A) and (C

regional disarray in cardiac strain in the left ventricle at end-systole (C) 

and throughout the cardiac cycle (D

weeks prior to the onset of pacing (A B). Right ventricular apex pacing 

induces left ventricular dyssynchrony and results in poor left ventricu-

lar pump function. LV left ventricle, RV right ventricle
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the increment.

Recently, Young et al. [ ] proposed an optimization 

method for speeding up the process of contour drawing by 

placing guide points on the endocardial and epicardial bor-

ders, instead of drawing continuous contours for both bor-

ders. The algorithm then automatically detects the myocardial 

borders by interpolation between the guide points. This user- 

friendly method reduces the burden of generating contours 

compared to the conventional tracing of the contours. 

] modified the guide point 

technique by including feedback from continuously updated 

guide points and the accuracy of the computed volumes. 

They showed that the combined use of short- and long-axis 

views results in more accurate estimates of the ventricular 

volume and myocardial mass, compared to exclusive reli-

ance on short-axis views [ ).

are:

Left ventricular mass: The myocardial mass is obtained 

by multiplying the myocardial volume by the myocardial 

as the difference between the epicardial and endocardial 

volumes. The normal mean for left ventricular mass is 

 of body surface area.

Stroke volume: The stroke volume is calculated as the dif-

ference between end-diastolic and end-systolic blood or 

chamber volumes, and it represents the volume of blood 

ejected by a ventricle per heart beat (in the absence of 

-

tation are present, the calculated stroke volumes of the 

two ventricles should be nearly equal. This is a rule of 

thumb for verification of the volume computation.

Ejection fraction: This is the ratio of the ventricular stroke 

volume to the end-diastolic volume. The normal range is 

is considered to indicate impaired ventricular function.

Cardiac output: This is the product of stroke volume and 

heart rate. It is a measure of the volume of blood ejected 

-

ization with respect to the body surface area.

24.5.2  Analyses of Wall Motions and Regional 
Myocardial Strains

24.5.2.1  Analyses of Relative Wall Motions

MRI wall motion analyses are typically performed to mea-

sure the changes in thickness of the left ventricular wall, 

from diastole to systole [ ]. Wall motion abnormali-

Fig. 24.13 -

responding to the end-diastolic (left) and end-systolic (right) phases in 

blood pool demarking the endocardium and the epicardium. A contour 

patient, the cross-section of ventricular cavity with the short-axis view 

changed significantly less than in a healthy normal. Also shown are 

chords connecting the endocardial and epicardial borders. The chords 

are orthogonal to a center line between the two contours. The chords 

measure the true thickness of the myocardium as opposed to radial 

chords that emanate from the center of the left ventricle
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ties are commonly associated with many cardiac diseases, 

including dilated cardiomyopathy, end-stage valvular dis-

ease, and ischemic heart disease.

The assessment of relative myocardial wall thickness, 

thickening, and wall motion abnormalities proceeds from 

the MRI segmentation along the endocardial and epicardial 

the myocardial contours [

are then drawn orthogonal to the center line at equal inter-

). 

With the center line technique, the chords are optimally 

placed to measure the exact thickness of the transmural 

myocardium [ ].

Myocardial thickness: The length of the orthogonal 

chords, from the endocardial to the epicardial borders, 

measuring myocardial thicknesses.

Myocardial thickening

these are measures of relative wall thickening and can be 

considered as the radial component of myocardial strain.

Fig. 24.14
graph with the end-diastolic 

(ED) and end-systolic (ES) 

phases. The upper graph 

shows the variation of left 

ventricular (LV) volume over 

the cardiac cycle for a patient 

with congestive heart failure 

(CHF), and the lower graph is 

the same type of graph for a 

patient had an enlarged 

ventricle (i.e., large volume) 

and a very low ejection 

ejection fraction, the curve in 

from a set of short-axis 

images. The endocardial 

border had been traced on 

each cine frame to obtain a 

complete left ventricular 

volume versus time curve
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24.5.2.2  Analyses of Regional Myocardial 

Strains with Tagged MR Images

Although the time-consuming analysis of tagged MR images 

has been a limiting factor for the widespread quantitative 

analyses of myocardial strains, a recently developed har-

monic phase -

rate analyses of strains from MRI-tagging protocols 

[ ]. The resultant analyses based on this technique 

are very fast, accurate, and observer-independent since the 

myocardial strains are computed from information contained 

in the images, not the manual operator task of tracking the 

tag line intersections [  demonstrates a 

typical analysis of cardiac circumferential strain in three 

-

nately oriented in the plane of the cardiac short axis, consis-

tent with the maximal amount of shortening permissible in a 

cardiac myocyte.

24.5.3  Perfusion Analyses

Myocardial perfusion

min) per unit mass of myocardial tissue. Myocardial perfu-

sion should ideally match the demand for oxygen in the 

and during stress to evaluate the capacity of the coronary 

and thus match increases in oxygen demand. A ratio of the 

perfusion parameters, measured at stress and divided by the 

value for rest, will give a so-called perfusion reserve. In 

-

imately three to fourfold above its baseline level with maxi-

used as the cutoff for deciding whether or not cardiovascular 

disease is present.

Analyses of myocardial perfusion can be carried to differ-

ent levels of study, depending on the diagnostic needs and 

clinical resources available. One type of qualitative analysis 

associated with nuclear imaging is performed by visual com-

parison of the peak contrast enhancement in different myo-

cardial segments during the first pass of the contrast medium 

through the left ventricle. The images are often viewed for 

myocardial sectors are then interpreted as signatures of 

accurately, the absence of image artifacts is important if the 

qualitative analysis does have limited capabilities to detect 

global reductions of myocardial perfusion, especially in 

patients with multiple vessel coronary artery disease.

Quantitative analyses of MRI perfusion studies commonly 

start with image segmentation, similar to the procedure used 

segments one image with good contrast enhancement along 

the endocardial and epicardial borders of the left ventricle. 

These contours are then either copied to the remaining images 

Fig. 24.15 -

col (a) with co-registered long- and short-axis images (three of six 

left ventricle (b)

Fig. 24.16 Analysis of 

cardiac circumferential strain in 

a human volunteer for three 

phases of the cardiac cycle 

MR tissue tagging analysis 

images is indicated by the color 

palette. The grid-tag spacing 
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in the data set, or an automated algorithm is employed to 

identify the borders of the myocardium and this self-adjusts 

the contour positions. The latter approach is extremely useful 

(or even essential), as the number of images in a perfusion 

data set can be very large compared to a cine data set. In other 

words, the task of simply copying the contours to all other 

images would require extensive manual editing of the contour 

can be slightly blurred in perfusion images due to the reduced 

-

cardial perfusion images is therefore considered typically 

more challenging than for cine MR studies.

Once the myocardium is extracted by image segmenta-

tion, it is divided into smaller segments or sectors similar to 

those defined in cine wall motion analyses and correspond-

ing to the individual coronary supplied territories [118]. 

The signal intensity averages can be plotted versus the 

image number or versus the time from the beginning of the 

the contrast enhancement kinetics are computed from these 

signal intensity curves for assessing perfusion (see below). 

A  typical interface with the software tool that can be used 

.

As the perfusion images are acquired quite rapidly 

embedded images. Thus, to extract perfusion parameters, it 

is useful to perform some curve fitting, to smooth out these 

signal intensity curves. One widely used method for this pur-

pose is the gamma variate function [ ] which approxi-

mates the first pass portion of the measured curves quite 

well. A gamma variate curve fitted to a signal intensity curve 

obtained from an MR perfusion study in a patient study is 

Fig. 24.17

approach used for cine analysis, the analysis is carried out on a sector 

be copied to other images for the same slice position in the perfusion 

study. After adjustment of the contours in each image, the software cal-

culated the mean signal intensity in each myocardial sector. As a result, 

one can obtain graphs depicting the change in signal intensity in each 

myocardial sector as a function of image number or time (see inset panel)
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-

straints for gamma variate analysis, e.g., it is best optimized 

only when the first pass portion of the curve is used (from the 

foot to the peak of the curve).

To date, a number of parameters have been proposed for a 

parameters are:

Percent peak enhancement: The peak signal normalized 

by the derived average baseline signal, i.e., signal before 

arrival of contrast agent expressed as a percentage.

Upslope: The slope of the first pass segment primarily 

from the start of appearance of the contrast (foot) in the 

myocardium to the peak.

Time to peak: The time from the foot to the peak of the curve.

Mean transit time: The average time required for a unit 

volume of blood to transit through the region of interest. 

It can be determined as the ratio of blood volume in the 

interest. This value can be estimated from the gamma 

variate fit to the tissue curve.

Dynamic distribution volume: The area under the signal 

intensity curve, often normalized by the area under the 

corresponding curve for the left ventricle.

More recently, the upslope parameter has become the 

most widely used parameter for a semi-quantitative evalu-

ation of myocardial perfusion. The upslopes of the tissue 

curves are generally normalized by the upslope of the sig-

nal intensity curve for a region of interest in the center of 

the left ventricle, with the latter being considered as an 

arterial input in such analyses. A ratio, defined as the nor-

malized upslope of the tissue curve measured for maximal 

vasodilation, divided by the corresponding upslope value 

at rest, has been proposed as a perfusion reserve index 

[ ]. Yet, the perfusion reserve derived from the 

upslopes generally underestimates the actual ratio of blood 

].

Our research group has shown that accurate myocardial 

-

gies, in comparison to invasive studies employing radio iso-

tope labeled microspheres [

acknowledged as gold standards for the measurement of 

play a pivotal future role in assessing novel therapeutic 

approaches for treating coronary artery disease, and auto-

mated quantitative analyses of MR perfusion measurements 

would play an essential role in this task.

Fig. 24.18
round circles) represents the mean signal 

intensity measured in the images for the user-defined myocardial sector. 

The images were acquired with a fast T1-weighted gradient echo 

extracellular MR contrast agent. The gamma variate function can only 

be used to fit the portion of the tissue curve corresponding to the first 

pass of the contrast agent. The gray curve represents the best fit of 

gamma variate function to be part of the experimental data, covering the 

range indicated by the vertical arrows. The gamma variate fit was 

extrapolated to the end of the measurement range. In many cases, the 

end of the first pass and the appearance of the recirculation component 

can be best ascertained from the signal intensity changes observed in 

the left ventricular blood pool. Also shown are semi-quantitative perfu-

sion parameters such as the slope, peak signal intensity, and the time 

from the foot to the peak (tp)
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24.5.4  Myocardial Scar Size

Myocardial infarct scar sizing and the identification of dys-

functional but potentially viable myocardium are the major 

prognostic indicators for the recovery of function after a 

myocardial infarction and have important clinical implica-

tions [ ]. As such, myocardial infarct sizes measured 

using delayed ce-MRI has been shown to correlate well with 

histological measurements in both acute and chronic settings 

[ , 

over other imaging modalities that either rely on the func-

tional recovery of wall motion abnormalities to identify via-

bility [ ] or which are not able to accurately depict smaller 

subendocardial infarctions [

ce-MRI is increasingly being used to quantify scar sizes in 

the acute and chronic setting and to predict the recovery of 

regional myocardial function using measurements of the seg-

, , , 

]. Importantly, the exact measurement of given infarct 

size with ce-MRI is of particular interest because both early 

revascularization and lytic therapy have been shown to lead 

to a reduced incidence of transmural infarctions, and also 

myocardial infarcts tend to be patchy [ , ].

-

cardium have signal intensities statistically greater (hyperen-

hanced) than a baseline sample from a remote normal region. 

Typically, hyperenhanced pixels have been classified as 

deviations of a remote normal region [ , ]. This thresh-

old, whether manually or statistically defined, is highly sub-

jective and highly dependent on the image quality and the 

noise present. Regions of signal hypoenhancement, associ-

ated with microvascular obstruction [ , ] in the acute 

infarct case are typically manually segmented and included 

). Overall 

scar size is computed by summing the myocardial scar vol-

can be calculated as the scar volume divided by the myocar-

dial volume.

24.6  Summary

opportunity to study the function of the heart and use these 

increasing relevance of cardiac MRI in the clinical arena, it 

will become even more important to address the challenges 

inherent in the use of cardiac MRI in patients with implanted 

devices, although recent advancements have been made. It 

should be noted that numerous topics such as MR coronary 

angiography and plaque imaging, although of great interest, 

have been left out of this overview of cardiac MRI.
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25.1          Introduction 

  The era from 1950 to 1967 was an incredible time of innova-

tion at the University of Minnesota’s Department of  Surgery   

in the newly emerging fi elds of open-heart surgery and medi-

cal devices. There were many reasons for this, but most 

importantly (1) the university had excellent facilities, includ-

ing a unique privately funded 80-bed heart hospital for pedi-

atric and adult patients (this Variety Club Heart Hospital was 

the fi rst dedicated heart hospital in the USA) (Fig.  25.1 ) and 

(2) the  Department of Surgery   was chaired by Owen 

H. Wangensteen, M.D., a leader who “created the milieu and 

the opportunities for great achievements by many of his 

pupils” and was considered the “mentor of a thousand sur-

geons” (Fig.  25.2  and Table  25.1 ) [ 1 ]. More specifi cally, 

Dr. Wangensteen encouraged his medical students, residents, 

and junior faculty to “step out of the box,” innovate, and 

solve problems in different ways. In other words, take action 

and not assume that those who went before them had all the 

answers. He also believed strongly in collaborations with the 

basic science departments, specifi cally the  Department of 

Physiology   whose department head, Maurice Visscher, 

played an integral role in supporting both research and the 

clinical training of surgical residents. To that end, 

Wangensteen instituted a 2-year research program for all 

residents; this surgical Ph.D. program was the only one in the 

country at its inception, and students were required to take 

various advanced physiology courses offered through the 

 Department of Physiology  .

     In the early 1950s, the innovative surge was credited to 

the fact that many surgical residents were returning from 

World War II, where they had experienced life and death 

situations when managing surgical fi eld units. They had little 

or no fear of death and their generation was not afraid to 

“push the envelope” to help patients. By today’s standards, 

these residents would be viewed as mavericks but, in fact, 

they had little to lose, not unlike situations they faced on the 
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battlefi eld. Their heart patients were dying and/or had little 

chance of survival without the novel techniques that were 

successfully implemented in Minnesota. 

 One of these young war-experienced surgeons was 

C. Walton Lillehei, who returned to the University of 

Minnesota in 1950 to complete his surgical residency after 

leading an army surgical fi eld unit in both North Africa and 

Italy (Fig.  25.3 ). Lillehei was very bright (he also completed 

M.S. and Ph.D. degrees during this time) and was known as 

an  impulsive maverick  , always pushing to the next level of 

care for his clinical patients for whom he had great empathy. 

Lillehei and his team launched many surgical innovations 

during this period, primarily due to their hands-on research 

experience in the experimental dog laboratories; one site for 

this research was located in the basement of the Mayo 

Hospital building, just three fl oors below the main operating 

rooms. Today, this lab space houses the  Visible Heart ®  

Laboratory   under the direction of Dr. Paul Iaizzo (Figs.  25.4  

and  25.5 ) [ 2 ].

     Interestingly, prior to 1950, the heart was considered to be 

the core of human emotion, even the soul itself. For perspec-

tive, Table  25.2  depicts some highlights of a typical operat-

ing room in the 1950s. Relative to open-heart surgery in 

1951,  congenital heart defects   were responsible for 1 % of all 

deaths in this age group; thus the prognosis was poor for a 

child with such a defect. There were no methods for conduct-

ing external heart surgery and no way to oxygenate the brain 

during surgery. In other words, attempts were made to repair 

a patient’s heart while it remained beating, obscuring the 

view with blood; any stoppage of blood fl ow would result in 

damage of the brain. Therefore, only the simplest surgeries 

could be performed on the beating heart.

   When the medical profession eventually began to view the 

heart more physiologically, as a pump or machine within the 

body, researchers and clinicians began to develop new ways 

to repair and replace worn-out parts of the heart. Innovations 

in the fi eld of cardiac surgery then fl ourished (Table  25.3 ). 

Such innovation became prominent at the University of 

  Fig. 25.1    John Dilorio (Dr. 
Iaizzo’s cousin) was a young 
cardiac patient of Dr. Lillehei 
and his team, shown here in 
1958 ( a ) in his hospital bed at 
the University Variety Club 
Hospital and then ( b ) leaving 
the hospital with his father       

  Fig. 25.2    “The Chief” Owen H. Wangensteen, the youngest Surgery 
Department Chairman at age 31, served as chairman of the department 
from 1930 to 1967       
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Minnesota. For example, Dr. Clarence Dennis designed one 

of the fi rst heart–lung machines for total cardiopulmonary 

bypass, which was subsequently tested successfully on dogs 

(Figs.  25.4  and  25.6 ). However, when Dennis and his team 

used the heart–lung machine in the clinical area for the fi rst 

time on April 5, 1951, the patient died due to complications; 

a second patient also died during surgery from a massive air 

embolism. Not long after, Dr. Dennis moved his machine and 

most of his team to New York City [ 1 ].

    Worldwide, one of the next major milestones in cardiac 

surgery was the fi rst  open-heart surgery   performed using 

hypothermia, a procedure fi rst attempted on September 2, 

1952, by Drs. F. John Lewis and Richard Varco and col-

leagues at the University of Minnesota (Figs.  25.4  and  25.7 ). 

This procedure, proposed by Dr. W.G. Bigelow of Toronto, 

lowered the body temperature of patients 12–15 °F to reduce 

their blood fl ow, thereby reducing the body’s need for oxy-

gen. Brain cells would die after 3–4 min at normal tempera-

ture without oxygen, but hypothermia allowed the University 

of Minnesota team (Drs. F. John Lewis, C. Walton Lillehei, 

Mansur Taufi c, and Richard Varco) to successfully complete 

a 5½-min repair of the atrial septum of a 5-year-old patient. 

This was recognized as a signifi cant landmark in the history 

of cardiac surgery; until this time, no surgeon had succeeded 

in opening the heart to perform intracardiac repair under 

direct vision. Hypothermia  with infl ow stasis   proved to be 

excellent for some of the less complicated surgical repairs, 

but it was not a viable option for more extensive cardiac pro-

cedures. Major drawbacks of this approach at that time were 

the inability to rewarm a cold, nonbeating heart and the lack 

of clinical defi brillators [ 3 ].

   From a historic perspective, another key milestone in car-

diac surgery, though not accomplished at the University of 

Minnesota, occurred on May 6, 1953 when Dr. J. Gibbon 

closed an atrial septal defect using a pump oxygenator for an 

intracardiac operation. Although this fi rst success with the 

pump oxygenator was well received, it aroused surprisingly 

little excitement or enthusiasm among cardiologists and car-

diac surgeons at that time, likely because other centers had 

launched their own experiments with bubble oxygenators. 

Interestingly, Gibbon was never able to repeat his one clini-

cal success; he ultimately became discouraged and did not 

use the pump oxygenator again. 

 During this era, “there was a common scenario, namely, 

good results with acceptable survival in the experimental 

animals but nearly universal failure when the same appara-

tus and techniques were applied to human beings [ 3 ].” 

Furthermore, it was written that “many of the most experi-

enced investigators concluded with seemingly impeccable 

logic that the problems were not with the perfusion tech-

niques or the heart lung machines [ 3 ]. Rather, they came to 

believe that the ‘ sick human heart  ’ ravaged by failure, 

could not possibly be expected to tolerate the magnitude of 

the operation required and then recover with good output, 

as occurred when the same machines and techniques were 

applied to healthy dogs [ 3 ].” It is important to consider that 

these experimental animals were typically healthy dogs and 

that anatomical differences between canine and human 

hearts may have been a signifi cant distinguishing factor 

(see Chap.   6    ).   

   Table 25.1    Department  of   Surgery at the University of Minnesota: 
chairs/interim heads   

 Surgery Department 
chair/interim head  Position  Years served 

 Arthur C. Strachauer  Department Chair  -1925, 1927–1929 

 Owen H. Wangensteen  Department Chair  1930–1967 

 John S. Najarian  Department Chair  1967–1993 

 Edward W. Humphrey  Interim Chair  1993–1994 

 Frank B. Cerra  Interim Chair  1994–1995 

 David L. Dunn  Department Chair  1995–2005 

 David A. Rothenberger  Interim Chair  2005–2006 

 Selwyn M. Vickers  Department Chair  2006–2013 

 David A. Rothenberger  Department Chair  2013–present 

  Fig. 25.3    Walt Lillehei in his army uniform       
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  Fig. 25.4     Schematic   of 
“cardiovascular fi rsts” at the 
University of Minnesota       
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25.2     Cross-Circulation 

    Extracorporeal  circulation   by controlled cross- circulation   

was introduced clinically on March 26, 1954, after much ani-

mal experimentation (Figs.  25.4  and  25.8 ). The use of cross- 

circulation  for intracardiac operations   was an immense 

departure from established  surgical   practice at the time and 

was considered as a major breakthrough that motivated 

numerous innovations in the area of open-heart surgery [ 4 ]. 

The thought of taking a normal healthy human being into the 

operating room to provide donor circulation was considered 

“unacceptable and even immoral” by some critics. The risks 

to the donors included blood incompatibility, infection, air 

embolism (stroke), and/or blood volume imbalances.

   From March 1955 onward, three additional bypass meth-

ods were introduced and successfully used, including (1) 

perfusion from a reservoir of arterialized blood, (2) heterolo-

gous (dog) lungs as an oxygenator, and (3) the Lillehei–

DeWall disposable bubble oxygenator [ 3 ]. Yet, many believe 

that the single most important discovery that contributed to 

the success of clinical open-heart operations was the realiza-

tion of the vast discrepancy between the total body fl ow rate 

 thought  necessary and what was  actually  necessary to main-

tain cerebral viability. Lillehei and his team are credited with 

applying the fi ndings of two British surgeons (Andreasen 

and Watson) who identifi ed the   azygos factor   —the ability of 

dogs to survive up to 40 min without brain damage when all 

blood fl ow was stopped except through the azygos vein. 

Specifi cally, Morley Cohen and Lillehei hypothesized that 

when blood fl ow was low, the blood vessels dilated to receive 

a larger share of the blood, while the tissues absorbed a much 

higher proportion of the oxygen as compared to normal cir-

culation [ 3 ]. Previously, it was thought that basal or resting 

cardiac output at 100–160 ml/kg/min was safe maintenance 

during cardiopulmonary bypass. The azygos fl ow  studies   

showed that 8–14 ml/kg/min maintained the physiological 

integrity of the vital centers, but Lillehei added a margin of 

safety and set his basic perfusion rate at 25–30 ml/kg/min. 

This approach reduced excessive complications of blood 

loss, excessive hemolysis, abnormal bleeding, and/or renal 

shutdown [ 3 ]. 

 Altogether, 45 patients (aged 5 months to 10 years) under-

went open-heart surgery with the cross-circulation  approach   

at the University in 1954–1955; prior to these pioneering 

surgeries, such patients were considered to have lesions that 

were hopelessly unrepairable. Of this group, 22 (49 %) of the 

patients lived to be long-term survivors (greater than 30 

years) and lead normal productive lives; 11 of the female 

long-term survivors subsequently gave birth to a total of 25 

children who were free from any congenital heart defects. In 

addition, all 45 donors survived, with only one donor experi-

encing a major complication. At a more recent 53-year fol-

low- up, 20 (44 %) of the original cross-circulation patients 

were living with no problems or signifi cant limitations 

related to their original surgeries [ 5 ]. 

  During this period of time, an intense competitive/collab-

orative relationship existed between the University of 

Minnesota and the Mayo  Clinic   (Rochester, MN, USA), the 

only other primary site  where   open-heart surgery was being 

performed. Lillehei recalled in his interview with G. Wayne 

Miller (author of  King of Hearts ) that the Mayo Clinic oper-

ated 7 days a week, so on Saturdays when Lillehei’s team 

  Fig. 25.5    Photo of Dr. Paul Iaizzo in the  Visible Heart ®  Laboratory   at 
the University of Minnesota       

   Table 25.2     1950s   operating room environment   

 • No computers or digital equipment existed 

 •  Glass thermometers, blood pressure cuffs, and a fi nger pressed 
against the wrist were used to obtain vital signs 

 •  Anesthesia was supplied on a soaked rag and delivered by 
squeezing the black bag 

 •  (Nonoperating room) X-rays were the only imaging equipment 
available 

 • Flammable gases could cause explosions in the operating room 

 • Head lamps lit the operative fi eld 

 •  The second hand on a wall clock was one of the most useful 
instruments to a surgeon 

 •  No pulse oximeters, pacemakers, blood-gas analyzers, or 
specialized imaging existed 
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was not scheduled for surgery, they would travel to the Mayo 

Clinic and watch Dr. John Kirklin and his colleagues (Miller, 

G.W., Transcriptions of audio tapes for  King of Hearts , 

University of Minnesota Archives) [ 6 ]. Dr. Kirklin was suc-

cessfully using a modifi cation of the Gibbon  heart–lung 

machine  , and after observing his achievements, Lillehei 

began a slow transition away from cross-circulation and 

toward using a heart–lung machine of his own design 

(Figs.  25.4  and  25.9 ). In the beginning, Lillehei used the 

heart–lung machine for simpler, more straightforward cases 

and continued using cross-circulation for more complicated 

surgeries. Although its clinical use was short lived, cross- 

circulation is still considered today as one of the most impor-

tant stepping stones in the development of the discipline of 

cardiac surgery.    

25.3        Lillehei–DeWall Bubble Oxygenator 

    Importantly  , John Gibbon, M.D., from Boston, invented 

the cardiopulmonary bypass procedure and performed the 

fi rst intracardiac repair using extracorporeal perfusion in 

1953. His bubble oxygenator,  which   looked surprisingly 

like a  computer  , was manufactured and fi nanced by 

IBM. His reported achievements stimulated rapid develop-

ment of the knowledge base and equipment necessary for 

both accurate diagnoses of cardiac disease and successful 

intracardiac operations. Yet at that time, it was recognized 

that the main problems with  fi lm oxygenators   were (1) 

poor effi ciency, (2) excessive hemolysis, (3) large priming 

volumes, and (4) development of bubbles and foam in the 

   Table 25.3    University of Minnesota  milestones     

 1887  New standards requiring medical students to pass exams and gain medical examining board approval (led by Medical 
School Dean, Perry Millard) 

 1911  Minnesota became the fi rst state to mandate hospital internships for medical students 

 1930s  Discovery of the link between cholesterol and heart disease (Ancel Keys) 

 1950  First adaptation of the mass spectrograph (Alfred Nier) 

 1951  First attempt to use a heart–lung machine (Clarence Dennis) 

 1952  First successful open-heart surgery using hypothermia (F. John Lewis) 

 1953  First jejunoileal bypass (Richard L. Varco) 

 1954  First open-heart procedure using cross-circulation (C. Walton Lillehei) 

 1954  First surgical correction of tetralogy of Fallot (C. Walton Lillehei) 

 1955  First successful use of the bubble oxygenator (Richard DeWall) 

 1958  First use of a small, portable battery-powered pacemaker (Earl Bakken) 

 1963  First human partial ileal bypass (Henry Buchwald) 

 1966  First clinical pancreas transplant (William D. Kelly and Richard C. Lillehei) 

 1966–1968  First prosthetic heart valves (Lillehei–Nakib toroidal disk in 1966, Lillehei–Kaster pivoting disk in 1967, Kalke–Lillehei 
rigid bileafl et prosthesis in 1968) 

 1967  Bretylium, a drug developed by Marvin Bacaner, saved the life of Dwight Eisenhower 

 1967  World’s fi rst heart transplant (Dr. Christiaan Barnard, trained by C. Walton Lillehei) 

 1968  First successful bone marrow transplant (Robert A. Good) 

 1969  Invention of implantable drug pump (Henry Buchwald, Richard Varco, Frank Dorman, Perry L. Blackshear, Perry 
J. Blackshear) 

 1976  Medical Device Amendment to FDA Cosmetic Act 

 1977  First implant of St. Jude mechanical heart valve at University Hospital 

 1978  Human heart transplantation was performed at University 

 1978  Pediatric human heart transplantation was performed at University Hospital (Ernesto Molina) 

 1988  HDI/Pulse Wave ®  profi ler founded (Hypertension Diagnostics, Inc., Jay Cohn, Stanley Finkelstein) 

 1993  Angel Wings ®  transcatheter closure device invented (Gladwin Das) 

 1994  First successful simultaneous pancreas–kidney transplant using a living donor (David Sutherland) 

 1995  Amplatzer ®  Occlusion Devices founded (AGA Medical Corp., Kurt Amplatz) 

 1997  First kidney–bowel transplantation (Rainer Gruessner) 

 1999  CardioPump Device evaluated (Keith Lurie, et al.) 

 2000  University’s Medical School has produced more family doctors than any other institution in the USA 

 2003  Robotic cardiac surgery performed at the University of Minnesota (Kenneth Liao) 

 2005  Launch of free-access website “Atlas of Human Cardiac Anatomy” (Visible Heart Laboratory;   www.vhlab.umn.edu/atlas    ) 

 2006  Implant of left ventricular assist device using minimally invasive approach (Kenneth Liao) 
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blood. All designs required blood fl ows of 2.2 l/m 2 /min, 

usually three to four units of blood for priming and another 

two units for the remainder of the circuit. Furthermore, 

after each use, the machine needed to be broken down, 

washed, rinsed in hemolytic solution, reassembled, rester-

ilized, and reconfi gured. 

 During this era, Richard DeWall came to work at the 

University of Minnesota as an animal attendant in Lillehei’s 

  Fig. 25.6    Clarence Dennis 
with the fi rst  heart–lung 
machine   at the University of 
Minnesota       

  Fig. 25.7    In this 1952 photo, 
Richard L. Varco (left) and 
F. John Lewis stand behind the 
hypothermia machine that 
they used during the world’s 
fi rst successful open-heart 
surgery       
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research laboratory. It was noted that DeWall would manage 

the pump while the anesthesiologists would take breaks, and 

soon he began to take an interest in the problems associated 

with oxygenating blood. Eventually, Lillehei challenged 

DeWall to fi nd a way to eliminate bubbles in the oxygenator 

procedure. Importantly, DeWall brought to fruition a dramatic 

technological breakthrough in 1955 by developing the fi rst 

bubble oxygenator with a unique method for removing bub-

bles from the freshly oxygenated blood (Figs.  25.4  and 

 25.10 ). In DeWall’s design, blood entered the bottom of a tall 

cylinder along with oxygen passed through sintered glass to 

create bubbles. As the bubbles and blood rose, gas exchange 

  Fig. 25.8     Diagram   of 
cross-circulation       

  Fig. 25.9     Mayo Clinic’s 
  heart–lung  machine   was as 
big as a Wurlitzer organ; it 
cost thousands of dollars and 
required great skill to operate       
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occurred at the surface of each bubble. At the top of the 

 cylinder, arterialized bubble-rich blood passed over stainless 

steel wool coated with silicone antifoam; it then traveled 

through a long helical settling coil to allow bubbles to slowly 

rise and exit the blood.

   Two important components in the  Lillehei–DeWall bub-

ble oxygenator   were the tubing and the silicon antifoam 

solution. The tubing was  Mayon polyethylene tubing   (typi-

cally used in the dairy and beer industries and specifi cally in 

the production of mayonnaise) available from Mayon 

Plastics, a company whose CEO was a classmate of Lillehei’s 

and a graduate of the University’s chemical engineering pro-

gram.  The    silicone antifoam solution  , Antifoam A, was used 

to coat the tubing to prevent foaming of the liquids being 

transported. 

 The oxygenator was wonderfully effi cient; experimental 

animals (and later patients) did not show detectable effects of 

residual gas emboli. More importantly, this design eventu-

ally led to the development of a plastic, prepackaged, dispos-

able, sterile oxygenator that replaced the expensive stainless 

steel, labor-intensive screen, and fi lm devices. An economic 

and reliable oxygenator had arrived and the medical industry 

began to consider using disposable components for the 

heart–lung machine. 

 Two years after its introduction, the  Lillehei–DeWall bub-

ble oxygenator   had been used in 350 open-heart operations 

at the University of Minnesota. DeWall steadily improved 

the device through three models, but it remained a very sim-

ple, disposable, heat-sterilizable device that could be built to 

accommodate only the amount of blood required for each 

patient and then discarded. 

 In 1956, another one of Lillehei’s residents, Vincent Gott, 

invented a bubble oxygenator in which DeWall’s helix design 

was fl attened and enclosed between two heat-sealed plastic 

sheets (Fig.  25.11 ). This sheet bubble oxygenator proved to 

be the key to widespread acceptance of the device in 

 open- heart surgery, because it could be easily manufactured 

and distributed in a sterile package and it was inexpensive 

enough to be disposable. The University of Minnesota even-

tually licensed the rights to manufacture and sell the device 

to Travenol, Inc. With the bubble oxygenator and techniques 

developed by Lillehei and his colleagues, the University of 

Minnesota had become even more prominent for making 

open-heart surgery possible and relatively safe [ 7 ].

   By coincidence, Dr. Paul Iaizzo has a cousin, John Dilorio, 

who had a ventricular septal defect repaired by Dr. Lillehei in 

1958, and a bubble oxygenation system was utilized during 

his surgery (Fig.  25.1 ). Interestingly, John’s family journaled 

  Fig. 25.10    University of 
Minnesota’s  bubble 
oxygenator   cost $15 and was 
easy to use.    Richard DeWall is 
shown here with his model 
in 1955       
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during his stay at the university’s Variety Club Heart Hospital 

and noted the following events: (1) admitted to Variety Club 

Hospital on May 26, 1958; (2) surgery date of June 11, 1958, 

with a 6:45 start; (3) brought patient to the recovery room at 

14:00; (4) treated postsurgically within an oxygen tent for 

24 h and a cold room for 5 days; and (5) discharged on July 

2, 1958. John is still alive today living in Texas, another tes-

timony to the legacy of Dr. Lillehei.    

25.4     Heart Block and the Development 
of the Pacemaker 

     An  unexpected      clinical consequence of the development of 

open-heart surgery was the discovery of a revolutionary new 

concept for  treatment   of complete heart block. Heart block is 

typically defi ned as the inability of electrical impulses that 

begin high  in   the right atrium to reach the ventricles. 

Deprived of their normal signal, the ventricles may beat 

slowly on their own (escape rhythm) or not at all; any pro-

longed decrease in heart rate that limits a patient’s normal 

activity will typically result in heart failure. At that time, 

with the only existing treatment for complete block being 

positive chronotropic drugs or electrodes applied to the sur-

face of the chest, there were no 30-day survivors. 

 Fortunately, in 1952, Paul Zoll, a cardiologist in Boston, 

invented the fi rst pacemaker unit, which was a large tabletop 

external unit with a chest electrode. It was successfully used 

to resuscitate patients in the hospital, but required the trans-

cutaneous delivery of 50–150 V, which was incredibly pain-

ful for children and typically left scarring blisters. 

 Complete heart block developed in 10–20 % of Dr. 

Lillehei’s early patients undergoing closure of ventricular 

septal defects (e.g., due to induced injury of the heart’s con-

duction system by stitches) and, unfortunately, hospital mor-

tality was 100 % in this group of patients. Importantly, early 

fatality from heart block was completely eliminated with the 

use of a myocardially placed electrode in combination with 

an external plug-in electric stimulator [ 8 ]. This method of 

treatment, suggested by Dr. John A. Johnson, a professor of 

physiology at the University of Minnesota, required electri-

cal stimuli of small magnitude (5–10 milliamps and 1–2 V) 

and provided very effective control of the heart rate. Such an 

approach was almost painless but, at that time, it required an 

AC electrical source, thus limiting the mobility of the patient 

to the length of the extension cord. It was fi rst used by Dr. 

Lillehei on a patient on January 30, 1957; subsequently an 

89 % survival rate for patients with prior heart block was 

reported (Fig.  25.4 ). More specifi cally, the pacemaker 

approach employed a multistrand, braided stainless steel 

wire in a Tefl on sleeve that was directly implanted into the 

ventricular myocardium, with the other end brought through 

the surgical wound and attached to external stimulation. The 

fi rst pacemaker (pulse generator) was a  Grass physiological 

stimulator   borrowed from the university’s Physiology 

Department. This procedure was designed for short-term 

pacing, with removal of the wires 1–2 weeks after the heart 

regained a consistent rhythm. 

 The surgical operating rooms in the 1950s were equipped 

with EKG and pressure-monitoring devices, and the vacuum 

tubes required frequent monitoring and maintenance to keep 

them running and calibrated. Hence, the University Hospital 

  Fig. 25.11    Richard DeWall and 
Vincent Gott look at the  fi rst 
  commercially manufactured 
 sterile bubble oxygenator   in 1956       
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subcontracted with a local electric equipment repair com-

pany,  Medtronic Inc.  , to perform these maintenance tasks. At 

that time, Medtronic was a two-person company—Earl 

Bakken and his brother-in-law Palmer Hermundslie. Earl 

was a trained electrical engineer who received his degree 

from the University of Minnesota; he was present during the 

surgical procedures in the University’s operating rooms. It is 

reported that, following a disaster during which all electrical 

power service failed in the University Hospital due to a storm 

on October 31, 1957, Lillehei eventually asked Earl to design 

a battery backup for their pacemaker system, to avoid heart 

block due to power failures. Bakken began this work in 1957, 

using a circuit modifi ed (in his words “plagiarized”) from a 

circuit diagram for a transistorized metronome described in a 

  Popular Electronics  magazine   (Fig.  25.12 ). During this 

period, Bakken spent numerous hours working in the operat-

ing rooms alongside Lillehei, and they became steadfast 

friends. 

  On April 14, 1958, the “battery-powered, wearable pace-

maker”  was   fi rst used clinically, even though this was some-

what unplanned. Bakken’s transistor pulse generator made a 

miraculous “overnight” transition from preclinical animal 

testing to clinical use. Bakken brought his fi rst prototype to 

the Surgery Department’s research lab, where Dr. Vincent 

Gott used it on an animal with an imposed heart block and it 

functioned as planned. Excited by this progress, Bakken 

went home for the evening. That night, Lillehei worked late 

in the hospital and visited the laboratory where he observed 

the battery-powered pacemaker performing well; he imme-

diately removed the pacemaker from the animal and brought 

it upstairs four fl oors to the ICU to use on a patient. The next 

day, when Bakken arrived back at the hospital, he was over-

whelmed to see this device keeping a young child’s heart 

beating (Fig.  25.4 ). 

 It was this wearable, battery-powered invention that set 

the stage for further development in the cardiac pacing 

industry. For the next decade or so, it would become com-

mon practice to put new devices or prototypes (even fully 

implantable ones) into clinical use immediately and then 

iron out the imperfections later based on accumulated clini-

cal experience. This humanitarian practice developed 

because most of the early patients were close to death and no 

other treatments existed [ 9 ]. It should be noted that the  Food 

and Drug Administration (FDA)   was created by the US gov-

ernment in 1938, but it did not assume the role of regulating 

medical devices until 1976. 

   Eventually,  Medtronic Inc.  , under Bakken’s leadership, 

became the world’s leading manufacturer of cardiac pace-

makers beginning with the Model 5800. The fi rst model of 

the 5800 pacemaker was black, but was quickly changed to 

white to look cleaner, more sanitary, and “hospital-like” 

(Fig.  25.13 ). Between 1959 and 1964, only a few hundred 

pacemakers were sold due to the reusability of the pacemaker 

and the short-term postsurgery focus. Orders soared once the 

  Fig. 25.12    Earl Bakken’s 
original design for the  battery- 
operated pacemaker         
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pacemaker became implantable and redefi ned for long-term 

pacing use (Fig.  25.14 ). Nevertheless, the 5800 pacemaker 

became the symbol for Medtronic’s shared belief in medical 

progress through technology; this was celebrated during an 

unveiling of a bronze statue of Earl Bakken holding the 5800 

pacemaker at his retirement celebration in 1994. Years later, 

the 5800 was viewed by Lillehei as a technological water-

shed—it fostered interdisciplinary collaboration and exem-

plifi ed the productive and successful marriage of medicine 

and technology.

     Both Lillehei and Bakken have named professorships at 

the University of Minnesota. In addition,  the   Lillehei Heart 

Institute (LHI) was created in 2002 to honor the past with the 

C. Walton Lillehei Museum, while supporting the future 

through its unique research and educational programs. LHI 

is an interdisciplinary institute within the Academic Health 

Center and Medical School at the University of Minnesota, 

made possible by a generous gift from Kaye Lillehei, wife of 

C. Walton Lillehei. Dr. Daniel Garry, Chief of the 

Cardiovascular Division of Medicine, was named Director of 

the LHI in 2007. The LHI has fl ourished since its inception, 

and a new cardiovascular research building/facility opened 

in the University’s Bioscience District in 2013; this facility is 

the home of numerous dedicated basic and applied scientists 

working on the next innovative breakthroughs in cardiovas-

cular medicine.  

 More specifi cally, guided by a vision to sustain and 

enhance world leadership in the prevention, detection, and 

treatment of heart and vascular diseases,  LHI  supports   these 

important efforts [ 10 ]:

    1.    Clinical and basic science research focused on cardiovas-

cular genomics, heart development, heart regeneration, 

stem cell therapies, personalized medicine, heart failure, 

vascular biology, and device design to treat cardiovascu-

lar diseases. In recent years, LHI has established and 

recruited new research teams that work in their new state-

of- the-art research facilities.   

   2.    Participation as the Midwestern hub of the National 

Heart, Lung, and Blood Institute’s (NHLBI) Progenitor 

Cell Biology Consortium, commissioned to lead new car-

diovascular therapies.   

   3.     LHI Lecture Series   (established in 2003). In addition to 

showcasing leading edge research taking place at the 

University of Minnesota, the weekly lecture series invites 

scientists from institutions across the USA and abroad to 

share their research.   

   4.     Summer Research Scholars Program  . Annual summer 

research scholarships in basic science related to cardio-

vascular disease are awarded to highly qualifi ed high 

school and undergraduate students. These highly com-

petitive, prestigious scholarships are designed to expose 

students to several disciplines within cardiovascular 

 disease research and its clinical applications.   

   5.     Lillehei Endowed Scholars Program  . This program pro-

vides cardiovascular and respiratory research fellowships 

and grants to University of Minnesota faculty and stu-

dents, including undergraduates, medical students, and 

predoctoral and postdoctoral fellowships.   

   6.     “A Heart to Learn” Youth Educational Program  . Hosted 

by faculty, staff, and graduate/medical students from the 

Visible Heart Laboratory [ 2 ], this community outreach 

program is designed to teach concepts of cardiac anat-

omy, physiology, medical devices, and heart health to stu-

dents in elementary, middle, and high schools.    

   In December 2007, at a celebration of the 50th anniver-

sary of the wearable, battery-powered pacemaker, the 

University of Minnesota awarded Earl Bakken with an hon-

orary M.D. degree (Fig.  25.15 ). In the same month, the 

University’s Department of Surgery hosted the fi rst annual 

  Bakken Surgical Device Symposium to   celebrate this legacy. 

  Fig. 25.13    ( a ) The fi rst pacemaker  prototype   ( left ), the “black box” 5800 external pacemaker (the preliminary test model,  right ) and the “white 
box” 5800 production model ( center ). ( b ) A page from the Medtronic catalog advertising the 5800 pacemaker       
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Since its inception, this symposium has focused on various 

topics related to cutting-edge medical devices including:

•     The Pacemaker: Past, Present, and Future (2007)  

•   Cardiac Valves: Past, Present, and Future (2008)  

•   Minimally Invasive Cardiac Surgery (2009)  

•   Heart Failure (2010)  

•   Recent Advances in Cardiac Devices and Procedures 

(2011)  

•   Innovations in Cardiovascular Therapy (2012)  

•   The Evaluation, Management and Long-Term Follow-up 

of Children with Congenital Heart Disease (2013)  

•   Advances in Congenital and Adult Heart and Lung 

Transplantations          

25.5     Heart Valves 

   Initial  development   in the fi eld of prosthetic heart valves 

involved the search for  biologically   compatible materials and 

hemologically tolerant designs; it is considered today that 

early successes could not have been achieved without the 

union of these two factors. At that time, as there was no satis-

factory mechanism to scientifi cally achieve this goal, the trial 

and error method was used; it is important to note that much 

of this early work was also performed at the University of 

Minnesota. The development of  prosthetic heart valves   

  Fig. 25.14    Dr. Samuel 
Hunter ( inset ) and adult 
pacing patient Warren 
Mauston. Dr. Hunter and 
Medtronic engineer Norman 
Roth developed a bipolar 
electrode that represented a 
major advance in pacing 
technology. First implanted in 
1959, the Hunter–Roth lead 
helped contribute 7 years of 
life to a Stokes–Adams 
disease patient, Warren 
Mauston in 1960       

  Fig. 25.15    Earl Bakken, the founder of  Medtronic Inc.  , received an 
honorary M.D. degree from the University of Minnesota in 2007. He is 
shown here with his M.D. white coat and medical bag, presenting his 
historic prospective lecture at the fi rst Bakken Surgical Device 
Symposium, hosted by the Department of Surgery at the University of 
Minnesota on December 13, 2007       
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became the purview of several cardiovascular surgeons who 

often collaborated with engineers. To distinguish one valve 

from the others, each prosthesis often became identifi ed and 

named after its surgeon developer [ 11 ]. 

 It is notable that Lillehei and his colleagues developed 

four different valves: (1) a non-tilting disk valve called the 

Lillehei–Nakib toroidal valve in 1967; (2) two tilting disk 

valves, the Lillehei–Cruz–Kaster in 1963 and the Lillehei–

Kaster in 1970 (produced by Medical Inc. in 1970 and even-

tually distributed by Medtronic Inc. in 1974); and  (3) a 

bileafl et valve, the Lillehei–Kalke in 1965 (manufactured by 

Surgitool in 1968 and used clinically by Dr. Lillehei at the 

New York Cornell Medical Center) (Figs.  25.4  and  25.16 ).

   The St. Jude  bileafl et valve   was primarily designed by 

Chris Posis, an industrial engineer who approached Demetre 

Nicoloff, M.D., a cardiovascular surgeon at the University of 

Minnesota. This valve had fl oating hinges located near the 

central axis of the rigid housing as well as an opening to the 

outer edge of each leafl et, leaving a small central opening 

(Figs.  25.4  and  25.17 ) [ 12 ]. Nicoloff fi rst implanted this 

valve in October 1977, and it provided the foundation for the 

beginning of St. Jude Medical as a signifi cant biomedical 

device company. Dr. Nicoloff was asked to serve as the 

Medical Director of the new company; however, he declined 

due to the demands of his clinical practice. Rather, he sug-

gested that Dr. C. W. Lillehei be named as the Medical 

Director, a post that Lillehei held until his death in 1999 [ 11 ]. 

   It is important to note that most of these past valve 

designs, as well as current designs, were evaluated in animal 

trials at the University of Minnesota. More specifi cally, 

Richard Bianco, Director of Experimental Surgical Services, 

has been at the University for over 35 years working with a 

core of clinicians, scientists, and engineers on the design, 

evaluation, and redesign of their cardiac valves. For more 

details on such experimental trials, refer to Chap.   27    . 

 More recently, Dr. Robert Wilson, the former Head of 

Interventional Cardiology at the University of Minnesota, 

continued this innovative legacy in the fi eld of cardiac heart 

valves by developing a third-generation approach to a trans-

catheter aortic valve; he founded  Heart Leafl et Technologies  , 

a company that continues to commercialize these devices 

(  www.heartleafl et.com/    ).    

  Fig. 25.16    The Lillehei–Kalke  rigid   bileafl et prosthesis (1968)       
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25.6     Other University-Affi liated Medical 
Devices 

  Many of the major breakthroughs in cardiac device develop-

ment at the  University of Minnesota   occurred via associated 

collaborations with the Surgery Department. In more recent 

times, several more cardiovascular medical devices have 

been invented in areas other than the Department of Surgery, 

specifi cally the Departments of Medicine and Radiology. 

Examples of such devices and technologies include com-

pression/decompression cardiopulmonary resuscitation 

devices (Chap.   38    ) and transcatheter closure devices that are 

permanent cardiac implants designed to close defects 

between chambers of the heart (Chap.   37    ). The later devices 

are self-expanding, self-centering umbrella-like devices 

whose design and shape varies, as does the exact mode of 

their deployment. They are implanted in the heart through 

catheters inserted into either the artery or vein in a cardiac 

catheterization laboratory.  Transcatheter closure devices   are 

intended to provide a less invasive alternative to open-heart 

surgery, which has been the standard of care. These closure 

devices were the brainchild of Dr. Kurt Amplatz, who spent 

most of his 40-year career in radiology as the Chairman of 

Interventional Radiology at the University of Minnesota. In 

1995, he founded AGA Medical, a publicly held medical 

technology company that is now a part of St. Jude Medical. 

Dr. Amplatz also developed many other catheters, guide-

wires, etc., and these designs remain as the foundation for 

numerous technologies still commonly employed today; he 

is an inventor on 45 US patents.   

25.7     Medical Device Regulation 

  In the 1950s, Earl Bakken adopted the motto of his  friend 

  and colleague, Dr. Lillehei, for his initial method of device 

development—“Ready, Fire, Aim.” In other words, devices 

were actually tested in humans; therefore, the transition from 

bench to bedside happened at an accelerated pace [ 10 ]. 

However, in 1976, the  Medical Device Amendments to the 

Federal Food, Drug, and Cosmetic Act   established three reg-

ulatory classes for medical devices, based upon the degree of 

control necessary to assure the safety and effectiveness of 

various types of devices. The most regulated devices are con-

sidered class III that, by defi nition, (1) are devices designed 

to support or sustain human life, (2) are of substantial impor-

tance in preventing impairment of human health, or (3) pres-

ent a potential unreasonable risk of illness or injury. All 

devices placed into class III are subject to premarket approval 

requirements, including a scientifi c review to ensure their 

safety and effectiveness. 

  Under  Medical Device Reporting   in the FDA, all manu-

facturers, importers, and user facilities are  required   to report 

adverse events and correct them quickly. Although, since 

1984, manufacturers and importers of medical devices have 

been required to report all device-related deaths, serious 

injuries, and certain malfunctions to the FDA, numerous 

reports show underreporting. Therefore, the  Safe Medical 

Devices Act (SMDA)   of 1990 was  implemented  ; device user 

facilities must report device-related deaths to the FDA and 

the manufacturer. In addition, the SMDA    requires that device 

user facilities submit reports to the FDA on an annual basis 

(FDA Modernization Act of 1998). In the past several years, 

recalls of defective pacing systems and leads have had a 

major impact on the medical device industry in the USA, 

resulting in dramatic shifts within vitally affi liated compa-

nies. For more details, refer to Chap.   42    .    

25.8     LifeScience Alley 

   Spurred by the fl urry of  innovations   from Minnesota inven-

tors such  as   the pacemaker, bubble oxygenator, and artifi cial 

heart valve, LifeScience Alley (formerly Medical Alley) was 

established in 1984 as a nonprofi t trade association to sup-

port the region’s growing healthcare industry [ 10 ]. 

LifeScience Alley was founded by Earl Bakken, founder of 

  Fig. 25.17    St. Jude  bileafl et prosthesis   developed in 1976       
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Medtronic Inc.; Bakken, at the current age of 90, remains on 

the LifeScience Alley Board of Directors to this day as 

Chairman (Emeritus), and Shaye Mandle currently presides 

over the association. 

 In 2010, Dale Wahlstrom (then President and CEO of 

both LifeScience Alley and the BioBusiness Alliance of 

Minnesota) led the collaboration between these organiza-

tions. Focused on their shared mission to grow and secure 

Minnesota’s position as a global leader in the life sciences, 

LifeScience Alley now serves nearly 700 member organiza-

tions from all sectors of the life science sector, including 

medical technology and equipment manufacturers, pharma-

ceutical and biopharmaceutical companies, healthcare pro-

viders and insurers, agricultural and industrial biotechnology 

organizations, academic institutions and government enti-

ties, and a broad range of service and consulting companies. 

 Furthermore, LifeScience Alley hosts a rigorous calendar 

of events designed to connect, educate, and strengthen the 

regional life science community including (1) informational 

programs on the latest industry trends, regulations, and stan-

dards; (2) networking events; (3) member updates on trends 

in employment, capital, and policy issues; and (4) leadership 

forums and luncheons. Additionally, they host two annual 

conferences:

    1.     LifeScience Alley Conference  . An event that brings 

together life science leaders from their diverse member 

network to discuss trends, promote industry growth, and 

create valuable connections.   

   2.     MedTech Investing Conference  . An event for medical 

device investors, entrepreneurs, and corporate business 

development executives to discuss critical issues in the 

medical device sector and serve as an intimate network-

ing venue to foster the development and fi nancing of 

companies.     

 On behalf of its members, LifeScience Alley also devel-

ops and supports public policies that promote growth of the 

life science industry locally, nationally, and globally.    

25.9     Design of Medical Device Conference 

   Since 2001, the  University of Minnesota  ’s Medical Device 

Center, the College of Science and Engineering, the Institute 

for Engineering in Medicine, and the Academic Health 

Center have hosted an annual  Design of Medical Devices 

(DMD) Conference   every April. This remains today as the 

largest medical device conference worldwide; its primary 

goal is to provide an international forum bringing together 

world-class medical device designers, researchers, manufac-

turers, and the public sector, to share perspectives and inno-

vations related to medical device design. The conference 

further showcases the University of Minnesota as a leader in 

the medical device community and generates funds from 

corporate sponsorships to support medical device education 

at the University. In recent years, the conference has grown 

to over 1,100 participants annually from 17 different coun-

tries and multiple companies and academic institutions [ 13 ] 

(  www.dmd.umn.edu    ).    

25.10     The Institute for Engineering 
in Medicine 

   The Institute for Engineering in Medicine ( IEM) is an   inter-

disciplinary research organization that strives  to   strengthen 

collaborative efforts between the disciplines of engineering 

and biomedicine at the University of Minnesota. Five main 

themes dominate IEM’s focus on research: cardiovascular 

engineering, neuroengineering, cellular and molecular bio-

engineering, medical and biological imaging, and medical 

devices. The IEM mission revolves around creating and 

applying innovative engineering solutions to medical and 

health problems, in addition to fostering collaborations with 

industry. To achieve these goals, IEM sponsors three 

endowed chairs and a fellowship program, as well as various 

seminars, workshops, and conferences (Neuromodulation 

Symposium, Design of Medical Devices Conference, IEM 

Conference & Retreat). IEM is currently directed by 

Professor Bin He [ 14 ].    

25.11     Medical Devices Center 

   Under the direction of Professor Arthur Erdman, the  Medical 

Devices Center (MDC)   was established by the University of 

Minnesota in 2007 (Fig.  25.4 ). A primary goal of this center 

is to strengthen    interdisciplinary medical device research 

among faculty in the Academic Health Center and the 

College of Science and Engineering. The MDC recently 

opened a new core facility, which includes (1) a computer- 

aided design (CAD)/precision instrumentation laboratory 

with 3D printing, (2) an electronic fabrication laboratory, (3) 

a mechanical prototyping facility, (4) a testing room–wet 

laboratory, (5) an anatomy–physiology SimPORTAL labora-

tory, and (6) a multipurpose room for modeling, assembly, 

demonstrations, or conferences [ 15 ]. The center supports an 

Innovation Fellows Program to recruit and hire individuals 

across the medical engineering and clinical disciplines to 

form cross-functional teams that aim to develop novel medi-

cal technologies. 

 The MDC, in collaboration with Professor Daniel Keefe 

from the Department of Computer Sciences and various cor-

porate collaborators, has developed a Virtual Prototyping 

Lab with the goal of simulating the placement of existing or 
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novel device concept within virtual anatomies (  www.mdc.

umn.edu/mdc/vrlab    ). Further support is provided by the 

 Minnesota Supercomputing Institute   that provides access to 

high-performance advanced computational resources and 

user support to facilitate cutting-edge research in all disci-

plines, as well as promote technology transfer through the 

interchange of ideas in the fi eld of supercomputing research. 

Researchers have ready access to informatics, visualization, 

and application development services (  www.msi.umn.edu    ).    

25.12     Cardiovascular Physiology at 
the University of Minnesota 

   The  Department of Physiology    at   the University of Minnesota 

has  a   rich history of performing basic cardiovascular research 

and establishing clinical collaborations within the institution 

(see Sect.  25.1 ). Not only have these individuals published 

many important basic research papers, but they have also been 

integrally involved in the training of many generations of car-

diac physiologists, surgeons, and biomedical engineers. 

 One of the more notable Chairmen of the  Department of 

Physiology   was Maurice Visscher, who was present during 

the Owen Wangensteen and C. Walton Lillehei eras. In 1936, 

Dr. Visscher returned to the University of Minnesota to suc-

ceed Dean Lyon as the Head of the Department of Physiology 

(Table  25.4 ). He fi rst came to Minnesota in 1922 as a gradu-

ate student in physiology under the mentorship of Frederick 

Scott and satisfi ed the requirements for both Ph.D. and M.D. 

degrees in a 4-year period of time [ 16 ]. Interestingly, subse-

quent to his studies, Visscher served as a postdoctoral fellow 

in England at the University College London. While there, 

he worked under the advisement of the notable cardiac phys-

iologist, Ernest Starling, who, at that time, was near the end 

of his brilliant career (e.g., Starling’s Law of the Heart). 

Together in 1927, Starling and Visscher published a classic 

paper in which, using a heart–lung preparation (introduced 

by Starling in 1910), they reported that the oxygen consump-

tion of the heart was correlated directly with its volume in 

diastole, without regard to the amount of work the heart was 

exerting in pumping blood [ 17 ,  18 ]. After Starling’s death in 

1927, Visscher continued research on this topic while serv-

ing as the Physiology Department Chairman in Minnesota; 

his research was considered to shed valuable light on the 

mechanisms underlying heart disease due to coronary occlu-

sion, in general.

   It has been described that Owen Wangensteen, having 

recognized how many of these fi ndings were directly appli-

cable to surgery, initiated collaborations with Visscher and 

the Physiology Department. To this extent, Wangensteen ini-

tiated and conducted a regular  Physiology–Surgery 

Conference   that was considered “invaluable in acquainting 

surgical residents with the techniques of experimental physi-

ology” [ 18 ]. Many also credit Wangensteen’s academic phi-

losophies for enabling the pioneering advancements in 

open-heart surgery and subsequent pacemaker technologies 

at the University of Minnesota. For example, Earl Bakken 

asked C. Walton Lillehei in 1997, “How did you have the 

courage to go ahead with these pioneering-type experi-

ments?” Lillehei replied, “As I think, when I look back, that 

was part of the Wangensteen training system” [ 19 ]. He fur-

ther elaborated, “[Wangensteen] was a unique person in 

many regards. One [aspect of his] uniqueness was his train-

ing system. He had a great faith in research, animal or other 

types of laboratory research. He felt that the results of his 

research gave the young investigator the courage to chal-

lenge accepted beliefs and go forward, which you would not 

have had, as I look back, as a young surgical resident. That’s 

why many of the great universities didn’t produce much in 

the way of innovative research, because they were so steeped 

in tradition. Wangensteen had a wide open mind. If research 

showed some value, then you should pursue it.” 

 Importantly, the past few years have brought a renewed 

interest in refocusing the Physiology Department to again be 

a leader in the cardiovascular fi eld. In the spirit of Maurice 

Visscher, the new Department of Integrative Biology and 

Physiology emerged in recent years under the direction of 

Professor Joseph Metzger. Departmental research focuses on 

integrative systems biology of the heart and vasculature, 

including close linkages among cardiovascular diseases and 

obesity, diabetes, and metabolism, thus bridging the gap 

between basic science discovery and clinical application. 

The department offers a unique intense short course, 

Advanced Cardiac Physiology and Anatomy, for individuals 

in industry as well as postdoctoral and graduate students; this 

course consists of multiple lectures, delivered by clinicians 

and researchers, related to basic cardiac anatomy, physiol-

ogy, cardiovascular disease, and clinical diagnosis and treat-

ment, as well as hands-on gross anatomy labs. Further, as a 

tribute to Maurice Visscher, an annual Visscher Symposium 

is organized, featuring world-renowned keynote speakers 

and showcasing graduate student research [ 20 ]. 

   Table 25.4    Department of Physiology at  the   University of Minnesota: 
chairs/interim heads   

 Physiology Department 
chair/interim head  Position  Years served 

 Richard O. Beard  Department Chair  1889–1913 

 Elias P. Lyon  Department Chair  1913–1936 

 Dr. Maurice B. Visscher  Department Chair  1936–1968 

 Eugene Grim  Department Chair  1968–1986 

 Richard E. Poppele  Interim Head  1986–1988 

 Robert F. Miller  Department Chair  1988–1998 

 Joseph DiSalvo  Interim Head  1998–2002 

 Douglas Wangensteen  Interim Head  2002–2008 

 Joseph M. Metzger  Department Chair  2008–present 
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 Dr. Lillehei believed that “What mankind can dream, 

research and technology can achieve.” And with the support 

of the Lillehei Heart Institute, in collaboration with the 

Institute for Engineering in Medicine and other organiza-

tions, the circle has been completed.    

25.13     Summary 

 The University of Minnesota has a rich tradition of research 

and development in the fi elds of cardiovascular science and 

medical device design. Today, Minnesota has one of the 

highest densities of medical device companies in the world, 

and thus the university remains uniquely positioned to (1) 

educate the next generation of employees for this industry, 

(2) be a strong academic collaborator with industry by being 

an international leader in both basic and clinical cardiovas-

cular research, and (3) serve the additional outreach mission 

of the university relative to cardiovascular sciences (e.g., 

partnering with LifeScience Alley and other organizations). 

The rich legacy of the early pioneers in cardiovascular 

research, medicine, and surgery lives on at the University of 

Minnesota.     
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      Pharmacotherapy for Cardiac Diseases       

     Anna     Legreid     Dopp       and     Katie     Willenborg    

    Abstract  

  Clinical trial design inclusion criteria typically require that patients be on optimal medical 

therapy prior to their enrollment or randomization, i.e., they are currently being managed by 

medical regimens proven to be safe and effective and considered standard in clinical prac-

tice for the particular disease state being studied. Only if this is the case can any trial’s clini-

cal or statistical signifi cance be determined between study groups. This chapter outlines the 

current optimal medical management/therapy for patients eliciting: (1) hypertension, (2) 

acute coronary syndromes and myocardial infarction, (3) heart failure, and/or (4) 

arrhythmias.  

  Keywords  

  Diuretics   •   Beta-blockers   •   Angiotensin-converting enzyme inhibitors   •   Angiotensin recep-

tor blockers   •   Calcium channel blockers   •   Antiplatelets   •   Anticoagulants   •   Aldosterone 

antagonists  

 26

26.1   Abbreviations 

   ACE    Angiotensin-converting enzyme   

  AF    Atrial fi brillation   

  ARB    Angiotensin receptor blocker   

  CHD    Coronary heart disease   

  CRT    Cardiac resynchronization therapy   

  CVD    Cardiovascular disease   

  HF    Heart failure   

  ICD    Implantable cardioverter defi brillator   

  NSTEMI     Non-ST segment elevation myocardial infarction   

  PCI    Percutaneous coronary intervention   

  STEMI    ST segment elevation myocardial infarction   

26.2           Introduction 

  Chronic disorders   such as heart disease, diabetes, stroke, 

obesity, and cancer remain today as the leading causes of 

death and disability in the United States. Nearly half of all 

Americans have at least one chronic condition, and seven out 

of the top ten causes of death are due to chronic diseases [ 1 ]. 

Importantly, heart disease, or cardiovascular disease (CVD), 

is the chronic disorder that is the leading cause of death in 

the United States, accounting for 600,000 deaths annually or 

roughly 25 % of all deaths [ 2 ]. Yet this represents a 2 % rate 

of decline for deaths attributed to heart disease over the past 

few years. In addition, between 1999 and 2010, the preva-

lence of adults with at least one of the three following CVD 

risk factors: uncontrolled high blood pressure, uncontrolled 

high levels of low-density lipoproteins cholesterol, or cur-

rent smoking, decreased from 58 to 47 % [ 3 ]. For a complete 

list of CVD risk factors, see (Table  26.1 ).  While these mor-

bidity and mortality improvements represent important suc-

cesses, the medical management of patients living with CVD 
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continues to require signifi cant utilization of healthcare dol-

lars and resources.

   Cardiovascular disease is comprised of multiple dis-

ease states, the pathogeneses of which are often interre-

lated. Today, the most common form of CVD is  coronary 

heart disease (CHD)  , which occurs in 17.6 million 

Americans [ 4 ]. This chapter will provide general phar-

macotherapy treatment guidelines for the management of 

the following CVDs: hypertension, acute coronary syn-

drome and myocardial infarction, heart failure, and 

arrhythmias.  

26.3     Evidence-Based Medicine 

   In order to describe the  drug   therapy regimens for the  dis-

ease   states listed above, fi rst there needs to be a brief 

explanation of how general clinical guidelines are devel-

oped and implemented. As such, evidence-based medicine 

is the process of conscientious, explicit, and judicious use 

of current best evidence in making decisions about the care 

of an individual patient [ 5 ]. Several expert working groups 

and agencies have developed systems for grading recom-

mendations and classifying evidence according to the sci-

entifi c rigor of the study results available. The system used 

most often in medicine is GRADE, the Grading of 

Recommendations Assessment, Development, and 

Evaluation system. For the purposes of this chapter, which 

focuses on pharmacotherapy for the treatment of cardiac 

diseases, strength of recommendation and evidence levels 

developed by the  American College of Cardiology 

Foundation (ACCF)  / American Heart Association (AHA)   

clinical data standards will be utilized for the discussion 

that follows (Tables  26.2  and  26.3 ) [ 6 ]. Treatment recom-

mendations will focus primarily on those that have a class 

I or IIa strength of recommendation.  

26.4         Hypertension 

 Nearly one-third of people in  the   United States have high 

blood pressure [ 7 ,  8 ], defi ned as systolic blood pressure 

>140 mmHg or diastolic blood pressure >90 mmHg [ 8 ,  9 ], 

yet less than half (47 %) of these individuals have their blood 

pressure controlled. Unfortunately, this not only increases 

morbidity and mortality but ultimately impacts healthcare 

consumption and cost. 

26.4.1     Goals of Therapy for Hypertension 

  Left untreated, hypertension can lead  to   target organ dis-

ease in the cardiovascular system and also within the cere-

brovascular system, peripheral vascular system, kidneys, 

and/or eyes; it can eventually lead to consequences such as 

stroke, transient ischemic attacks, peripheral artery dis-

ease, chronic kidney disease, and retinopathy. Figure  26.1  

illustrates the generally accepted continuum of hyperten-

sive disease and, specifi cally, its effects on the myocar-

dium. The primary goal of treatment for hypertension is to 

reduce the blood pressure to a level below that which was 

used to diagnose the condition; however, these thresholds 

have been recently debated in the literature. In addition, 

the role that an individual’s race plays in the development 

of hypertension is rightfully gaining more research and 

clinical attention, e.g., African Americans develop hyper-

tension earlier in life and have higher average blood pres-

sures than Caucasians [ 10 ]. Recent guidelines account for 

this difference and contain specifi c recommendations for 

black and non-black patients [ 11 ].

    The highly anticipated and debated Eighth Report of the 

Joint National Committee on Prevention, Detection, 

Evaluation, and Treatment of High Blood Pressure (JNC8) 

outlines nine recommendations for the management of 

   Table 26.1    Cardiovascular disease  risk factors     

 • Tobacco use 

 • Dyslipidemia 

 • Overweight (body mass index  >  25 kg/m 2 ) 

 • Diabetes mellitus 

 • Age (>45 years for men; >55 years for women) 

 • Physical inactivity 

 • Family history of early cardiovascular disease or hypertension (men <55 years; women <65 years) 

   Table 26.2    American College of Cardiology  Foundation  /American Heart  Association   level of evidence designations   

 Level A  Data derived from multiple  randomized  clinical trials involving a large number of individuals 

 Level B  Data derived from a limited number of trials involving comparatively small numbers of patients or from well-designed data 
analysis of  nonrandomized  studies or  observational  data registries 

 Level C  Consensus of expert opinion is the primary source of recommendation 
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hypertension based on evidence published exclusively from 

randomized controlled trials [ 11 ]. While continuing to 

endorse a hypertension goal of <140/90 mmHg for patients 

less than 60 years old, the new recommendations relax to 

some extent the previously published goals if patients are 

≥60 years old (new goal: <150/90 mmHg), have diabetes, or 

have  chronic   kidney disease (new goal: <140/90 mmHg for 

both) [ 9 ]. Since the release of these JNC8 guidelines, a num-

ber of other groups such as the  American Society of 

Hypertension (ASH)  , European Society of Hypertension, 

and the National Institute for Health and Clinical Excellence 

have reaffi rmed recommendations of a blood pressure goal 

of <140/90 mmHg for all patients, providing an exception 

that it may be appropriate to target a blood pressure of 

<150/90 in patients over 80 years old [ 12 – 14 ]. For example, 

ASH    delineates staging of hypertension (e.g., prehyperten-

sion versus hypertension) and blood pressure goals based on 

age and comorbid conditions. They recommend that the gen-

eral population and patients with diabetes, kidney disease, 

and coronary artery disease should attempt to achieve a 

blood pressure of <140/90 mmHg but recommend 

<150/90 mmHg for patients over 80 years old and a diastolic 

goal of <90 mmHg for patients less than 50 years old [ 12 ]. 

Despite this controversy and uncertainty in optimal blood 

pressure targets, the ultimate goal of hypertension prevention 

and management is to prevent disease progression and reduce 

overall morbidity and mortality.   

26.4.2     Treatment Guidelines for Hypertension 

  Lifestyle modifi cations are considered as a  key   component in 

the treatment regimen for patients with hypertension. 

Modifi cations such as smoking cessation, weight loss, 

increased physical activity, and decreased sodium intake have 

all been shown to have profound effects on lowering blood 

pressure and improving overall health [ 9 ,  11 – 14 ]. Medications 

of choice for managing hypertension have also changed with 

the release of recent guidelines. The JNC8 guidelines indicate 

that an angiotensin-converting enzyme (ACE) inhibitor (or 

angiotensin receptor blocker [ARB]),  a   dihydropyridine  cal-

cium channel blocker  , and thiazide-type diuretics are consid-

ered “fi rst-line” therapy options for such patients [ 11 ]. 

Selection of an antihypertensive will also be determined by 

patient race (black or non-black) and/or whether the patient 

has a concomitant condition. In following JNC8 recommenda-

tions, additional considerations should be determined relative 

to patients with various races, diabetes mellitus, and/or chronic 

kidney disease; however, other organizations such as ASH 

consider the presence of other compelling indications for 

selection of medication or combination of medications 

(Table  26.4 ). Indeed,  beta- blockers      are   no longer a preferred 

agent unless the patient has a compelling indication. For 

example, for those patients with hypertension and coronary 

artery disease, a beta-blocker plus an ACE inhibitor may be 

warranted. Lastly, if blood pressure therapeutic goals are not 

   Table 26.3    American College of Cardiology  Foundation  /American Heart  Association   classifi cation of recommendations   

 Class I  Conditions for which there is evidence and/or general agreement that a given procedure or treatment is benefi cial, useful, and 
effective 

 Class II  Conditions for which there is confl icting evidence and/or a divergence of opinion about the usefulness or effectiveness of a 
procedure or treatment 
 • Class IIa: Weight of evidence/opinion favor usefulness/effi cacy 
 • Class IIb: Usefulness/effi cacy is less well established by evidence/opinion 

 Class III  Conditions for which there is evidence and/or general agreement that a procedure or treatment is not useful or effective and, 
in some cases, may be harmful 

  Fig. 26.1    Continuum of 
hypertensive disease and its 
effects on the myocardium       
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achieved with a single agent, a second or third antihyperten-

sive may need to be added.  

26.5         Acute Coronary Syndrome 
and Myocardial Infarction 

  Acute coronary syndrome   is a condition used to describe any 

clinical symptoms associated with acute myocardial isch-

emia, including: unstable angina, ST segment elevation 

myocardial infarction (STEMI), or non-ST segment eleva-

tion myocardial infarction (NSTEMI). It is estimated that 

nearly 1.7 million hospital admissions associated with acute 

coronary syndrome occur annually in the United States; 

500,000 of these are classifi ed as STEMI [ 4 ,  15 ]. Typically, 

an imbalance between myocardial oxygen supply and 

demand occurs when a thrombus develops where an athero-

sclerotic plaque was disrupted, thereby blocking the arterial 

blood fl ow. Subsequently, the detection of  biochemical car-

diac markers   such as troponin or the MB isoenzyme of cre-

atine phosphokinase (CK-MB) indicates that myocardial cell 

death has occurred in    STEMI  or   NSTEMI; however, these 

markers are not released in the setting of unstable angina 

[ 16 ]. Further, typically an electrocardiogram can be utilized 

to differentiate between STEMI and NSTEMI. 

26.5.1     Goals of Therapy for Treating Acute 
Coronary Syndromes 

   The proper and  immediate   management for acute coronary 

syndrome is pivotal in preventing  the   progression of myocar-

dial tissue damage. Aside from early recognition and 

response, goals of therapy are to remove the precipitating 

factor(s) causing the ischemia and to minimize irreversible 

damage from occurring to the myocardial tissue. Importantly, 

patients are at a higher risk of death or worsening myocardial 

infarction if they have prolonged ischemic symptoms, clini-

cal and ECG fi ndings, and/or elevated biochemical cardiac 

markers [ 17 ,  18 ].    

26.5.2     Treatment Guidelines for Acute 
Coronary Syndromes 

   After an initial stratifi cation of risks for  the   determination of 

the  planned   intervention (i.e., percutaneous coronary inter-

vention, or PCI), patients with unstable angina/NSTEMI 

should undergo a medical therapy regimen that includes: (1) 

rapid vasodilation with nitroglycerin; (2) supplemental oxy-

gen to achieve a goal arterial oxygen saturation >90 %; (3) 

morphine sulfate for pain and agitation control; (4) beta- 

blockade in patients without contraindications (e.g., brady-

cardia, lung disease, or hemodynamic decompensation); (5) 

correction of serum potassium and magnesium levels as indi-

cated; (6) antihyperlipidemia treatment, (e.g., with a statin 

either initially or upon discharge for lipid management); (7) 

arrhythmia management, both atrial and ventricular; and (8) 

an ACE inhibitor for blood pressure control and prevention 

of myocardial injury progression [ 16 ]. In addition to this 

regimen, antiplatelet and anticoagulation therapy should be 

initiated immediately.  Antiplatelets   include aspirin and ade-

nosine diphosphate P2Y 12  protein receptor blocker such as 

clopidogrel,  prasugrel, or ticagrelor; these are drugs of 

choice, and a glycoprotein IIb/IIIa receptor antagonist can be 

considered if ischemia persists or if a patient is deemed at 

high risk for immediate death or severe complications. If 

revascularization with PCI is performed, dual antiplatelet 

therapy (e.g., aspirin and clopidogrel) is typically indicated 

for at least one year post-procedure. In some settings dual 

antiplatelet therapy may also be indicated for medical man-

agement in the absence of PCI. In other words, the decision 

to use an  anticoagulant agent   in the setting of unstable 

angina/NSTEMI depends on whether the patient undergoes 

reperfusion therapy with PCI. Currently, the common antico-

agulation options include: heparin, unfractionated or low 

molecular weight (e.g., enoxaparin), direct thrombin 

inhibitors (e.g., bivalirudin), or factor Xa inhibitors 

(e.g., fondaparinux) [ 16 ,  18 ]. 

 It is imperative to achieve myocardial reperfusion of 

STEMI patients in a timely manner, to salvage as much 

viable myocardium as possible. The preferred method of 

   Table 26.4     Agents    with    compelling    indications   for  treatment   of  hypertension   [ 12 ]   

 Compelling indication  Diuretic  Beta-blocker  ACE inhibitor 
 Angiotensin receptor 
blocker 

 Calcium channel 
blocker 

 Aldosterone 
antagonist 

 Heart failure  X  X  X  X  X a   X 

 Post-myocardial infarction  X  X  X 

 High coronary heart disease risk  X  X  X  X  X 

 Diabetes  X  X  X  X  X 

 Chronic kidney disease  X  X  X 

 Recurrent stroke prevention  X  X  X  X 

   a A dihydropyridine calcium channel blocker may be added if needed for blood pressure control  
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myocardial reperfusion is PCI [ 19 ].  Fibrinolytic pharmaco-

logic therapy   (tissue plasminogen activator, streptokinase, 

or urokinase) is an alternative option for patients being fi rst 

treated in a non-PCI-capable hospital, with expected trans-

port delays exceeding 120 min [ 16 ,  17 ]. The timing of reper-

fusion therapy is essential in achieving the highest survival 

benefi t; it has the most impact on infarct size and preserva-

tion of left ventricular function. For example, the goal of fi rst 

medical contact (FMC) to PCI time is 90 min with initial 

presentation to a PCI-capable center and 120 min with initial 

presentation to a non-PCI-capable center necessitating trans-

port to a PCI-capable center. In cases where PCI is not 

 feasible, a goal time to initiation of fi brinolytic therapy is 

within 30 min after a diagnosis of STEMI. After reperfusion 

efforts, continued management is achieved through routine 

measures listed above, including oxygen, nitroglycerin, aspi-

rin, analgesia, statin, beta-blocker, and an ACE inhibitor 

[ 17 ].  Aldosterone antagonists   are also recommended after 

STEMI in patients who develop heart failure.     

26.6     Heart Failure 

   Heart failure (HF)   is considered a major public health prob-

lem; over fi ve million people in the United States [ 4 ] have 

been diagnosed with HF, and data indicate that it affects 

both men and women in equal proportions. It is defi ned as 

a complex clinical syndrome that can result from any struc-

tural or functional cardiac disorder that impairs the ability 

of the ventricle to fi ll with or eject adequate blood volumes 

[ 20 – 22 ]. In general, the incidence of HF will increase to 

10 in 1,000 after the age of 65, and nearly 75 % of all HF 

cases have hypertension as a previously diagnosed medical 

condition [ 4 ]. Other common risk factors for HF patients 

are CHD, hyperlipidemia, and/or diabetes. Heart failure 

has several types  of   classifi cations such as ischemic or non-

ischemic, diastolic or systolic, acute or chronic, and pre-

served or reduced ejection fraction. Efforts have been made 

to designate the severity of HF by  New York Heart 

Association (NYHA) classifi cation   and ACCF/AHA stag-

ing systems (Table  26.5 ). One ranking is based primarily on 

physical assessment of symptoms (NYHA), and the other 

(ACCF/AHA) is based on the origins of the underlying 

cardiac disease. Unfortunately, mortality remains between 

50 and 70 % at 5 years for all classes of HF, and the cause 

of death is typically either sudden cardiac arrest or pump 

failure [ 23 ,  24 ]. 

26.6.1       Goals of Therapy for Heart Failure 

  Heart failure is  a   progressive disease in which initial com-

pensatory mechanisms will eventually become themselves 

detrimental to the patient (Fig.  26.2 ). Therefore, pharmaco-

logic treatment is aimed at those neurohormonal mecha-

nisms, such as the renin-angiotensin-aldosterone system and 

sympathetic nervous system, which mediate the progression 

of the disease. Goals of therapy include: (1) improving qual-

ity of life, (2) reducing HF symptoms and hospitalizations, 

and (3) prolonging overall survival. 

   Table 26.5     New York Heart Association (NYHA)   functional classifi cation and American College of Cardiology  Foundation  /American Heart 
 Association   stages of heart failure   

 Functional classifi cation  Defi nition  Stage  Defi nition 

  None    A   Patients with normal heart structure and function, no signs or 
symptoms of heart failure, and at increased risk for 
developing heart failure due to comorbid conditions 
(hypertension, coronary artery disease, diabetes) 
( asymptomatic risk ) 

  I   Patients with cardiac disease but 
 without limitations  of physical 
activity 

  B   Asymptomatic patients with abnormal heart structure or 
function (left ventricular hypertrophy, enlarged, dilated 
ventricles, asymptomatic valve disease, previous myocardial 
infarction) ( asymptomatic damage ) 

  II   Patients with cardiac disease 
resulting in  slight limitations  of 
physical activity 

  C  Patients with abnormal structure or function and symptomatic 
heart failure (symptomatic damage) 

  III   Patients with cardiac disease 
resulting in  marked limitations  of 
physical activity 

 C  Patients with abnormal structure or function and symptomatic 
heart failure (symptomatic damage) 

  IV   Patients with cardiac disease 
resulting in inability to carry on 
any physical activity without 
discomfort.  Symptoms present at 

rest  

  D   Patients with extremely abnormal and symptomatic heart 
failure despite optimal medical therapy and specialized 
interventions ( extreme symptomatic damage ) 
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26.6.2        Treatment Guidelines for Heart Failure 

  In the past, treatment decisions were  largely   guided by 

NYHA classifi cation; however, in recent years they are 

increasingly determined by ACCF/AHA disease staging 

(Table  26.6 ) [ 22 ].  Management of HF   begins with correcting 

any factors (e.g.,  infection   or nonsteroidal anti-infl ammatory 

drugs) and addressing comorbid conditions (e.g., sleep- 

disordered breathing) that may be contributing to the pro-

gression of the disease. After underlying conditions have 

been improved or corrected, efforts are made to follow 

guideline-directed medical therapy (GDMT)    in order to real-

ize the mortality and morbidity benefi ts demonstrated in 

reported clinical trials. To date, ACE inhibitors  and beta- 

blockers     remain  the   cornerstones of GDMT and are proven 

to provide signifi cant morbidity and mortality benefi ts [ 25 –

 29 ]. Initial doses for each agent are very low and titrated as 

tolerated over 3–6 months, until goal doses are reached 

(Tables  26.7 ). In circumstances where a patient has a contra-

indication or experiences an adverse event with an ACE 

inhibitor, an ARB may be substituted as a means to retain 

mortality benefi ts [ 30 ].  Aldosterone antagonists   have a role 

in decreasing mortality and hospitalization rates in patients 

with class III and IV heart failure [ 31 ]. The vasodilators 

hydralazine and isosorbide dinitrate, given in combination, 

are recommended for the management of black patients with 

NYHA III and IV on GDMT and for patients with contrain-

dications to ACE inhibitors  or   ARBs [ 32 ]. Other agents such 

as  diuretics   and digoxin can also be given for symptom relief 

and to reduce subsequent hospitalizations. Currently, loop 

 diuretics   are the most potent class of clinically used  diuretics   

and are the mainstay in volume control for HF pharmaco-

therapy. In all such patients, fl uid status is an important mon-

itoring parameter; for example, fl uid retention can blunt the 

response of ACE inhibitors and increase beta-blocker adverse 

events, whereas fl uid depletion can increase the risk of renal 

insuffi ciency. Importantly, both electrolyte levels and kidney 

function need to be monitored regularly when these agents 

are used in combination. Recently,  cardiac resynchronization 

therapy (CRT)   is a nonpharmacologic strategy that has been 

shown to reduce mortality and hospitalization rates in 

patients with class III or IV heart failure, who are already 

receiving optimal medical management [ 23 ].  Implantable 

cardioverter defi brillators (ICDs)   may be used in selected 

  Fig. 26.2    Neurohormonal 
activation in heart  failure  .  RAAS  
renin-angiotensin-aldosterone 
system       

   Table 26.6    Heart failure medication selection based on American College of Cardiology Foundation/American Heart Association staging   

 At risk for heart failure  Heart failure 

 Stage A  Stage B  Stage C  Stage D 

 ACE inhibitor or ARB  ACE inhibitor or ARB; 
beta-blocker as indicated 

 Diuretics for fl uid management; ACE 
inhibitor or ARB; beta-blocker as indicated; 
aldosterone antagonist 
 In selected patients, consider hydralazine/
isosorbide dinitrate or digoxin 

 Presser support; chronic 
inotropes; symptom management 
with diuretics and/or digoxin as 
indicated 

   ACE  angiotensin-converting enzyme,  ARB  angiotensin receptor blocker  
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individuals for the primary prevention of sudden cardiac 

death [ 33 ]. For more information on these technologies, the 

reader is referred to Chap.   30    . 

26.7          Arrhythmias 

   Atrial fi brillation (AF)   is defi ned as a supraventricular 

arrhythmia characterized by chaotic electrical activity in the 

atria. AF affects nearly two and a half million people in the 

United States alone [ 34 ],  and   its prevalence increases rapidly 

after the sixth decade of life [ 35 ]. Patients with AF often 

experience a lower quality of life and frustration with cur-

rently available pharmacotherapy options for treatment; to 

date, prescribed agents offer marginal safety and effi cacy. 

Risk factors for AF include hypertension, CHD, valvular 

disease, cardiomyopathy, chronic obstructive pulmonary 

disease, thyroid disease, electrolyte disturbances, alcohol 

abuse, and/or vagal stimulation. Clinically, AF is classifi ed 

as paroxysmal, persistent, or permanent (Table  26.8 ).

   Types of  ventricular arrhythmias   include: (1) premature 

ventricular complexes, (2) nonsustained ventricular tachy-

cardia, (3) sustained ventricular tachycardia, and (4) ventric-

ular fi brillation. Each rhythm is complex and has a unique 

electrocardiography classifi cation (see Chap.   28     for more 

details). Of late,  sudden cardiac arrest  and  sudden cardiac 

death  have gained more attention as they claim nearly 

450,000 lives annually in the United States [ 35 ,  36 ]. 

 Ventricular fi brillation   is the primary mechanism of sudden 

cardiac arrest, but evidence also attributes the elicitation of 

bradyarrhythmia, ventricular tachycardia, and torsades de 

pointes as additional mechanisms [ 32 ,  36 ].  

   Table 26.7    Medications with indications for heart failure   

 Drug  Starting dose  Target dose or maximum dose 

 Angiotensin-converting enzyme inhibitors 

 Captopril  6.25 mg three times daily  50 mg three times daily 

 Enalapril  2.5 mg twice daily  10–20 mg twice daily 

 Fosinopril  5–10 mg daily  40 mg daily 

 Lisinopril  2.5–5 mg daily  20–40 mg daily 

 Perindopril  2 mg daily  8–16 mg daily 

 Quinapril  5 mg twice daily  20 mg twice daily 

 Ramipril  1.25–2.5 mg daily  10 mg daily 

 Trandolapril  1 mg daily  4 mg daily 

 Angiotensin receptor blockers 

 Candesartan  4–8 mg daily  32 mg daily 

 Losartan  25–50 mg daily  50–150 mg daily 

 Valsartan  20–40 mg twice daily  160 mg twice daily 

 Aldosterone antagonists 

 Spironolactone  12.5–25 mg daily  25 mg once-twice daily 

 Eplerenone  25 mg daily  50 mg daily 

 Beta-blockers 

 Bisoprolol  1.25 mg daily  10 mg daily 

 Carvedilol  3.125 mg twice daily  50 mg twice daily 

 Carvedilol controlled release  10 mg daily  80 mg daily 

 Metoprolol succinate extended release  12.5–25 mg daily  200 mg daily 

   Table 26.8    Defi nitions of atrial fi brillation and goals of therapy   

 Type of atrial fi brillation  Defi nition  Goals of therapy 

 Paroxysmal  Rhythm restores to normal sinus rhythm spontaneously or with 
interventions within 7 days of onset 

 1. Anticoagulation 
 2. Rate control 
 3. Rhythm control as indicated 

 Persistent  Rhythm is continuous and sustained for longer than 7 days  1. Anticoagulation 
 2. Rate control 
 3. Rhythm control as indicated 

 Permanent  Attempts to restore and/or maintain normal sinus rhythm are 
unsuccessful 

 1. Anticoagulation 
 2. Rate control 
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26.7.1     Goals of Therapy for Treating 
Arrhythmias 

  Atrial fi brillation has been linked with  an   increased risk of 

ischemic stroke; therefore, the primary goal of pharmaco-

therapy in such patients is to prevent embolic events through 

the use of  oral anticoagulants   [ 37 ]. The risk of  ischemic 

stroke   increases with age and risk factors such as heart fail-

ure, hypertension, diabetes, history of stroke or transient 

ischemic attack, gender, and/or vascular disease. The 

CHADS 2  and CHA 2 DS 2 VASc stroke risk assessment scores 

have been developed to determine the annual stroke risk and 

determine the need for  anticoagulant therapy   (Tables  26.9  

and  26.10 ) [ 38 ,  39 ]. Signifi cant advancements have been 

made in recent years for the treatment and prevention of 

thromboembolic diseases, beyond that of the traditionally 

used heparin and warfarin. Newer oral agents known as fac-

tor Xa inhibitors (e.g., rivaroxaban and apixaban) and direct 

thrombin inhibitors (e.g., dabigatran) act later and in a more 

targeted fashion in the clotting cascade than heparin or war-

farin [ 40 ]. All of these agents, however, target thrombin, the 

fi nal enzyme of the clotting cascade. It should be noted that 

several studies have evaluated the newer agents for safety 

and effi cacy, using non-inferiority trial designs versus warfa-

rin. While they have all proven non-inferior, careful consid-

eration in patient selection is essential in determining which 

agent is best to use. Table  26.11  compares the differences 

between warfarin and the new agents, dabigatran, rivaroxa-

ban, and apixaban.

     Additional goals of therapy in such patients are to prevent 

tachycardia-induced cardiomyopathy, reduce symptoms of 

AF, and minimize adverse consequences of therapy [ 41 ]. 

Risk factor awareness and minimization are the main goals 

in the prevention of sudden cardiac arrest; risk factors are 

CHD, heart failure, or decreased left ventricular ejection 

fraction (≤30 %), previous sudden cardiac arrest event, prior 

episode of ventricular tachycardia, hypertrophic cardiomy-

opathy, and/or long QT syndrome [ 30 ]. To date,  beta- blockers     

are the only antiarrhythmic drugs to have shown benefi ts in 

the primary prevention of sudden cardiac death; all other 

agents should be considered as adjuvant therapies to implant-

able cardioverter defi brillators [ 42 – 44 ].   

26.7.2     Treatment Guidelines for Arrhythmias 

  All currently available  antiarrhythmic   drugs exert inhibitory 

activity on different phases of the cardiac action potential. In 

nodal tissue, type II and IV antiarrhythmic drugs control rate 

by decreasing calcium entry and therefore decreasing auto-

maticity and associated conduction velocities in the depolar-

ization phase. Type I and III antiarrhythmic drugs inhibit 

either sodium entry or potassium outfl ow, thereby decreasing 

automaticity and/or conduction velocities or increasing the 

refractory periods of the nodal action potential. For a summary 

of these primary mechanisms, see Table  26.12 . In general, 

antiarrhythmic agents are used to either control ventricular 

rates or maintain normal sinus rhythm. Each strategy has 

   Table 26.9    CHADS 2  scoring for stroke risk assessment in atrial fi brillation   

 Risk factor  Point(s) 

  C   Recent cardiac failure  1 

  H   Hypertension  1 

  A   Age ≥75 years  1 

  D   Diabetes  1 

  S   Stroke  2 

 Add points for total CHADS 2  score  Total 

   Table 26.10    CHA 2 DS 2 -VASc scoring for ischemic stroke risk in patients with atrial fi brillation   

 Risk factor  Point(s) 

  C   Congestive heart failure  1 

  H   Hypertension  1 

  A   Age ≥75 years  2 

  D   Diabetes mellitus  1 

  S   Stroke, TIA, or TE  2 

  V   Vascular disease  1 

  A   Age 65–74 years  1 

  SC   Sex category a   1 

 Add points for total CHA 2 DS 2 -VASc score  Total 

   TIA  transient ischemic attack,  TE  thromboembolism 
  a Female sex indicates higher risk  
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important considerations for minimizing consequences of 

AF and thus burdensome symptoms. Figure  26.3a, b  outline 

commonly employed treatment algorithms for maintaining 

normal sinus rhythm in both paroxysmal and persistent AF 

in patients, with and without associated structural heart 

disease [ 41 ].

    Type III antiarrhythmic agents are used more frequently than 

type I agents in the setting of ventricular tachycardia/ventricular 

fi brillation. Note that amiodarone, a type III agent, is often used 

to decrease the frequency of supraventricular or ventricular 

arrhythmias in patients with an implantable cardioverter defi -

brillator to minimize defi brillation shock delivery [ 44 ,  45 ].    

   Table 26.11    Comparison of oral anticoagulants   

 Vitamin K antagonists (e.g., warfarin) 
 Direct thrombin inhibitors 
(e.g., dabigatran) 

 Factor Xa inhibitors (e.g., rivaroxaban, 
apixaban) 

 Mechanism of action  Vitamin K inhibition prevents the 
hepatic synthesis of coagulation 
factors II, VII, IX, X, and protein C 
and protein S 

 Thrombin inhibition 
prevents thrombin- 
mediated effects such as 
factor activation and 
platelet aggregation 

 Inhibition of factor Xa prevents the 
conversion of prothrombin to thrombin; 
prevent clot formation and platelet 
aggregation 

 Indications  – Treatment and prevention of DVT 
and PE 
 – Embolic risk from AF or cardiac 
valve replacement 
 – Systemic embolic risk after 
myocardial infarction 

 – Treatment and prevention 
of DVT and PE 
 – Prevention of stroke and 
embolism for nonvalvular 
AF 

 – Prevention of DVT in hip or knee 
replacement 
 – Treatment of DVT (rivaroxaban only) 
 – Prevention of stroke and embolism for 
nonvalvular AF 

 Dosing  Once daily  Twice daily  Once or twice daily 

 Monitoring requirements  International normalized ratio/
prothrombin time 

 None  None 

 Drug interactions  Multiple  Multiple  Multiple 

 Reversal agent  Vitamin K, fresh frozen plasma, 
prothrombin complex concentrates, or 
factor products 

 Not identifi ed, prothrombin 
complex concentrates may 
be used or hemodialysis 

 Not identifi ed, prothrombin complex 
concentrates may be used or 
hemodialysis 

 Dosing considerations/
alterations 

 Based on INR  Requires consideration in 
renal dysfunction 

 Requires consideration in renal 
dysfunction, elderly, obesity, or 
administration with food 

   DVT  deep vein thrombosis,  PE  pulmonary embolism,  AF  atrial fi brillation  

   Table 26.12    Antiarrhythmic drug mechanism of action   

 Type  Drug  Channel activity  Automaticity  Conduction velocity  Refractory period 

  Ia   Quinidine  – Na + blocker 
 – K+ blocker 

 ↓  ↓  ↓ 

 Procainamide a   ↓  ↓  ↓ 

 Disopyramide  ↓  ↓  ↓ 

  Ib   Lidocaine  –Na + blocker  ↓  ↓  __ 

 Mexiletine  ↓  ↓  __ 

  Ic   Flecainide  – Na + blocker  ↓  ↓↓  __ 

 Propafenone  ↓  ↓↓  __ 

  II   Beta-blockers  – Decreases Ca++ (nodal cells)  ↓  ↓  __ 

  III   Amiodarone  – K+ blocker 
 – Na + blocker 
 – Ca ++ and beta-blocker 
 (nodal cells) 

 ↓  __  ↑↑ 

 Dronedarone (Multaq)  – K+ blocker 
 – Na + blocker 
 – Ca ++ and beta-blocker 
 (nodal cells) 

 ↓  __  ↑↑ 

 Dofetilide (Tikosyn)  – K+ blocker  __  __  ↑↑ 

 Ibutilide (Corvert)  – K+ blocker  __  __  ↑↑ 

 Sotalol (Betapace)  – K+ blocker 
 – Beta-blocker 
 (nodal cells) 

 ↓  __  ↑↑ 

  IV   Diltiazem  – Ca++ blocker (nodal cells)  ↓  ↓  __ 

 Verapamil 

   a Metabolized to  N -acetylprocainamide (NAPA) which has class III activity  
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26.8     Local Drug Delivery 

   Local drug delivery   allows for therapeutic concentration of a 

drug to be administered to a designated target without exposing 

the rest of the body to potential adverse effects or toxic concen-

trations. Several methods for local drug delivery are already 

used in clinical practice. Transdermal delivery  systems   allow 

for localized penetration of a drug into the skin through a patch. 

Intrathecal drug pumps, through intraspinal catheters, deliver 

drugs to treat chronic pain and spasticity disorders with smaller 

doses of agents that traditionally would have been less effective 

and more sedating [ 46 ,  47 ]. Further, drug-eluting stents release 

drugs with anti- infl ammatory properties from a polymer to pre-

vent restenosis after a PCI and need for target lesion revascular-

ization [ 48 ]. For that reason, they are generally preferred over 

bare metal stents. Researchers have evaluated drug delivery into 

the pericardial space with antiarrhythmic agents and vasodila-

tors and have found benefi ts such as enhanced effi cacy, increased 

duration of action, lower doses, and less toxicity [ 49 – 51 ]. See 

Chap.   9     for an additional discussion of this topic. 

26.8.1     Future Potential for Targeted Drug 
Delivery 

  Polymers being  designed   to allow for controlled, targeted 

release of drugs (i.e., technology used with drug-eluting 

stents) are successful in preventing vessel restenosis rela-

tive to that seen with bare metal stents. Similarly, drug- 

containing hydrogels placed next to a therapeutic 

target allow for controlled delivery [ 52 ]. As such, drug-

eluting implants using these materials are intended to 

deliver a drug over a period of hours to months. In con-

trast, recent catheter technology has the potential for 

delivering a precise amount of drug to a very specifi c tar-

get while maintaining the effi ciency of intravascular 

delivery but without obstructing blood fl ow [ 53 ]. It is pre-

dicted that these local drug delivery methodologies, and 

those being developed, will become more prevalent as 

 biologics and personalized medicine, such as gene ther-

apy, begin to play a larger role in the treatment of cardio-

vascular diseases.     

  Fig. 26.3    ( a ,  b ) Commonly 
employed treatment algorithms 
maintaining normal sinus rhythm 
in patients with paroxysmal and 
persistent atrial fi brillation [ 41 ]. 
 + Depends on patient preference; 
 * Considered fi rst- line   for 
 paroxysmal atrial fi brillation   only       
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26.9     Summary 

 This chapter has provided a very brief overview of the phar-

macotherapy decisions that have shown to be most benefi cial 

for the current treatments of hypertension, acute coronary 

syndrome, heart failure, and arrhythmias. Such guidelines 

and subsequent updates, developed by experts in each of 

these respective areas of specialty, should be routinely con-

sulted to maintain one’s awareness of the optimal medical 

therapies, including pharmacotherapy, for the treatment of 

cardiovascular disorders.     
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    Abstract  

  The modern era of cardiac surgery is largely considered to have begun in the animal research 

laboratories. Today, animal models continue to be used for the study of cardiovascular dis-

eases and are required for the preclinical assessment of pharmaceuticals, mechanical 

devices, therapeutic procedures, and/or continuation therapies. This chapter was written to 

provide readers and potential investigators with important background information neces-

sary for the process of matching an experimental hypothesis to an animal species that will 

serve as an appropriate model for studying a specifi c cardiovascular disease or for testing a 

given medical device. A review of the current animal models used in cardiac research is 

provided and arranged by disease state. Critical factors to consider when choosing an 

appropriate animal model including costs, reproducibility, and degree of similarity of the 

model to human disease are discussed. Thus, this chapter can be utilized as a practical guide 

for planning of research protocols.  
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27.1         Protocol Development 

 Several scientifi c governing bodies have developed guide-

lines and periodic review processes to ensure that research 

animals are used in an ethical and scientifi cally appropriate 

manner. Investigators who plan to utilize animal subjects in 

their research should fi rst familiarize themselves with the 

document entitled “Guide for the Care and Use of Laboratory 

Animals” prepared by the US National Academy of Sciences 

[ 1 ]. In addition, investigators should use these guidelines in 

conjunction with accepted scientifi c methods in order to 

develop a standardized protocol for each research project. It 

is a requirement that prior to commencing research, a 

detailed protocol undergoes review and is approved by the 

local governing body responsible for the safe and ethical use 

of animals in research. In most organizations in the USA 

where research using animals is performed, the standard 

governing body is known as the Institutional Animal Care 

and Use  Committee  , or IACUC (  www.iacuc.umn.edu    ). 

 Both large and small animals have been extensively used 

in cardiovascular research. The choice of animal  model   

should be primarily based on: (1) the scientifi c hypotheses; 

(2) the laboratory’s capability to safely employ the model in 

the species chosen (i.e., expertise in the selected procedure, 

appropriate animal housing and care, equipment, laboratory 

resources); and (3) the degree of the species similarity to the 

human anatomy relative to the device or procedure to be 

tested. It is important to note that many of the best animal 

models can be expensive to establish and maintain and, as 

http://www.iacuc.umn.edu/
mailto:bianc001@umn.edu
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such, funding must be appropriate to complete the required 

number of animal experiments to satisfy a pre-calculated 

 statistical power. Several obvious technical limitations for 

the use of small animals exist, for example in the case of 

implanting mechanical devices such as heart valves. The 

sheer size of the animal is not large enough to implant a 

valve fi t for a human; the animal species must be chosen to 

fi t the device to be studied. Great strides have been made in 

both imaging (ultrasound and MRI) and miniaturizing elec-

tronic equipment that can be used for monitoring physiologi-

cal parameters, allowing for more intensive cardiac 

monitoring within small animal models. In choosing the ani-

mal species, the researcher should attempt to match physio-

logical parameters (of the animal) as closely as possible to 

those of humans to obtain results that are the most clinically 

relevant. Note that many tables of physiological values are 

available for commonly used research animal species, and 

these should be used to assist in choosing the appropriate 

model [ 2 – 6 ]. For more details see Chap.   6    .  

27.2     Spontaneously Occurring Animal 
Models of Congenital Cardiac Disease 

 Naturally occurring animal models of cardiac  disease    arise 

  infrequently; however when they do occur, there is marked 

variability in the observed phenotype and they also frequently 

occur with other congenital abnormalities that hinder breed-

ing efforts. Furthermore, genetic manipulation of breeding 

stock for specifi c mutations has economical, ethical, and 

moral issues that preclude the development of such breeding 

lines. As a result, the commercial availability of animals for 

such specifi c research purposes continues to be quite limited, 

necessitating the development of contrived models in most 

cases. Yet, great strides have been made in the application of 

classical breeding techniques and, more recently, molecular 

engineering to develop breeding stocks of mice and, in some 

cases, rats. Specifi cally, the use of transgenic mice and mice 

with gene deletions or other induced genetic changes has 

been considered essential for investigating pathophysiologic 

mechanisms of disease, including those of the cardiovascular 

system. Moreover, these genetically modifi ed animals, in 

some instances, are useful for the initial in vivo testing of 

pharmaceuticals and/or certain devices [ 7 ].  

27.3     Alternatives to Whole Animal Models 

 In some cases, isolated cardiac cell lines in culture, segments 

of myocardium, or isolated heart models may provide an 

effective alternative to whole animal  research  . Isolated prep-

arations have been particularly useful for the study of meta-

bolic pathways, as the perfusate can be modifi ed while the 

effl uent can be easily collected for analysis. Additionally, 

functional measurements can be easily completed in this 

in vitro environment. Given the need to reduce cost and limit 

the number of animals used in research, the attraction of 

using alternatives to whole animal models is strong. However, 

regulations typically do not permit the direct extrapolation of 

the experimental fi ndings from isolated in vitro models to 

subsequent clinical trials. For example, in vitro studies often 

demonstrate whether a pharmaceutical agent is potentially 

useful; however, the concentrations used may be either toxic 

or the agent may lack effi cacy when pharmacokinetics and 

pharmacodynamics are investigated in the live animal. 

Nevertheless, these in vitro alternatives are essential for ini-

tial studies pertaining to myocardial ischemia, transplanta-

tion, and/or pharmaceutical development. 

27.3.1     Isolated Cardiomyocytes 

 The use of  isolated cardiomyocytes   has  allowed   researchers 

to eliminate confounding interactions with surrounding tis-

sue elements. It has also allowed for the measurement of 

intracellular changes at the single cell level. Yet, care must 

be taken to match the culture conditions to those of the intact 

organ to ensure both the viability of the cells used and the 

quality of the data collected [ 8 ,  9 ]. This simple model pro-

vides an important approach before the use of whole animals 

in early phase testing of experimental protocols, and is of 

particular interest for use in the testing of new pharmacologi-

cal agents and/or gene therapies. Cardiac myocyte cultures 

can be obtained from freshly isolated tissue, differentiated 

embryonic stem cells or multipotent adult progenitor cells, 

or immortalized tumor cell lines such as HL-1 from the At-1 

mouse [ 10 ]. Some functions of cardiac  myocytes   that can be 

examined include: (1) contractility, using optical or mechan-

ical detectors; (2) RNA expression (e.g., using Q-PCR); and/

or (3) membrane integrity, and measuring release of lactate 

dehydrogenase, creatine phosphokinase, or troponin [ 9 ,  11 –

 15 ]. Nevertheless, one has to consider that cultured cells may 

respond differently to a given therapy than those within a 

living organism.  

27.3.2     Isolated Perfused Hearts 

   An isolated  heart   perfusion system replicates the  physiologi-

cal   conditions outside of the body, allowing for easy access 

for measurement of the perfused effl uent. Isolated in vitro 

perfusion studies have been performed using the entire heart 

or a portion of the heart (e.g., intraventricular septum, papil-

lary muscle). Commercially available setups for such in vitro 

studies are available for the mouse, rat, and guinea pig hearts 

(ADInstruments, Colorado Springs, CO, USA; Fig.  27.1 ). 
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Larger setups have also been described to accommodate 

canine, porcine, ovine, and human hearts. An excellent 

example of an application of the isolated heart model can be 

seen on the Atlas of Human Cardiac Anatomy website 

(  www.vhlab.umn.edu/atlas    ) and on The Visible Heart web-

site (  www.vhlab.umn.edu    ).

   Several different methods for studying the isolated heart 

are possible, two of these methods are the Langendorff per-

fusion approach and the isolated working heart model [ 16 , 

 17 ]. In the Langendorff system, constant pressure fl ow 

through an aortic cannula forces the aortic valve closed, and 

the perfusate passes through the coronary arteries without 

retrograde fl ow entering the left ventricle. This perfusion 

provides the myocardium with a physiologic solution, allow-

ing the heart to beat without blood fl owing through the four 

chambers. This method was named after Oscar Langendorff 

who, in 1895, was the fi rst to describe an experimental model 

of an isolated mammalian heart as a technique to assess its 

required contractile activity. The advantage of the 

 Langendorff perfusion method   is that the measurement of 

EKG changes can be easily assessed, as well as measure-

ment of metabolites that drain from the coronary sinus. Yet, 

the lack of fl ow in the left ventricle may limit its usefulness, 

i.e., minimal blood entering into the ventricle may promote 

clot formation, in turn, affecting the viability of the prepara-

tion. Additionally, the lack of fl ow in the ventricle may result 

in abnormal three-dimensional conformational changes in 

the heart that may cause coronary vascular compression. 

However, placement of a fl uid balloon connected to a pres-

sure transducer may allow for partial control of this problem, 

and may also be useful experimentally to assess changes in 

left ventricular function. Recent studies utilizing variations 

of the Langendorff working heart have adapted the setup for 

a range of different heart sizes. The classic hydrostatic after-

load column is replaced with a centrifugal pump, allowing 

for easy adjustment and tight regulation of perfusion pres-

sures, meaning the same setup can be used for various spe-

cies or heart sizes [ 18 ]. 

 The major  disadvantage of the   Langendorff preparation is 

that it does not eject the perfusate from the left ventricle and 

is therefore a non-work-producing model. This problem was 

initially overcome by Neely who used an isolated working 

heart which simulates physiological fl ow through the heart’s 

four chambers [ 19 ]. In this model, the perfusate is supplied 

by a cannula inserted into the left atrium; outfl ow through the 

left ventricle is monitored, while left atrial pressure or aortic 

pressure is controlled. This setup is considered ideal for the 

study of pressure and fl ow in the aorta as well as the left and 

right ventricles.    

27.3.3     Additional Problems with Isolated 
Perfused Heart Models 

 Both types  of   isolated heart preparations have problems in 

common that should be considered when attempting to 

  Fig. 27.1    ADInstruments 
Langendorff perfusion setup. 
Courtesy of ADInstruments       
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extrapolate results to the in vivo condition. First, the  isolation 

process used for these models requires global myocardial 

ischemia (a period of no perfusion). Typically, once the 

organ is reperfused, baseline data (heart rate, left ventricular 

pressure, coronary blood fl ow) must be collected after a sta-

bilization period to ensure relative viability of the prepara-

tion. Clearly, both the ischemic time and stabilization time 

may infl uence research outcomes. Therefore, any results 

obtained must be carefully analyzed with reference to the 

preparation’s baseline state as well as to the normal in vivo 

values, to avoid falsely attributing changes in cardiac func-

tion to the experimental protocol. 

 The composition of the perfusate can greatly impact the 

function and viability of the preparation in both of the afore-

mentioned models. Early studies utilizing isolated heart 

models have employed whole blood as a perfusate [ 20 ]. 

However, signifi cant problems with clotting and hemolysis 

may limit the time that the preparation remains viable. Saline 

compounds, which lack the potential for clotting and hemo-

lysis, are considered useful alternatives to whole blood. 

However, such buffers have a lower colloid osmotic pressure 

and, coupled with the lower coronary vascular resistance, 

will typically result in progressive and severe edema; this 

results in interstitial edema formation and nonuniform perfu-

sion. To extend the usefulness of the preparation, one can 

add osmotically active substances to the medium used for 

bathing and perfusing the preparation in an attempt to limit 

edema [ 21 ,  22 ]. Nevertheless, despite the technical diffi cul-

ties associated with these models, isolated hearts have been 

used in research ranging  from   ischemia to transplant studies. 

For more details on isolated heart experimentation, the 

reader is also referred to Chap.   41    .   

27.4     Animal Models Used to Test Devices 
for Treatment of Valvular Disease 

 The signifi cant morbidity and mortality associated with heart 

valve disease has produced a highly competitive market for 

manufactured prosthetic valves. Efforts to develop the ideal 

replacement heart  valve   have focused on producing a device 

that functions like the native valve (Table  27.1 ). To this end, 

certain basic principles of physics are fundamental in the 

design of mechanical valves, as evidenced by the evolution 

of various designs. The dynamics of blood fl ow through a 

tube with its specifi c viscosity is such that the fl ow is greatest 

in the center of the tube. Thus, any structure in the center of 

the valve (i.e., mechanical valve leafl ets) will reduce the 

velocity through that valve (Fig.  27.2 ).

    Guidelines for the design and testing of bio-artifi cial and/

or mechanical heart  valves    have   been established by the 

Center for Devices and Radiological Health of the Food and 

Drug Administration (FDA) and the International 

Organization for Standardization (ISO). The FDA has pro-

vided industry assistance in the form of guidance documents, 

advice, reporting, premarket approval, development of stan-

dards, and third-party reviews. Typically,  prosthetic valve 

replacements   are classifi ed as either tissue (Fig.  27.3 ) or 

mechanical (Figs.  27.2  and  27.4 ), yet despite their common 

purpose, specifi c valve composition and function vary 

widely. Nevertheless, all valves must undergo performance- 

based testing to examine hydrodynamic  performance   

(Table  27.2 ). For example, accelerated cyclic testing pro-

vides wear information, allowing for estimates of structural 

performance by providing data on fatigue, endurance limits, 

and damage tolerances of the valve.

     Importantly, the FDA requires the demonstration of both 

effi cacy and safety of prototype heart valve replacements 

prior to fi nal approval for human implantation. This is based 

on the principle that additional technical and biological 

information can be gained by observing the valve in actual 

use. As a result, animal studies remain a crucial component 

in the overall evaluation of replacement heart valves [ 23 ]. To 

date, all investigational valves undergo a preclinical animal 

study with valve implantation in the orthotopic or anatomi-

cally normal position (with a required 20-week minimum 

period of evaluation). Specifi cally, the FDA looks for sepa-

rate data from mechanical and biological valve studies. For 

example, mechanical valves generally place extreme shear-

ing forces on the red blood cells and platelets, causing hemo-

lysis and thrombosis that necessitate chronic anticoagulation 

after valve implantation. On the other hand, biologic valves 

place very low shear forces on the red blood cells and plate-

lets, and thus there is no need for anticoagulation; however, 

they are sensitive to formation of calcium deposition, requir-

ing the incorporation of some measures in their manufactur-

ing that will attempt to prevent calcifi cation after 

implantation. The lack of naturally occurring models of 

valve disease and the need for standardized models for FDA/

ISO approval has led to the use of iatrogenic models of valve 

disease. To date, the ovine model has been used for produc-

ing a graded stenosis in the aortic and mitral valves by band-

ing the aorta in young animals [ 24 ]. In contrast, aortic 

supravalvular stenosis, as well as aortic valvular stenosis, 

has been commonly induced in the canine model [ 25 ,  26 ]. 

Additionally, induction of mitral valve regurgitation in the 

   Table 27.1    Qualities of the ideal device for heart  valve   replacement   

 • Durable 

 • Does not leak 

 • Biologically inert 

 • Nonthrombogenic 

 • Facilitates laminar fl ow 

 • Easily implanted by the surgeon 

 • Quiet 
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canine is possible by placement of a shunt [ 27 ] or by transec-

tion of the chordae tendineae. Interestingly, experiments 

have also been performed to induce stenosis or regurgitation 

in the tricuspid and pulmonic valves [ 28 ]. However, most 

valve implantation studies approved for human use are com-

pleted in normal animals and their primary goals are to 

strictly examine  valve   performance (Fig.  27.4 ). A thorough 

understanding of the background and natural history of heart 

valve disease in standard laboratory animal species is needed 

to ensure that spontaneous valve lesions are not misinter-

preted as treatment related [ 29 ]. 

 A principal advantage of employing the  canine model   is 

the large amount of background information available in the 

cardiovascular surgical literature. Historically, the dog was 

  Fig. 27.2    Comparison of 
different mechanical valves with 
their fl ow characteristics. The 
evolution of the valve from the 
Starr-Edwards ball ( left ), the 
current standard bi-leafl et ( center ; 
St. Jude Medical, St. Paul, MN, 
USA), and a novel trileafl et 
design ( right , Trifl ow Medical 
Inc.) currently in development. 
Below each valve is a stylized 
representation of the fl ow patterns 
refl ecting the improvement in 
valve design       

  Fig. 27.3    ( Top ) The  Medtronic Mosaic ®  stented tissue valve   
(Medtronic, Inc., Minneapolis, MN, USA). ( Middle ) Carpentier- 
Edwards Perimount Plus 6900P stented tissue valve, infl ow aspect in 
the Mitral position in a sheep. ( Bottom ) Carpentier-Edwards Perimount 
Plus 6900P stented tissue valve, outfl ow aspect in the Mitral position in 
a sheep       

  Fig. 27.4     Ovine model   of a normal bileafl et mechanical valve 
implantation       
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considered to be the gold standard for both acute and chronic 

models of valve replacement that was accepted by the 

FDA. Early success with the canine model in valve replace-

ment identifi ed the need for minimizing the risk of surgical 

infection at the time of prosthesis implantation. Specifi cally, 

the use of preoperative parenteral and postoperative topical 

antibiotics, strict sterile techniques, minimum numbers of 

operative arterial and venous lines, and short cardiopulmo-

nary bypass times were all noted parameters to minimize the 

risk of bacterial valve implant seeding [ 30 ]. 

 As described in Chap.   6    , the anatomy of the  porcine heart   

is most similar to that of the human heart in regards to the 

conduction system, coronary arteries, blood supply to the 

conduction system, and great vessels. In addition, the coag-

ulation cascade of the swine is quite similar to that of 

humans. Despite these advantages, several problems have 

been identifi ed in using this model for valvular research. 

First, the porcine heart is extremely sensitive to anesthesia, 

and surgical manipulation often results in postsurgical com-

plications, arrhythmias, and/or death. Second, the growth of 

young swine is rapid, resulting in heart size and physiologi-

cal fl ow that is not constant over required follow-up periods 

of several months; yet, if you want to investigate the effects 

of heart growth on a device, using the swine may be benefi -

cial. Specifi cally, these alterations often result in fi brous 

sheathing and obstruction of the valve orifi ce, thrombus for-

mation, or dehiscence (separation) of the sewing cuff from 

the native annulus. Finally, signifi cant bleeding complica-

tions due to application of anticoagulation therapy and poor 

survival have limited the use of the pig in studying valve-

related thrombosis [ 31 ]. A recent porcine model for aortic 

valve sclerosis was able to mimic early human aortic valve 

disease by feeding swine a high-fat/high-cholesterol diet. 

This study showed the effi cacy of modifying certain factors 

in a study, allowing for animal models to mimic changes 

seen in humans [ 32 ]. 

 The  ovine model   is currently accepted as the gold stan-

dard for valve replacement using defi ned survival surgeries 

that meet FDA requirements. Normal cardiovascular physi-

ological parameters of sheep approximate those of humans 

in blood pressure, heart rate, cardiac output, and intracardiac 

pressure [ 33 ]. In addition, the anatomy of the adult heart pro-

vides valve orifi ce diameters that are similar to humans [ 34 ]. 

The use of animals of similar age and weight (8–12 months, 

30–40 kg) allows for the testing of replacement valves using 

a single orifi ce size for comparison of valve performance to 

an appropriate standard. Although the heart and vessels are 

small in animals within this weight range, the sheep’s rela-

tively large left and right atria allow for straightforward sur-

gical approaches to either the mitral or tricuspid valves. 

 In general, sheep as experimental animals allow for easy 

handing and long-term husbandry. Furthermore, juvenile 

sheep grow at a rate that does not cause excessive mitral or 

aortic stenosis during the postimplantation test periods, as 

compared to the porcine model [ 31 ]. However, specifi c 

attention to gastric decompression, perioperative antibiotics, 

sterile techniques, and minimally invasive interventions in 

the postoperative period will all increase the success of valve 

implantation studies in the ovine model [ 35 ]. 

27.4.1     Animal Models of Atrial Fibrillation 
for Preclinical Valve Testing 

 Given the increasing number of patients affl icted with atrial 

 fi brillation   worldwide, an animal model of the disorder is 

needed to predict valvular function and its effects on the 

natural course of the disease. For example, in one study, 

atrial fi brillation was associated  with   morbidity secondary to 

stroke (13 %) and congestive heart failure (24 %) despite 

anticoagulant treatment and independent of New York Heart 

Association (NYHA) functional classifi cation, type of sur-

gery, coronary artery disease, history of coronary artery 

bypass graft surgery, or other cardiac risk factors [ 10 ]. 

Previous research has uncovered a number of cardiovascular 

structural and electrophysiological alterations associated 

with atrial fi brillation [ 23 – 26 ]. More specifi cally, the fi bril-

lating heart will have a shorter refractory period at the right 

atrial appendage, shorter action potential duration, electro-

physiological remodeling, and changes in gene expression 

[ 24 ,  26 ]. Myocardial remodeling leading to atrial enlarge-

ment appears to be a direct result of atrial fi brillation. From a 

structural standpoint, the fi brillating left atrium is larger, has 

relative stasis of blood particularly in the atrial appendage, 

and fails to give the “atrial kick” which comprises approxi-

mately 20 % of ventricular fi lling. These characteristics also 

explain the increased thromboembolic risk and decreased 

cardiac output associated with atrial fi brillation.  

27.4.2     Pacing-Induced Atrial Fibrillation 

 Control of the heart beat  using   electrical  stimulation   is usu-

ally achieved using an intracardiac or transesophageal 

   Table 27.2     Mechanical   valve fl uid dynamic testing   

 • Forward fl ow testing 

 • Backfl ow leakage testing 

 • Pulsatile fl ow pressure drop 

 • Pulsatile fl ow regurgitation 

 • Flow visualization 

 • Cavitation potential 

 • Verifi cation of the Bernoulli relationship 

   Source : “Replacement Heart Valve Guidelines,” formulated by the US 
Department of Health and Human Services, Food and Drug 
Administration, Center for Devices and Radiological Health  
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approach. Intracardiac pacing, subdivided into burst pacing 

and continuous pacing, is the most commonly used proce-

dure for the induction of atrial fi brillation in the sheep model 

and in animal models overall.  Rapid atrial pacing   is the most 

common method of inducing atrial fi brillation for in vivo 

investigation. The transesophageal approach to pacing repre-

sents another possibility; however, it is used in humans and 

animal models primarily in the detection and assessment of 

irregular cardiac rhythms and coronary artery disease [ 36 ]. It 

should also be noted that implantable systems offer another 

alternative for the delivery of right atrial rapid pacing in 

order to induce atrial fi brillation in conscious animals [ 37 ].  

27.4.3     Pharmacologic-Induced Atrial 
Fibrillation 

 Administration of catecholamines  and    acetylcholine   per-

fused through the sinoatrial nodal artery can induce atrial 

fi brillation. Isoproterenol (nonselective beta-adrenergic ago-

nist) and adrenaline (alpha-and beta-adrenergic agonist) 

induce atrial fi brillation in dogs [ 38 ].  Atropine treatment   pre-

vented catecholamine-mediated atrial fi brillation, indicating 

a critical role of cholinergic tone in these atrial fi brillation 

episodes.  Acetylcholine-mediated atrial fi brillation   is facili-

tated by isoproterenol, which decreases the threshold of ace-

tylcholine concentration required for atrial fi brillation 

induction and increases the atrial fi brillation duration. The 

focal delivery of these agents into atrial tissues can also 

cause episodic fi brillation.  

27.4.4     Other Potential Atrial Fibrillation 
Models 

 Given that many genes are associated with cardiac contractil-

ity, it is reasonable to postulate that  genetic engineering   may 

have a potential role in the development of an atrial fi brilla-

tion model. The fi rst important advance in this direction has 

been the identifi cation of a genetic locus for familial atrial 

fi brillation on chromosome 10q22-q24 [ 39 ]. The discovery 

that stem cell-derived  cardiomyocytes   have an intrinsic 

arrhythmic potential further leads to the question whether 

stem cell therapy could be the basis for a model of atrial 

fi brillation [ 40 ].   

27.5     Animal Models in Myocardial 
Ischemia 

  Despite great advances  in   treatment options,  atherosclerotic 

coronary vascular disease   remains one of  the   leading causes 

of death worldwide. As a result, this disease continues to be 

an active area of cardiovascular research. Originally defi ned 

by the Greeks as a lack of blood fl ow, the modern defi nition 

of ischemia emphasizes both the imbalance between oxygen 

supply and demand as well as the inadequate removal of 

waste products. Impaired oxygen delivery causes a reduction 

in oxidative phosphorylation, resulting in myocardial depen-

dence on anaerobic glycolysis for the production of high- 

energy phosphates. This shift in metabolism produces excess 

lactate which then accumulates in the myocardium. As 

impaired ATP production and local tissue acidosis prevails, 

there is a resultant decline in cardiac contractility. Ultimately, 

if ischemia is not reversed, myocardial infarction occurs with 

permanent cellular loss and impaired cardiac function. 

Multiple experimental techniques have been developed for 

the study of cardiac ischemia. Currently, scientists consis-

tently use isolated myocytes to examine single cell responses, 

while isolated perfused hearts and whole animal models 

allow for a better understanding of the whole organ responses. 

Regardless of the model type, experimental animals remain a 

crucial tool in the area of research. 

27.5.1     Experimental Methods for Creating 
Ischemia 

  The ideal model for investigations of  ischemic   myocardium 

would theoretically be the intact chronically instrumented 

awake animal, as acute surgical trauma and anesthetic agents 

both depress cardiac function [ 2 ]. The conscious animal 

model also has the advantage that it can be used in studies 

requiring physiological stress, e.g., stress produced by exer-

cise. However, the high cost of the implanted transducers and 

probes as well as diffi culties with measurement techniques 

often preclude the use of such an approach. To date, the 

majority of studies use anesthetized animal models for the 

study of ischemia in either closed or open chest models. 

Closed chest models have the advantage that tissue trauma is 

minimized, but in such models, direct access to the heart for 

metabolite measurement is a major limitation. In contrast, 

the open chest preparation has the advantage that regional 

function and metabolism can be studied in detail. The open 

chest models suffer  from   drawbacks that include a greater 

susceptibility to temperature variations and a potential for 

surgical trauma that may considerably alter cardiac function 

(Fig.  27.5 ).

   Multiple techniques have been used to create models of 

myocardial ischemia for research purposes, depending on 

whether the desired occlusion is to be permanent, temporary, 

or progressive. Methods to produce complete permanent 

occlusions include surgical coronary artery ligation or radio-

logical embolization with microparticles. Furthermore, per-

manent or temporary partial coronary occlusions are 

commonly induced by ligation, balloon occlusion, or clamping. 

27 Animal Models for Cardiac Research
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Typically, models of progressive coronary artery occlusions 

use either balloon/ catheter   occlusion  or   ameroid constrictors 

(Fig.  27.6 ). Regardless of the method chosen, the researcher 

must be aware that the concentric experimental lesions that 

are created will differ from those of naturally occurring ath-

erosclerotic coronary vascular disease which are typically 

eccentric. Normally, such eccentric stenoses remain vasoac-

tive and are capable of altering coronary blood fl ow by 

changing their lumen diameter. It should be noted that no 

such vasoactivity remains in experimentally created concen-

tric lesions which will prohibit humoral agents from altering 

regional coronary fl ow (Fig.  27.7 ).

    Experience has shown that an induced occlusion of the 

left anterior descending coronary artery is favored over that 

in the left circumfl ex coronary artery for the production of 

regional myocardial ischemia. It is generally accepted that 

the occlusion of the left anterior descending coronary artery 

results in a larger area of myocardial ischemia, and therefore 

greater impairment of global left ventricular function. 

However, estimates of infarction size alone have not corre-

lated well with ventricular function [ 41 ]. Thus, it has been 

demonstrated that for the same amount of ischemic myocar-

dium, the compensatory increase by the nonischemic myo-

cardium is different for the left anterior descending coronary 

artery and the left circumfl ex coronary arteries [ 42 ]. 

Therefore, in an ideal model, both infarct size and its loca-

tion must be similar in order to achieve the same degree of 

impairment in left ventricular global function. If possible, 

one should also estimate the ischemic area at risk due to an 

imposed occlusion, e.g., with imaging or the use of dyes.   

27.5.2     Localizing and Quantifying Myocardial 
Ischemia 

 Blood samples collected from the coronary sinus  or   from a 

regional coronary vein are commonly obtained and used for 

metabolic studies. Yet, such results must be interpreted with 

the knowledge that these samples include blood from adja-

cent noninjured myocardium. The use of coronary venous 

samples for studying metabolism is decreasing because of 

new approaches using microdialysis, MRI, nuclear magnetic 

resonance spectroscopy, and positron emission tomography 

[ 43 – 45 ]. 

 The size and location of myocardial infarction can be 

determined by  Triphenyltetrazolium chloride (TTC) stain-

ing  , which has been the gold standard for quantifying the 

extent of myocardial infarction in pathological specimens 

[ 46 ] (Fig.  27.8 ). In addition, the assessment of localized tis-

sue blood fl ow using microspheres (radioactive or colored) 

remains another important standard. However, newer nonin-

vasive methods of determining blood fl ow in the live animal 

that allow for repeated follow-up determinations are being 

developed and improved upon, including spectroscopy and 

MRI.

27.5.3        Specifi c Animal Models for Ischemia 
Investigations 

  Both  large and small animal models   have been developed for 

the study of myocardial ischemia. Advantages of large ani-

mal models are their similarity in physiology to humans and 

ease of instrumentation, and disadvantages include signifi -

cantly greater care and cost issues that may make small ani-

mal models more attractive, particularly when large numbers 

of animals are required to achieve signifi cant statistical 

power [ 47 ]. 

 The dog has been the most frequently utilized species for 

in vivo studies of chronic ischemia because dogs have a well- 

developed coronary collateral circulation, similar to humans 

with chronic ischemia (progressive heart failure). 

Furthermore, dogs are easy to handle and lack signifi cant 

growth as adults, which allows long-term follow-up. 

However, the signifi cant variability in coronary collateral 

circulation may hamper efforts to create consistent sizes of 

ischemic regions between animals, or may result in a mini-

mized ischemic zone. 

 The pig heart is closer to the relatively healthy human 

heart with limited collateral blood fl ow; this makes the swine 

heart ideal for acute ischemia studies. However, long-term 

follow-up using the swine model, in general, is considered 

problematic; if juvenile animals are utilized, signifi cant 

changes in animal weight will result in both increased diffi -

culties with handling as well as alterations in basic cardiac 

  Fig. 27.5     Ligated left anterior descending coronary artery   (adjacent to 
forceps) in an open chest canine model       
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physiology. More specifi cally, in consideration of heart to 

body weight ratios, in a healthy person the ratio is about 5 g/

kg, for pigs weighing between 25 and 30 kg, the ratio is simi-

lar to that in humans, but for animals exceeding 100 kg, it is 

only half that value [ 42 ]. Importantly, such ratio changes 

must be considered when interpreting experimental results. 

 Small animals have also been used as models for investi-

gations of regional myocardial ischemia. However, it has 

been established that the collateral circulation of the rat is 

sparse and that of the rabbit may show intraspecies differ-

ences [ 48 ]. In turn, the guinea pig has such an extensive col-

lateral network that normal perfusion is maintained after a 

coronary artery occlusion and often infarction does not 

develop. Another problem with using these animals is that 

the small vessel diameters may delay or prevent instanta-

neous reperfusion following transient vessel occlusion, 

which is further complicated by the inability to make quanti-

tative assessments of coronary blood fl ow in these small ves-

sels to verify reperfusion. Nevertheless, the use of small 

animal models for studying myocardial ischemia remains 

important, including recent studies using stem cells for treat-

ment. See also Chap.   6     for additional details on the compara-

tive coronary circulations  .   

27.6     Animal Models in Heart Failure 
and Transplantation 

  Alexis Carrel  reported   the fi rst heterotopic transplantation 

(Table  27.3 ) of  a   canine heart connected to the neck vessels 

of another dog in 1905, but the transplant succumbed to mas-

sive clotting and the animal survived for only 2 h. Many 

years later, Richard Lower and Norman Shumway perfected 

an orthotopic transplantation technique in the canine and 

achieved heart graft survivals of up to 21 days. Translation of 

this research to clinical practice was fi rst performed by 

Christiaan Barnard in 1967, but acceptable graft survival 

required further studies in animal models to overcome rejec-

tion by the host immune system.

  Fig. 27.6    Ameroid occluder in 
the  canine model  .    Photo courtesy 
of Michael Jerosch-Herold and 
Cory Swingen       

  Fig. 27.7    ( Top ) Example of an eccentric vascular constriction as with 
coronary artery disease. ( Bottom ) Concentric lesion as created by 
experimental ligation or ameroid occlusion       
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   Today, the successful treatment of end-stage cardiac  fail-

ure   is possible with organ transplantation. In addition, 

mechanical assist devices are employed for patients who 

may not initially qualify for transplantation. However, it is 

clear that too few suitable donor organs are available to meet 

 the   current needs (Fig.  27.9 ). This lack of a reliable and sta-

ble source of donor hearts serves as the main impetus for 

further research into: (1) stem cell therapy used before heart 

failure; (2) the means to expand cardiac donor pools (e.g., 

the use of Organ Care System, TransMedics, Boston, MA, 

USA); and (3) the use of mechanical assist devices and 

xenotransplantation.

27.6.1       Methods in Transplantation Research 

 Extensive research has been conducted in the fi eld of cardiac 

transplantation (Fig.  27.10 ).   Orthotopic  heart transplantation   

(the placement of the donor heart in the anatomically correct 

position) was made possible only after the pioneering efforts 

of C. Walton Lillehei (refer to Heart Transplantation by 

Kirklen et al. [ 49 ] for a complete discussion of the surgical 

technique). Orthotopic transplantation is technically feasible 

using available cardiopulmonary bypass circuits in both the 

canine and porcine animal models and has often been chosen 

for the study of organ preservation, graft rejection 

 immunology, immunosuppressive regimens, and/or isch-

emia/  reperfusion   injury [ 50 – 53 ].

     Heterotopic  cardiac transplantation   places the heart in an 

anatomical location other than the mediastinum. Clinically, a 

heart transplanted into the heterotopic position (“working” 

model) is performed by connecting the donor aorta to the 

recipient aorta, and the donor pulmonary artery to the recipi-

ent pulmonary artery while the donor and recipient right atria 

are anastomosed. Experimentally, a “non-working” model of 

heterotopic heart transplantation is achieved by connecting 

the donor aorta to the recipient aorta, and the donor pulmo-

nary artery to the recipient vena cava [ 54 ]. As a result, blood 

  Fig. 27.8     Triphenyltetrazolium chloride (TTC) staining   in canine infarct model showing pallor of myocardium (infarcts,  arrows ) in left anterior 
coronary artery distribution       

   Table 27.3    Defi nition of  graft types     

 Graft Type  Defi nition 

 Autograft  Transplant from one site to another in the same individual 

 Isograft  Transplant from a donor to a genetically identical individual (monozygotic twin) 

 Syngraft  Transplant from a donor to a recipient with no detectable genetic difference 
(inbred strain) 

 Allograft (homograft)  Transplant from a donor to a genetically different individual of the same species 

 Xenograft (heterograft)  Transplant from a donor to a recipient of another species 
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fl ow is typically non-physiologic; normal patterns are lim-

ited to the coronary arterial and venous system. Absence of 

signifi cant fl ow in the ventricles, except for drainage of 

blood from the coronary sinus into its right ventricle, may 

promote clot formation and graft failure. Heterotopic trans-

plantation is typically used for studies on ischemia/reperfu-

sion injury [ 55 ], prevention of rejection and 

immunosuppression [ 56 ], xenotransplantation, and/or coro-

nary vascular pathology [ 57 ]. Heterotopic heart transplanta-

tions are most commonly performed using small mammal 

models such as the mouse, rat, hamster, guinea pig, or rabbit; 

yet additional skills with microsurgical techniques are then 

Patients Added to Transplant Waiting List vs. Transplants Performed
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  Fig. 27.9    Total number of United Network for Organ Sharing (UNOS)  cardiac transplant waiting list registrants and donor hearts per year  . 
Adapted from the UNOS database       

  Fig. 27.10    Orthotopic heart 
transplant (original art by Martin 
E. Finch)       
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required. An advantage of this approach is that recipients 

may retain complete function of their native hearts whether 

or not the heterotopic donor hearts survive.  

27.6.2     Specifi c Animal Models 
for Transplantation Research 

 The choice of an animal model for cardiac transplantation 

depends greatly upon the area of pathophysiological research. 

The following is a brief introduction to models that are cur-

rently used in this fi eld. 

27.6.2.1     The Rodent Transplantation Model  

 The development of  microsurgical   techniques has allowed 

the performance of heart transplantation in rodents. 

Importantly, the use of rodents in transplantation research 

can dramatically reduce the costs associated with larger ani-

mal models. Typically, Lewis rats have been used for trans-

plantation experiments related to ischemia and reperfusion, 

prevention of rejection, immunosuppression, and coronary 

vascular pathology. Because of the small size of rodents, the 

technique of heterotopic heart transplantation to the abdomi-

nal aorta and inferior vena cava, as described by Ono and 

Lindsey, has been used extensively [ 58 ]. 

 Anatomically, the coronary artery blood fl ow in rodents 

differs somewhat from higher order mammals in that the left 

and right coronary arteries traverse the lateral wall of the 

right ventricle rather than the atrioventricular sulcus. In addi-

tion, an extra vessel branching from the cardiomediastinal 

trunk supplies the sinoatrial node. Some further disadvan-

tages of the rodent model are that hemodynamic measure-

ment of the transplanted hearts can be diffi cult and 

transplantation requires microvascular surgical techniques 

and a surgical microscope. Yet an advantage of this model is 

its use for xenotransplantation experiments with grafts from 

mouse to rat, hamster to rat, guinea pig to rat, or hamster to 

guinea pig. In addition, preservation solutions can be fairly 

easily evaluated for the end points of survival, histology, and/

or for high-energy phosphate analyses. Furthermore, the het-

erotopic rat transplant model has been extensively used in 

the pharmaceutical industry to evaluate the effectiveness of 

anti-rejection medications. More recently, the availability of 

transgenic or “knock-out” rodents continues to have a large 

impact in this area of research, i.e. animals with a gene 

deleted to induce a desired phenotype.  

27.6.2.2     The Canine Transplantation Model  

  The anatomy of the  canine   heart is similar to that of the 

human heart (for more details see Chap.   6    ). As mentioned 

above, the dog heart has an extensive collateral circulation 

connecting the left and right coronary circulation. In con-

trast, nonathletic humans elicit few bridging collaterals. This 

collateral circulation in the dog is considered to be theoreti-

cally advantageous in heart transplantation experiments, as it 

may protect marginal areas of the heart from ischemia. From 

the perspective of an easy-to-employ model, dogs have a 

minimal amount of adipose tissue and their skin is loose, 

allowing tunneling of catheters if vascular access is needed 

postoperatively. Furthermore, the dog’s relatively large tho-

rax and mediastinum allow for clear visualization of the 

heart and great vessels. Thus, the canine model for heart 

transplantation is generally considered most easy to employ 

for animal studies on organ preservation, reperfusion injury, 

rejection studies, and/or post-transplant organ monitoring.   

27.6.2.3     The Swine Transplantation Model 

  The  porcine heart    is   often considered the most anatomically 

similar to the human heart. Specifi cally, as noted above, the 

porcine heart has few collateral vessels and an end artery 

coronary anatomy predominates. Yet, cannulation for cardio-

pulmonary bypass may be diffi cult, and the right atrial tissue 

has typically been described as fragile or friable [ 2 ]. In addi-

tion, a surgical cut-down for venous and arterial access may 

be required, secondary to the thick subcutaneous layer of 

adipose tissue. The pig transplantation model is also prone to 

postoperative wound infections, necessitating strict sterile 

techniques during cardiac surgery. Furthermore, juvenile 

pigs have a rapid rate of somatic growth, which can chal-

lenge long-term foreign body implantations. Physiologically, 

the porcine heart is considered to be prone to arrhythmias 

and is sensitive to physical manipulation.  Bretylium tosylate   

can be given to limit such arrhythmias; however, ventricular 

fi brillation can be a recurrent problem following cardiopul-

monary bypass [ 59 ]. The swine model is considered appro-

priate for heart transplantation; however, it is often described 

to be more suited to acute or short-term graft survival studies 

[ 60 ]. Ongoing projects to create a porcine heart with compat-

ible tissue antigens to be used as a substitute for the human 

donor heart are exciting areas of research that will make the 

increased use of swine heart donors more likely. Thus, trans-

genic pigs that express human membrane-associated com-

plement inhibitors in the vasculature have been used for 

studies of xenotransplantation in nonhuman primate recipi-

ents. Moreover, pigs with genetic deletions to prevent the 

expression of certain antigens that are involved in rejection 

are currently used as donors for nonhuman primates, making 

it possible to achieve signifi cant prolongations of graft 

survival .  

27.6.2.4     The Nonhuman Primate 

Transplantation Model 

  Researchers in the fi eld of cardiac transplantation have used 

the nonhuman  primate   model extensively in developing both 

N. Robinson et al.

http://dx.doi.org/10.1007/978-3-319-19464-6_6


481

the technique of transplantation and the scientifi c background 

necessary for the survival of the donor heart [ 61 ,  62 ]. 

Numerous programs have successfully used the nonhuman 

primate in small and large cardiac transplant studies [ 63 – 65 ]. 

Yet, particular problems with the use of primates have been 

associated with their veterinary care requirements during pre-

operative and postoperative times, and thus appropriate facili-

ties are needed. Furthermore, nonhuman primates are 

extremely susceptible to mycobacterium tuberculosis and 

appropriate precautions must be taken to minimize the risk of 

infection. It should be noted that baboons are sensitive to 

stress and are prone to develop gastroenteritis and bacteremia 

after surgery, and handling of the baboon typically requires 

sedation. Nevertheless, the use of baboons and other nonhu-

man primates has many advantages as an experimental model 

in transplant research. First, the anatomy of baboons is similar 

to that of humans, except that the baboon heart has only two 

aortic arch vessels compared to the three found in humans. 

Second, the growth of the baboon can be controlled, and adult 

weights in the 20–30 kg range are maintained for 20–30 years. 

Additionally, physiologic characteristics of the baboon heart 

are similar to those of humans, allowing for the use of stan-

dard operative instrumentation. From a technical standpoint, 

the cardiac tissue of the nonhuman primate is not considered 

as friable or prone to serious arrhythmias as that of swine. 

 Adverse immunological responses in the primate are a 

main concern with xenotransplantation and also with anti- 

rejection treatments. Interestingly, the human ABO blood 

type system is applicable with simian tissue and saliva, but 

not with simian blood [ 66 ]. Tissue typing with the major his-

tocompatibility system using primate tissue is also possible. 

Hyperacute rejection of a pig  heart   is inherent to xenotrans-

plantation in this model because of the preexisting antibodies 

in the recipient. Specifi cally, the donor antigens on the sur-

face of the endothelium of the donor’s heart react with anti-

bodies of the recipient, resulting in rejection upon subsequent 

activation of complement [ 67 ]. Inhibition of complement 

activation or depletion of complement factors was shown to 

abrogate cardiac xenotransplant rejection [ 68 ].  Heterotopic   

(nonanatomic and nonfunctional) heart transplantation in the 

nonhuman primate is an established surgical procedure 

appropriate for investigation of immunosuppressive drug 

therapies and study of immune reactions between the donor 

heart and recipient. Typical locations for heterotopic implan-

tation of the donor heart include the neck or abdomen of the 

primate [ 69 ] .     

27.7     Animal Models for the Testing 
of Mechanical Devices 

  Maximizing  surgical   therapies  in   end-stage heart failure is a 

fi eld of great interest. Recently, devices [i.e., ventricular 

assist devices (VADs)] have become increasingly important 

because of the large numbers of patients presenting with 

end-stage heart failure. Interestingly,  mechanical VADs   are 

fi lling a niche where they are both a “bridge to transplant” 

and a “destination therapy” at centers such as the University 

of Minnesota. Before such a device can be implanted into a 

human, the procedure requires years of high-level preclinical 

and animal testing. 

27.7.1     Animal Model Selection for Device 
Testing 

 Animal models are necessary for  research and development 

  of mechanical devices such as the VAD and for training of 

the medical personnel involved in their use. The justifi cation 

for use of a particular animal model is primarily based on: 

(1) the investigator’s past and current success using a partic-

ular animal; (2) device size; and/or (3) the relative compara-

tive anatomy. Careful selection of an appropriate model will 

decrease the diffi culty of implanting such devices; devices 

designed for human use will require a comparably sized 

research animal for testing. For example, the size  of   in-line 

axial fl ow pumps (Fig.  27.11 ) has become relatively com-

pact, and they have been implanted into the dog, sheep, and 

calf models [ 70 ,  71 ]. Larger pumps still require  a   larger ani-

mal [ 72 ] (Figs.  27.12  and  27.13 ). See Chap.   39     for more 

details.

27.7.2          Federal Guidelines for Device Testing 

 Although VAD technology is  a   rapidly advancing fi eld, the 

FDA has not yet published offi cial guidance documents for 

such devices. However, the FDA does have specifi c evalu-

  Fig. 27.11    Example of an  axial fl ow pump impeller         
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ation criteria for VADs that are designed to identify possi-

ble hazards prior to clinical usage. Long-term reliability is 

a current issue of concern with such devices, as some 

patients waiting for a transplant survive longer, and desti-

nation therapy has become a reality for several device 

recipients. Consequently, long-term biocompatibility, 

thrombogenesis (long-term surface coating antithrombo-

genic integrity), bacterial infection, battery life, and hard-

ware and software reliability have become important 

parameters for FDA evaluation of such devices. Ultimately, 

the ease of patient use related to VADs is also of central 

importance.  

27.7.3     Explant Analysis 

27.7.3.1     Background 

  The major types of prosthetic  valves   currently used in clini-

cal practice are the mechanical valve and the bioprosthetic 

(or tissue) valve.  Percutaneous delivery technology   is just 

beginning to be applied to bioprosthetic valves within the 

last few years; there is a wave of clinical application in 

Europe which is gaining momentum in North America in 

certain select patients. 

  The role of  pathology   in the evaluation of cardiac devices 

is integral for the end results, which is to have data that is 

  Fig. 27.12    Schematic of a  left 
ventricular assist device   
(Heartmate II, Thoratec) in 
human use. Courtesy of Thoratec 
Corporation       
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acceptable for regulatory submission. This is not an exhaus-

tive review of cardiovascular pathology in the context of car-

diac devices, but an overview of how regulatory agencies 

use industry-derived standards to deliver guidance on pathol-

ogy evaluation. 

 The use of pathology as the gold standard for explanted 

device analysis requires more than classical pathology anal-

ysis used in diagnostic settings. The integration of regulatory 

standards is critical to achieve an outcome from each study 

that will be acceptable for submission to the desired regula-

tory agency. There are numerous guidance documents from 

different regulatory bodies and organizations that contribute 

to the regulatory framework that exist for complete preclini-

cal analysis of medical devices. The ISO 5840 series of doc-

uments are not prescriptive in the approach to certain areas 

of the device or surrounding anatomy, but do require that 

broad areas be investigated (e.g., calcifi cation). The  ISO 

5840 document   relies on approximately 25 other supporting 

ISO documents that include risk assessment, pathology eval-

uation, and marketing approaches. The most heavily involved 

companion document is ISO 10993, which currently is com-

prised of 18 different documents, the most important for 

heart valves being the one pertaining to biocompatibility. In 

addition to the ISO documents there are FDA guidance docu-

ments and, of course, relevant published literature. 

Interpreting these guidance documents often relies upon 

experience; researchers should keep themselves abreast of 

updates to these documents.  

27.7.3.2     Pathology in Context of the Study 

 The two largest divisions of a study for a pathologist are the 

in-life and explant (i.e., postmortem) stages. These two 

stages are separated by timing; an animal that goes to the full 

study term is euthanized and is evaluated based on the study 

protocol (Fig.  27.14 ). The departure from this occurs when 

there is an early “unexpected” death. The unexpected death 

introduces a number of additional factors to the postmortem 

analysis, primarily the investigation of whether or not the 

death was device related. In a well-maintained animal col-

ony, there should be few cases in which the death is not 

device related in some way (whether this is device failure or 

surgical error). Careful investigation of the device is often 

diffi cult, as an unexpected death precludes administration of 

heparin to the animal allowing large postmortem clots to sur-

round the device.

   The in-life  stage   involves the analyses of clinical pathol-

ogy samples which can range from complete blood counts 

(CBC) and blood chemistries to blood cultures. Clinical 

pathology tests used can be separated into three categories: 

(1) hematology; (2) clinical chemistry; and (3) coagulation 

profi les. There are many natural disease entities that clinical 

pathology can screen for, but the device-induced changes are 

the areas of interest, particularly device-induced hemolysis 

and blood calcium levels.  Hemolysis   is analyzed by weigh-

ing multiple factors such as hematocrit, red cell morphology, 

haptoglobin, and free hemoglobin. Most often, the serum is 

macroscopically unremarkable but, in severe cases, there can 

  Fig. 27.13     Left ventricular assist 
device   (Heartmate II, Thoratec) 
in human use. Courtesy of Thoratec 
Corporation       
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  Fig. 27.14    The intricate relationship that pathology has to the in-life phase and the explant phase of a preclinical study       
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be overt reddening of the serum indicating intravascular 

hemolysis.  Calcifi cation   is a particular problem in biopros-

thetic (tissue) valves; while dystrophic calcifi cation is found 

to be the cause in the overwhelming majority of cases, serum 

calcium must still be assessed to rule out metastatic calcifi ca-

tion. This is particularly true if sheep are housed outside in 

regions of the world where calcinogenic plants are known to 

exist; such plants contain glycosides of the active metabolite 

of vitamin D.  

27.7.3.3     Process of Using Pathology 

 The overall analyses of the post-implant device have gross, 

microscopic, and radiographic components. Yet, typically 

there are small differences in the way that 4-chambered 

mammalian hearts are analyzed when they contain devices. 

Depending on the objectives of the study, the analyses per-

formed under non-Good Laboratory Practice (GLP) condi-

tions can differ substantially from those performed under 

GLP conditions. On the other hand, while the depth of analy-

ses can differ widely between GLP and non-GLP studies, 

most laboratories will employ similar techniques or 

approaches. 

 In general, there is a core set of methods that needs to be 

included. First, the radiographic analyses of devices allow 

the structural integrity (i.e., presence of metal fractures), 

presence of radio-opaque material, and orientation within the 

ventricular outfl ow tract (particularly with TAVI devices) to 

be assessed. Second, the gross necropsy represents the fi rst 

time the pathologist is able to lay hands on the test system. 

This procedure can be conducted in a number of different 

ways, and standard approaches to necropsy have been cov-

ered in other texts [ 73 ]. Prior to the necropsy of each animal, 

terminal procedures are often performed such as 

 echocardiography and angiography, after which heparin is 

delivered and the animal is euthanized.  Necropsy procedures   

can vary widely depending on the location of the device and 

whether sterile collection is to be attempted. For cardiac 

devices that are not collected in a sterile manner, the animal 

is presented in either left lateral or dorsal recumbency and 

the abdomen is opened; all organs are evaluated in situ and 

removed for further evaluation. Following the abdominal 

cavity evisceration, half the thoracic cage is removed to 

expose the thoracic viscera. This allows close evaluation of 

the thoracotomy site and the relationship that the heart and 

lungs have to the mediastinum and parietal pleura. The 

tongue, esophagus, and trachea are removed “en bloc” with 

the heart and lungs (often called the “pluck”). The lungs can 

then be carefully dissected from the heart to allow detailed 

external evaluation. At this time, the heart can either be fur-

ther dissected to reveal the internal device or it can be perfu-

sion fi xed (in formalin). More often, dissection of the heart 

and device is performed at the time of necropsy, and photo-

graphs are taken of the infl ow and outfl ow aspects. It is 

important to note that some of the photographs should be 

taken directly over the sewing ring to evenly include all fea-

tures of the device. Third, as part of the regulatory guidance 

documents, a gross evaluation is performed. It is imperative 

that a thorough gross examination of each organ is per-

formed, as this is the only opportunity for adverse events to 

be identifi ed. The most important distant (or end) organs to 

be examined depends on which side of the heart the device is 

located. For devices on the left side (aortic and mitral valve 

devices), the aorta (full length to the iliac bifurcation) should 

be examined. Kidneys, brain, and eyes should be investi-

gated for embolic debris of various types, and the lungs 

should be investigated for evidence of left-sided heart failure 

(pulmonary edema). For the right side (right AV valve, pul-

monic valve), the lungs and liver are the major organs of 

interest. Due to the systemic nature of right-sided heart fail-

ure, body cavities and other organs must be thoroughly 

investigated. It should be noted that bioprosthetic valves 

delivered to the aortic position via a transcatheter approach 

(transcatheter aortic valve implantation, or TAVI) have an 

additional set of analytical criteria that need attention such as 

device migration. In addition, the approach to device analy-

ses must include considerations relative to the delivery of the 

device into the vascular site; these include biofi lms, host 

reparative response to surgery, and materials used to implant 

the device compared with the device itself (i.e., suture 

material). 

 Histologic analyses of the device are accomplished pri-

marily by the use of formalin-fi xed paraffi n-embedded sec-

tions of the device stained with hematoxylin and eosin (HE). 

Additional stains that can be used for paraffi n sections can 

include: Von Kossa, alizarin red (mineralization/ calcifi ca-

tion), Mason’s trichrome, and Movat’s pentachrome (fi bro-

sis/smooth muscle hypertrophy/hyperplasia). For plastic 

sections (embedded in resin), HE, toluidine basic fuschin, or 

elastin trichrome can be used as a starting point. For immu-

nohistochemistry, smooth muscle actin (Table  27.4 ) and a 

wide range of CD markers can be used for infl ammation 

classifi cation.

   For assessing biocompatibility, in particular, it is highly 

desirable for the device to be visible while it is in contact 

with the host tissue. This often necessitates the use of other 

embedding modalities such as plastic embedding.  Plastic 

embedding   allows hard materials such as hardened plastics 

and metals to be analyzed in situ (in close contact with the 

host tissue), rather than the hard structures removed for par-

affi n processing. Similar stains can be used between plastic 

and paraffi n (Table  27.4 ); however, there are some minor 

issues with tinctorial properties in tissues embedded in plas-

tic. The major drawback with plastic embedding is cost and 

the length of time to complete the preparation. 

 The  written pathology report   is the fi nal document that, 

once signed, represents the pathology data that has been col-
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lected throughout the study and is now used as a major piece 

for the regulatory authorities to decide whether the device 

can move to human clinical trials. There are many different 

versions of the pathology report that can be created; the 

authors prefer to have a complete pathology report with all 

fi ndings included in chronological order of the study. In gen-

eral, these parts include: (1) clinical pathology; (2) gross 

pathology including photographs (animal and device); (3) 

digital radiographs of the device; and (4) microscopic analy-

ses of the device and organs of interest. This allows the report 

reader to have the complete analyses of each animal/device 

interaction in one document. The second document one 

should typically prepare is the pathology summary which 

should combine all fi ndings from each animal in the study 

and provide conclusions based on the study protocol and any 

other regulatory document related items.       

27.8     Cellular Cardiomyoplasty 

  Cellular cardiomyoplasty  , the process by which the injured 

myocardium is repaired by cell transplantation, has signifi -

cant clinical potential [ 74 ,  75 ]. Much of the excitement about 

cell-based therapy lies on the premise that repairing the 

injured heart will overcome inherent limitations for the broad 

application of organ transplantation and mechanical assist 

devices. Validation of such therapies needs to be performed 

in appropriate animal models. A thorough review of the lit-

erature for stem cell-mediated cardiac therapy has been pro-

vided in Chap.   40    , and thus will only be reviewed briefl y in 

this section. 

27.8.1     The Ideal Cell Population 
for Cardiomyoplasty 

 While advances in the fi eld of cardiomyoplasty have 

recently been achieved with the advent of stem cell technol-

ogy, the “ideal” population of cells that is able  to   effectively 

engraft damaged myocardium and restore cardiac function 

without improper differentiation to other contaminating cell 

types is still an issue of debate. Many cell types with the 

potential to repair the injured heart have been considered, 

including differentiated cells (fetal myocytes or satellite 

muscle cells) and undifferentiated cells (embryonic or adult 

stem cells). While pluripotent embryonic stem cells offer 

the promise of functional plasticity and the ability to differ-

entiate into any cell type in vitro, extensive experimentation 

in vivo is still necessary to properly direct the formation of 

integrated, functional cardiac tissue at the site of injury 

without improper differentiation to form teratomas (tumors) 

or other noncardiac cell types. Multipotent tissue-specifi c 

cells that have already committed to a distinct lineage, such 

as hematopoietic stem cells, mesenchymal stem cells, and 

endothelial progenitor cells, have also produced encourag-

ing results [ 76 ]. However, to date, the use of these cells 

often results in incomplete engraftment and a failure to 

restore cardiac function over time [ 77 ]. Regardless of the 

cell type used in cardiomyoplasty, it is clear that animal 

models will again play a crucial role in the translational 

research that will be necessary to advance this theory into 

clinical practice. Hence, such cell preparations need to be 

appropriately prepared for each selected species of animal 

to be included within a given trial.  

    Table 27.4     Histology stains a      

 Technique  Stain/method  Use 

 Histochemistry (paraffi n)  Hematoxylin and Eosin (HE)  General stain used for initial survey of the 
tissue. Many changes can be identifi ed with 
this stain 

 Movat’s pentachrome (MP)/Masson’s 
trichrome 

 Identifi es (smooth) muscle, collagen fi bers and 
with MP elastic fi bers, mucin and fi brin 

 Alizarin red (AR)/ Von Kossa (VK)  Highlights calcifi cation (AR) and 
mineralization (VK) 

 Toluidine blue-Basic Fuschin or elastin  Demonstrates mucopolysaccharides and other 
metachromatic substances in tissue sections 

 Periodic Acid Schiff (PAS)  Highlights glycoproteins present 
extracellularly as well as in chondroid matrix 

 Immunohistochemistry (paraffi n)  Factor VIII, CD31  Identifying endothelial cells 

 Alpha smooth muscle actin  Identifi es smooth muscle presence within 

 Plastic embedding  HE, Toluidine blue-Basic Fuchsin or 
elastin, PAS 

 See above for use 

   a This list is not exhaustive, but highlights some of the major methods and stains used in histologic valve analysis  
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27.8.2     Animal Models for Stem Cell Research 

    Although multiple animal  species   have been used for the 

study  of   cellular cardiomyoplasty,  most   investigators have 

chosen acute ischemia as their experimental model of 

choice. However, while effective treatment options for acute 

ischemia do exist, only limited options are available for 

chronic myocardial ischemia. This observation strongly 

suggests that further development of the chronic ischemia 

models using cardiomyoplasty is warranted. As with most 

research, the experimental hypothesis will remain funda-

mental in choosing the correct animal model. However, the 

lack of appropriate stem cell lines in the desired species will 

add more limitations in selection. Fully characterizing cell 

lines are important and advantageous so that functional 

changes of the therapy are correctly attributed to the appro-

priate precursor cell. 

 The multiple types of stem cells available for the rodent, 

specifi cally the rat and mouse, have made small animal mod-

els effective for investigations of stem cell engraftments. 

However, the differences in myocardial perfusion and ven-

tricular thickness may confer differences in nutrient supplies 

that would support engraftment in small animal models, but 

the results obtained may not be translatable to either large 

mammalian models or humans. 

 Ultimately, large animal models that better approximate 

the diseased human heart will be required to fully assess 

stem cell engraftment, differentiation, and/or functional 

improvement. Furthermore, large animal models, in general, 

are considered better suited for assessment of myocardial 

function via angiography, echocardiography, or MRI; how-

ever, to date, the limited availability of appropriate stem cell 

lines for use in these models has prevented the widespread 

use of large animal models. Nevertheless, stem cell lines are 

currently being developed for the pig, dog, and monkey at a 

number of institutions. More specifi cally, one lab  has   devel-

oped  a   canine model of cardiomyoplasty for chronic isch-

emia in which bone marrow-derived stem cells are used 

(Fig.  27.15 ). Two of this chapter’s authors, (RPG, RWB), 

have demonstrated successful engraftment and statistically 

signifi cant, sustained long-term improvement in regional 

myocardial function by MRI follow-up. Though successful, 

this fi rst effort has resulted in additional questions that need 

resolution: (1) How and when should we deliver the cells? 

(2) How many cells should be implanted? (3) How often do 

cells need to be delivered? Much work has yet to be com-

pleted before one can be certain that stem cell therapies can 

be considered a viable treatment for various forms of myo-

cardial disease.   

27.8.3        Stem Cell Delivery Methods 

 Multiple methods of stem cell  delivery   have  been   investigated 

including: (1) direct myocardial injection; (2) peripheral trans-

fusion; and/or (3) stem cell mobilization [ 78 ].  Direct epicar-

dial-myocardial injection   can be fairly consistently completed 

intraoperatively during procedures such as coronary arterial 

bypass or valve operations.  Endocardial injection   will likely 

be completed by using commercially available, radiographi-

cally guided stem cell injection catheters (Fig.  27.16 ).    Both 

transfusion and mobilization of resident stem cells offer the 

least invasive means of stem cell delivery, but require the 

availability of effective cellular homing signals to direct the 

correct location for engraftment. This latter hurdle could 

possibly be overcome by using guided direct myocardial 

injections, either surgically or via interventional catheter tech-

niques. Available information suggests that multiple stem cell 

injections may be required to achieve full myocardial regen-

eration for therapeutic repair. As a result, the use of stem cell 

injection catheters may become the standard of practice. 

In addition, advanced imaging techniques such as MRI could 

be used to localize the injured myocardium and direct, in real-

time, stem cell injection catheters to the damaged area.

27.8.4        Stem Cell Engraftment Issues 

   The ability to track  the   implanted cell  is   critical not only to 

assess the potential of engraftment but also for later determi-

nation of differentiation and incorporation into the native tis-

sue. Multiple techniques of cell labeling are currently under 

investigation including the use of viral gene transduction 

(e.g., DAPI, Green Fluorescent Gene, Lac Z), incorporation 

of dyes, and the use of metallic microparticles [ 79 ,  80 ]. For 

example, gene insertion can be fairly easily accomplished, 

i.e., allowing for fl uorescence microscopy or Q-PCR identifi -

cation of the stem cell. However, the exact insertion site into 

the DNA of the cell cannot currently be well controlled, intro-

ducing the possibility for nonexpression of the gene or poten-

tial disruption of normal cellular transcription and translation 

processes. The use of dyes incorporated into the cells by pino-

cytosis has been reported. The primary disadvantage of this 

technique has been the potential for dye incorporation into 

native cells in vivo. The use of metallic microparticles has 

received recent attention, since such particles may allow for 

real-time identifi cation of cells by MRI imaging and later 

pathologically by staining. However, information about the 

potential disruption of cellular  function and possible uptake 

in vivo by native cells has yet to be fully elucidated  .  
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27.8.5     Functional Assessment of Stem Cell 
Therapies 

 Many efforts to  demonstrate   improvement  in   cardiac func-

tion following cellular cardiomyoplasty have been under-

taken. Methods include pressure measurements, ultrasonic 

microcrystal placement, echocardiography, and/or 

MRI. Regardless of the specifi c method used by the investi-

gators, to date, there are only a few signifi cant long-term 

follow-up studies that exist in the literature. Thus, we con-

clude that much more research is required before this 

approach can be applied to humans.   

27.9     Summary 

 In preparing to embark on a preclinical study of a new car-

diovascular device, procedure, drug, and/or therapy, it is 

important to carefully select the animal model. Once the 

model has been selected, the study design to be followed car-

ries immense importance, particularly with regard to the 

rigor of the scientifi c method, regulatory intricacies and, last 

but not least, the ethical considerations involved with animal 

use. Attention to all these details is essential and will allow a 

successful preclinical study outcome. New cardiovascular 

technologies will continue to be introduced into an ever- 

  Fig. 27.15     Canine model for    bone marrow-derived multipotent stem cell cardiomyoplasty   (Illustration courtesy of Kathy B. Nichols)       
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increasing environment of tighter regulations for animal use 

and human safety. At some stage of a device’s evolution, 

consultation with experienced centers of experimental 

research is recommended, as they can provide additional 

assistance for preparing research protocols and completing 

the research necessary for well-performed preclinical stud-

ies. The progression of a device from design to clinical use is 

the end goal of these studies and, as such, preclinical research 

will remain a necessary step for the foreseeable future.     

   References 

    1.   National Research Council (US) Committee for the Update of the 
Guide for the Care and Use of Laboratory Animals (2011) Guide 
for the Care and Use of Laboratory Animals, 8th edition Washington 
(DC): National Academies Press (US)  

      2.    Gross DR (ed) (1994) Animal models in cardiovascular research, 
2nd edn. Kluwer Academic Press, Dordrecht, p 494  

   3.    Ettinger SJ (2000) Congenital heart diseases. In: Ettinger SJ, 
Feldman EC (eds) Textbook of veterinary internal medicine: dis-
eases of the dog and cat. WB Saunders, Philadelphia, pp 737–787  

   4.    Turk JR, Root CR (1983) Necropsy of the canine heart: a simple 
technique for quantifying ventricular hypertrophy and valvular 
alterations. Comp Cont Ed Pract Vet 5:905–906  

   5.    Swindle MM, Makin A, Herron AJ, Clubb FJ Jr, Frazier KS (2012) 
Swine as models in biomedical research and toxicology testing. Vet 
Pathol 49:344–356  

    6.   Ahlberg SE, Bateman MG, Eggen MD et al (2013) Animal models 
for cardiac valve research. In: Iaizzo PA, Bianco RW, Hill AJ, St. 
Louis JD (eds) Heart valves: from design to clinical implantation. 
Springer, New York  

    7.    Breckenridge R (2010) Heart failure and mouse models. Dis Model 
Mech 3:138–143  

    8.    Haworth RA, Hunter DR, Berkoff HA, Moss RL (1983) Metabolic 
cost of the stimulated beating of isolated adult rat heart cells in 
suspension. Circ Res 52:342–351  

     9.    Spieckermann PG, Piper HM (1985) Oxygen demand of calcium- 
tolerant adult cardiac myocytes. Basic Res Cardiol 80:71–74  

     10.    Claycomb WC, Lanson NA Jr, Stallworth BS et al (1998) HL-1 
cells: a cardiac muscle cell line that contracts and retains pheno-
typic characteristics of the adult cardiomyocyte. Proc Natl Acad Sci 
U S A 95:2979–2984  

    11.    Niggli E (1988) A laser diffraction system with improved sensitiv-
ity for long-time measurements of sarcomere dynamics in isolated 
cardiac myocytes. Pfl ugers Arch 411:462–468  

   12.    Roos KP, Brady AJ, Tan ST (1982) Direct measurement of sarco-
m e r e 
length from isolated cardiac cells. Am J Physiol 242:H68–H78  

   13.    Roos KP, Brady AJ (1982) Individual sarcomere length determina-
tion from isolated cardiac cells using high-resolution optical 
microscopy and digital image processing. Biophys J 40:233–244  

   14.    Murphy MP, Hohl C, Brierley GP, Altschuld RA (1982) Release of 
enzymes from adult rat heart myocytes. Circ Res 51:560–568  

    15.    Tung L (1986) An ultrasensitive transducer for measurement of iso-
metric contractile force from single heart cells. Pfl ugers Arch 
407:109–115  

    16.    Chinchoy E, Soule CL, Houlton AJ et al (2000) Isolated four- 
chamber working swine heart model. Ann Thorac Surg 
70:1607–1614  

    17.    Hill AJ, Coles JA, Sigg DC, Laske TG, Iaizzo PA (2003) Images of 
the human coronary sinus ostium obtained from isolated working 
hearts. Ann Thorac Surg 76:2108  

    18.    Schechter MA, Southerland KW, Feger BJ et al (2014) An isolated 
working heart system for large animal models. J Vis Exp 11:88  

    19.    Neely JR, Liebermeister H, Morgan HE (1967) Effect of pressure 
development on membrane transport of glucose in isolated rat 
heart. Am J Physiol 212:815–822  

    20.    Wicomb WN, Cooper DK, Barnard CN (1982) Twenty-four-hour 
preservation of the pig heart by a portable hypothermic perfusion 
system. Transplantation 34:246–250  

    21.    Dunphy G, Richter HW, Azodi M et al (1999) The effects of man-
nitol, albumin, and cardioplegia enhancers on 24-h rat heart preser-
vation. Am J Physiol 276:H1591–H1598  

    22.    Menasche P, Hricak B, Pradier F et al (1993) Effi cacy of 
lactobionate- enriched cardioplegic solution in preserving compli-
ance of cold-stored heart transplants. J Heart Lung Transplant 
12:1053–1061  

     23.    Gallegos RP, Nockel PJ, Rivard AL, Bianco RW (2005) The current 
state of in-vivo pre-clinical animal models for heart valve evalua-
tion. J Heart Valve Dis 14:423–432  

     24.    Taylor DE, Whamond JS (1975) A method of producing graded 
stenosis of the aortic and mitral valves in sheep for fl uid dynamic 
studies. J Physiol 244:16P–17P  

    25.    Su-Fan Q, Brum JM, Kaye MP, Bove AA (1984) A new technique 
for producing pure aortic stenosis in animals. Am J Physiol 
246:H296–H301  

      26.    Rogers WA, Bishop SP, Hamlin RL (1971) Experimental produc-
tion of supravalvular aortic stenosis in the dog. J Appl Physiol 
30:917–920  

    27.    Spratt JA, Olsen CO, Tyson GS Jr, Glower DD Jr, Davis JW, Rankin 
JS (1983) Experimental mitral regurgitation. Physiological effects 
of correction on left ventricular dynamics. J Thorac Cardiovasc 
Surg 86:479–489  

    28.    Swindle MM, Adams RJ (eds) (1988) Experimental surgery and 
physiology: induced animals models of human disease. Williams & 
Wilkins, Philadelphia  

  Fig. 27.16    Example of catheter-guided stem cell  therapy   for myocar-
dial infarction       

 

27 Animal Models for Cardiac Research



490

    29.    Donnelly KB (2008) Cardiac valvular pathology: comparative 
pathology and animal models of acquired cardiac valvular diseases. 
Toxicol Pathol 36:204–217  

    30.    Bianco RW, St Cyr JA, Schneider JR et al (1986) Canine model for 
long-term evaluation of prosthetic mitral valves. J Surg Res 
41:134–140  

     31.    Grehan JF, Hilbert SL, Ferrans VJ, Droel JS, Salerno CT, Bianco 
RW (2000) Development and evaluation of a swine model to assess 
the preclinical safety of mechanical heart valves. J Heart Valve Dis 
9:710–719, discussion 719–720  

    32.    Sider KL, Blaser MC, Simmons CA (2011) Animal models of cal-
cifi c aortic valve disease. Int J Infl am 2011:364310  

    33.    Barnhart GR, Jones M, Ishihara T, Chavez AM, Rose DM, Ferrans 
VJ (1982) Bioprosthetic valvular failure. Clinical and pathological 
observations in an experimental animal model. J Thorac Cardiovasc 
Surg 83:618–631  

    34.    Sands MP, Rittenhouse EA, Mohri H, Merendino KA (1969) An 
anatomical comparison of human pig, calf, and sheep aortic valves. 
Ann Thorac Surg 8:407–414  

    35.    Salerno CT, Droel J, Bianco RW (1998) Current state of in vivo 
preclinical heart valve evaluation. J Heart Valve Dis 7:158–162  

    36.    Yu WC, Chen SA, Lee SH et al (1998) Tachycardia-induced change 
of atrial refractory period in humans: rate dependency and effects 
of antiarrhythmic drugs. Circulation 97:2331–2337  

    37.    Au-Yeung K, Johnson CR, Wolf PD (2004) A novel implantable 
cardiac telemetry system for studying atrial fi brillation. Physiol 
Meas 25:1223–1238  

    38.    Sharifov OF, Fedorov VV, Beloshapko GG, Glukhov AV, 
Yushmanova AV, Rosenshtraukh LV (2004) Roles of adrenergic 
and cholinergic stimulation in spontaneous atrial fi brillation in 
dogs. J Am Coll Cardiol 43:483–490  

    39.    Brugada R, Roberts R (1999) Molecular biology and atrial fi brilla-
tion. Curr Opin Cardiol 14:269–273  

    40.    Rivard AL, Suwan PT, Imaninaini K, Gallegos RP, Bianco RW 
(2007) Development of a sheep model of atrial fi brillation for pre-
clinical prosthetic valve testing. J Heart Valve Dis 16:314–323  

    41.   Gallegos RP, Wang X, Clarkson C, Jerosch-Herold M, Bolman RM 
(2003) Serum troponin level predicts infarct size. In: American 
Heart Association. American Heart Association, San Antonio  

     42.    Verdouw PD, van den Doel MA, de Zeeuw S, Duncker DJ (1998) 
Animal models in the study of myocardial ischaemia and ischaemic 
syndromes. Cardiovasc Res 39:121–135  

    43.    McFalls EO, Baldwin D, Palmer B, Marx D, Jaimes D, Ward HB 
(1997) Regional glucose uptake within hypoperfused swine myo-
cardium as measured by positron emission tomography. Am J 
Physiol 272:H343–H349  

   44.    Headrick JP, Emerson CS, Berr SS, Berne RM, Matherne GP 
(1996) Interstitial adenosine and cellular metabolism during beta- 
adrenergic stimulation of the in situ rabbit heart. Cardiovasc Res 
31:699–710  

    45.    Massie BM, Schwartz GG, Garcia J, Wisneski JA, Weiner MW, 
Owens T (1994) Myocardial metabolism during increased work 
states in the porcine left ventricle in vivo. Circ Res 74:64–73  

    46.    Lie JT, Holley KE, Kampa WR, Titus JL (1971) New histochemical 
method for morphologic diagnosis of early stages of myocardial 
ischemia. Mayo Clin Proc 46:319–327  

    47.    Zaragoza C, Gomez-Guerrero C, Martin-Ventura JL et al (2011) 
Animal models of cardiovascular diseases. J Biomed Biotechnol 
2011:497841  

    48.    Winkler B, Binz K, Schaper W (1984) Myocardial blood fl ow and 
infarction in rats, guinea pigs, and rabbits. J Mol Cell Cardiol 16:48  

    49.    Kirklin JK, Young JB, McGiffi n D (eds) (2002) Heart transplanta-
tion. Churchill Livingstone, New York, p 883  

    50.    Wicomb W, Cooper DK, Hassoulas J, Rose AG, Barnard CN (1982) 
Orthotopic transplantation of the baboon heart after 20 to 24 hours’ 

preservation by continuous hypothermic perfusion with an oxygen-
ated hyperosmolar solution. J Thorac Cardiovasc Surg 83:133–140  

   51.    Tsutsumi H, Oshima K, Mohara J et al (2001) Cardiac transplanta-
tion following a 24-h preservation using a perfusion apparatus. J 
Surg Res 96:260–267  

   52.    Fischel RJ, Matas AJ, Platt JL et al (1992) Cardiac xenografting in 
the pig-to-rhesus monkey model: manipulation of antiendothelial 
antibody prolongs survival. J Heart Lung Transplant 11:965–973, 
discussion 973–974  

    53.    Hunt SA, Haddad F (2008) The changing face of heart transplanta-
tion. J Am Coll Cardiol 52:587–598  

    54.    Newcomb AE, Esmore DS, Rosenfeldt FL, Richardson M, Marasco 
SF (2004) Heterotopic heart transplantation: an expanding role in 
the twenty-fi rst century? Ann Thorac Surg 78:1345–1350, discus-
sion 1350–1351  

    55.    Langman LJ, Nakakura H, Thliveris JA, LeGatt DF, Yatscoff RW 
(1997) Pharmacodynamic monitoring of mycophenolic acid in rab-
bit heterotopic heart transplant model. Ther Drug Monit 
19:146–152  

    56.    Beschorner WE, Sudan DL, Radio SJ et al (2003) Heart xenograft 
survival with chimeric pig donors and modest immune suppression. 
Ann Surg 237:265–272  

    57.    Perrault LP, Bidouard JP, Desjardins N, Villeneuve N, Vilaine JP, 
Vanhoutte PM (2002) Comparison of coronary endothelial dys-
function in the working and nonworking graft in porcine hetero-
topic heart transplantation. Transplantation 74:764–772  

    58.    Ono K, Lindsey ES (1969) Improved technique of heart transplan-
tation in rats. J Thorac Cardiovasc Surg 57:225–229  

    59.    Swindle MM, Horneffer PJ, Gardner TJ et al (1986) Anatomic and 
anesthetic considerations in experimental cardiopulmonary surgery 
in swine. Lab Anim Sci 36:357–361  

    60.    Kozlowski T, Shimizu A, Lambrigts D et al (1999) Porcine kidney 
and heart transplantation in baboons undergoing a tolerance induc-
tion regimen and antibody adsorption. Transplantation 67:18–30  

    61.    Goddard MJ, Dunning J, Horsley J, Atkinson C, Pino-Chavez G, 
Wallwork J (2002) Histopathology of cardiac xenograft rejection in 
the pig-to-baboon model. J Heart Lung Transplant 21:474–484  

    62.    DeBault L, Ye Y, Rolf LL et al (1992) Ultrastructural features in 
hyperacutely rejected baboon cardiac allografts and pig cardiac 
xenografts. Transplant Proc 24:612–613  

    63.    Brenner P, Schmoeckel M, Reichenspurner H et al (2000) Technique 
of immunoapheresis in heterotopic and orthotopic xenotransplanta-
tion of pig hearts into cynomolgus and rhesus monkeys. Transplant 
Proc 32:1087–1088  

   64.    Kurlansky PA, Sadeghi AM, Michler RE et al (1987) Comparable 
survival of intra-species and cross-species primate cardiac trans-
plants. Transplant Proc 19:1067–1071  

    65.    Lambrigts D, Sachs DH, Cooper DK (1998) Discordant organ 
xenotransplantation in primates: world experience and current sta-
tus. Transplantation 66:547–561  

    66.    Wiener AS, Socha WW, Moor-Jankowski J (1974) Homologous of 
the human A-B-O blood groups in apes and monkeys. Haematologia 
(Budap) 8:195–216  

    67.    Kroshus TJ, Rollins SA, Dalmasso AP et al (1995) Complement 
inhibition with an anti-C5 monoclonal antibody prevents acute car-
diac tissue injury in an ex vivo model of pig-to-human xenotrans-
plantation. Transplantation 60:1194–1202  

    68.    Salerno CT, Kulick DM, Yeh CG et al (2002) A soluble chimeric 
inhibitor of C3 and C5 convertases, complement activation 
blocker-2, prolongs graft survival in pig-to-rhesus monkey heart 
transplantation. Xenotransplantation 9:125–134  

    69.    Cramer DV, Podesta L, Makowka L (eds) (1994) Handbook of ani-
mal models in transplantation research. CRC, Boca Raton, p 352  

    70.    Li X, Bai J, He P (2002) Simulation study of the Hemopump as a 
cardiac assist device. Med Biol Eng Comput 40:344–353  

N. Robinson et al.



491

    71.    Snyder TA, Watach MJ, Litwak KN, Wagner WR (2002) Platelet 
activation, aggregation, and life span in calves implanted with axial 
fl ow ventricular assist devices. Ann Thorac Surg 73:1933–1938  

    72.    Mussivand T, Fujimoto L, Butler K et al (1989) In vitro and in vivo 
performance evaluation of a totally implantable electrohydraulic 
left ventricular assist system. ASAIO Trans 35:433–435  

    73.    King JM, Dodd DC, Roth L (eds) (2006) The necropsy book, 5th 
edn. Cornell University, New York  

    74.   Reffelmann T, Leor J, Muller-Ehmsen J, Kedes L, Kloner RA 
(2003) Cardiomyocyte transplantation into the failing heart-new 
therapeutic approach for heart failure? Heart Fail Rev 
8:201–211  

    75.    Reffelmann T, Kloner RA (2003) Cellular cardiomyoplasty–cardio-
myocytes, skeletal myoblasts, or stem cells for regenerating myo-
cardium and treatment of heart failure? Cardiovasc Res 
58:358–368  

    76.    Reffelmann T, Dow JS, Dai W, Hale SL, Simkhovich BZ, Kloner 
RA (2003) Transplantation of neonatal cardiomyocytes after per-
manent coronary artery occlusion increases regional blood fl ow of 
infarcted myocardium. J Mol Cell Cardiol 35:607–613  

    77.    Sakai T, Ling Y, Payne TR, Huard J (2002) The use of ex vivo gene 
transfer based on muscle-derived stem cells for cardiovascular 
medicine. Trends Cardiovasc Med 12:115–120  

    78.    Hill JM, Dick AJ, Raman VK et al (2003) Serial cardiac magnetic 
resonance imaging of injected mesenchymal stem cells. Circulation 
108:1009–1014  

    79.    Kraitchman DL, Heldman AW, Atalar E et al (2003) In vivo mag-
netic resonance imaging of mesenchymal stem cells in myocardial 
infarction. Circulation 107:2290–2293  

    80.    Kraitchman DL, Sampath S, Castillo E et al (2003) Quantitative 
ischemia detection during cardiac magnetic resonance stress testing 
by use of FastHARP. Circulation 107:2025–2030    

27 Animal Models for Cardiac Research



493© Springer International Publishing Switzerland 2015
P.A. Iaizzo (ed.), Handbook of Cardiac Anatomy, Physiology, and Devices, DOI 10.1007/978-3-319-19464-6_28

      Catheter Ablation of Cardiac 
Arrhythmias       

     Henri     Roukoz      ,     Fei     Lü     , and     Scott     Sakaguchi    

    Abstract  

  In humans, the typical range of the resting sinus heart rate is 50–90 beats per minute (bpm); 

most average healthy individuals have resting rates in the 60–70 bpm range.  Bradycardia  

(slow heart beat) is a term used to refer to any heart rate <60 bpm, and  tachycardia  (fast 

heart beat) indicates rates >100 bpm. Disturbances of cardiac impulse formation and/or 

transmission comprise the principal mechanisms causing abnormalities of heart rhythm. In 

basic terms, these are classifi ed as being either brady- or tachy-arrhythmias. The primary 

goals for treatment of arrhythmias are: (1) to alleviate symptoms and thus improve an indi-

vidual’s quality of life; and (2) to prolong patient survival. Pharmacologic treatment has 

been the mainstay for management of most cardiac arrhythmias, although in recent years, 

implantable devices and ablations have become increasingly important. Therefore, non-

pharmacologic therapies have begun to play an increasingly important role in curing many 

arrhythmias (catheter ablation), and preventing their life-threatening consequences 

[implantable cardioverter defi brillator (ICD) therapy for both primary and secondary 

 prevention of sudden cardiac death (SCD)].  
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  Abbreviations 

   AFib    Atrial fi brillation   

  AT    Atrial tachycardia   

  AV    Atrioventricular   

  AVNRT    Atrioventricular nodal reentry tachycardia   

  AVRT    Atrioventricular reentry tachycardia   

  Bpm    Beats per minute   

  CFAE    Complex fractionated atrial electrogram   

  DC    Direct current   

  ECG    Electrocardiography   

  EPS    Electrophysiologic study   

  ICD    Implantable cardioverter defi brillator   

  IST    Inappropriate sinus tachycardia   

  LV    Left ventricular   

  PAC    Premature atrial complex   

  PSVT    Paroxysmal supraventricular tachycardia   

  PVC    Premature ventricular complex   

  RF    Radiofrequency   

  RV    Right ventricular   

  SCD    Sudden cardiac death   

  SND    Sinus node dysfunction   

  SVT    Supraventricular tachycardia   

  TdP    Torsades de Pointes   

  VT    Ventricular tachycardia   

  WPW    Wolff–Parkinson–White syndrome   

mailto:rouko001@umn.edu


494

28.1           Introduction 

 Since it is fundamentally important to understand the mecha-

nisms underlying each individual cardiac arrhythmia that 

may be treated by catheter ablation therapy, the basics of car-

diac electrophysiology and individual arrhythmias are fi rst 

described in this chapter. The normal heartbeat is initiated by 

pacemaker cells in the sinus node located in the right atrium, 

adjacent to its junction with the superior vena cava. These 

cells comprise a specialized, albeit somewhat diffuse, region 

of the right atrium called the sinus node. The rate and regu-

larity of sinus node activity is determined by the intrinsic 

fi ring rate (automaticity) of the cells within the node and the 

infl uence of extrinsic factors on these cells, including auto-

nomic neural tone, electrolytes, and drugs. The usual range 

of the resting sinus rate is 50–90 beats per minute (bpm), 

although rates as low as 35–40 bpm can be common in fi t 

athletic individuals. The average healthy adult’s resting rates 

are in the 60–70 bpm range.  Bradycardia  (slow heart beat) is 

a term used to refer to any heart rate <60 bpm, and  tachycar-

dia  (fast heart beat) indicates rates >100 bpm. These defi ni-

tion boundaries are somewhat arbitrary relative to a given 

individual. 

 Once generated by the sinus node cells, the cardiac elec-

trical impulse traverses the atria by means of preferential 

conduction routes (determined by intra-atrial muscle band 

pathways) to the atrioventricular (AV) node, which is the 

beginning of the true anatomic specialized conduction sys-

tem in the ventricle (i.e., the His bundle, bundle branches, 

and penetrating Purkinje fi ber network). Normally, impulse 

transit through the AV node is relatively slow (the delay that 

occurs accounts for the majority of the PR interval recorded 

on the surface electrocardiogram), thereby offering the 

opportunity for optimized transfer of blood from the atria to 

the ventricles prior to initiation of ventricular activation (see 

Chap.   13    ).  

28.2     Mechanism of Cardiac Arrhythmias 

 The term  arrhythmia  is typically used to refer to disturbances 

of the normal heart rhythm. An exception to this rule is  sinus 

arrhythmia  which refers to the normal variations in sinus 

rhythm associated with physiologic alterations (neural infl u-

ences) on the sinus node, or cellular pacemaker automaticity. 

The most important cause of such variations is the infl uence 

of the respiratory cycle, but other factors such as beat-to-beat 

changes in cardiac output (i.e., ventriculophasic feedback) 

may also contribute. 

 Disturbances of cardiac impulse formation and/or propa-

gation comprise the principal mechanisms causing abnor-

malities of heart rhythm. In basic terms, these are classifi ed 

as being either brady- or tachy-arrhythmias. Bradycardia 

may be  physiologic  in some individuals, or it may be the 

result of either: (1)  sinus node dysfunction  (SND; the older 

term  sick sinus syndrome  is still used by some); or (2) AV 

conduction block (i.e., intermittent or permanent block of 

impulse transmission from the site of normal pacemaker 

activity in the atria through the specialized cardiac conduc-

tion system to the ventricles). Either of these conditions can 

be caused by intrinsic disease within the pacemaker cell or 

conduction system or by extrinsic factors such as medica-

tions or autonomic system disturbances or disease. 

 The mechanisms underlying tachycardia are multiple and 

more complex than those causing bradycardia. Nevertheless, 

tachycardia can be classifi ed as being due to either abnor-

mally rapid impulse initiation (i.e.,  abnormal automaticity  

from the sinus node region or other subsidiary or abnormal 

pacemaker sites) or  abnormal impulse conduction , or both 

(see Table  28.1 ).

28.3        Clinical Presentation and Diagnosis 

 Arrhythmias can and often do occur in an apparently normal 

heart [e.g., premature atrial or ventricular beats, paroxysmal 

supraventricular tachycardias (PSVTs)]. However, other 

clinically important rhythm disturbances are more com-

monly associated with genetic or structural heart disease. 

Today, myocardial ischemia is the most important substrate 

for serious arrhythmias in the Western world, but other forms 

of nonischemic cardiomyopathy, valvular heart disease, and 

genetically determined disorders (e.g., long QT syndrome, 

Brugada syndrome) are also culprits. In Western countries, 

   Table 28.1    Mechanisms of tachycardias   

 Abnormal impulse initiation 

 • Automaticity 

 – Enhanced normal automaticity: as seen in inappropriate sinus 
tachycardia. 

 – Abnormal automaticity: as in ectopic atrial tachycardia, 
accelerated junctional rhythm, and idiopathic ventricular 
tachycardias. 

 • Triggered activity 

 – Early after-depolarization: implicated in  Torsades de pointes  
in long QT syndromes. 

 – Delayed after-depolarization: seen in digitalis-induced 
arrhythmias and paroxysmal catecholaminergic ventricular 
tachycardia (CPVT). 

 Abnormal impulse conduction 

 • Anatomical reentry: 

 – Related to normal anatomic boundaries: typical atrial fl utter. 
 – Related to acquired boundaries: ventricular tachycardia late 

after myocardial infarction or surgical ventricular incisions, 
atrial tachycardias related to surgical atrial incisions. 

 – Random reentry and rotors: as seen in atrial fi brillation. 

 • Other concepts (refl ection, functional reentry, and anisotropic 
reentry). 
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viral and rare bacterial infections such as Lyme disease can 

cause myocarditis, and can be sources of serious arrhyth-

mias. In other parts of the world, infections such as rheu-

matic heart disease in Africa and Asia, or Chagas disease in 

South America, remain as important underlying causes of 

heart rhythm disturbances. 

 Importantly, the clinical presentation of cardiac arrhyth-

mias may range widely from being completely asymptom-

atic or mildly symptomatic (palpitations and anxiety) to 

syncope and even sudden cardiac death (SCD); the clinical 

impact is largely dependent on arrhythmia-induced hemody-

namic changes. The electrophysiologic and hemodynamic 

consequences of a particular arrhythmia are primarily deter-

mined by the: (1) ventricular rate and duration; (2) site of 

origin; (3) underlying cardiovascular status (i.e., severity of 

associated heart and vascular disease); and/or (4) promptness 

and completeness of autonomic nervous system responses to 

the arrhythmia-induced “stress.” 

 Some arrhythmias can be readily diagnosed by standard 

12-lead electrocardiography (ECG), but in other patients its 

use is often too brief to detect transient rhythm problems. 

Consequently, other techniques are frequently required to 

establish an accurate diagnosis including: (1) prolonged 

ambulatory ECG monitoring (e.g., event monitors, Holter 

monitors, or mobile outpatient cardiac telemetry); (2) 

implantable loop recorders; and/or (3) clinical electrophysi-

ologic testing. In selected cases, additional exercise stress 

testing and signal-averaged ECG recordings may also be 

used to assess the general susceptibility of a given patient to 

arrhythmias. Other techniques have provided useful research 

information, but their value in daily practice remains to be 

fully defi ned at this time, such as: (1) analyses of heart rate 

variability; (2) relative barorefl ex sensitivity; (3) assessment 

of QT dispersion or T-wave alternans; and/or (4) body sur-

face potential mapping.  

28.4     Treatment Considerations 

 The primary goals of the treatment for arrhythmias are two-

fold: (1) to alleviate symptoms and thus improve the given 

patient’s quality of life; and (2) to prolong survival. Still 

today, pharmacologic treatments are the initial choice for 

management of most cardiac arrhythmias, although, in recent 

years, implantable devices and ablation have become increas-

ingly important, and in several cases the “fi rst line” therapy. 

The principal pharmacologic effects of antiarrhythmic drugs 

can be found within the  Vaughn - Williams classifi cation  

(Table  28.2 ). A more comprehensive classifi cation, termed 

 the Sicilian Gambit , was introduced in 1991 [ 1 ]; this was 

based on a more comprehensive consideration of the cellular 

basis of drug actions. In general, neither scheme is fully 

 useful in the treatment of specifi c arrhythmias. Selection of 

antiarrhythmic drugs for a given patient should be individu-

alized based on the arrhythmia being treated, the underlying 

heart disease and comorbidities, individualized responses, 

and potential side effects.

   In patients with ischemia associated with left ventricular 

dysfunction, Class I antiarrhythmic agents should be avoided 

due to their proarrhythmic risks (as well as the tendency of 

this class to exhibit marked negative inotropic effects). Class 

III drugs, on the other hand (i.e., amiodarone, sotalol, and 

dofetilide), appear to elicit neutral effects on survival in these 

patients and have lesser negative inotropic concerns. Beta- 

blockers (Class II agents) have been shown to prolong sur-

vival in patients with structural heart disease. In terms of 

their use for suppression of symptomatic arrhythmias, beta- 

blockers are mainly useful for prevention of AV node- 

dependent reentrant supraventricular tachycardias (SVT) 

and for rate control of atrial fi brillation (AFib). Nevertheless, 

nonpharmacologic interventions, such as catheter ablation 

and implantable cardioverter defi brillator (ICD) therapy for 

primary and secondary prevention of SCD, are considered 

the treatment of choice in some clinical scenarios. For more 

details on pharmacologic effects on the heart, see Chaps.   26     

and   30    .  

   Table 28.2    Vaughn-Williams classifi cation a    

  Class I :  Sodium channel blockers  

 • Class Ia: drugs that reduce Vmax (phase 0 upstroke of action 
potential) and prolong action potential duration, such as 
quinidine, procainamide, and disopyramide. 

 • Class Ib: drugs that do not reduce Vmax and shorten action 
potential duration, such as lidocaine, mexiletine, and phenytoin. 

 • Class Ic: drugs that predominantly slow conduction, moderately 
reduce Vmax, and minimally prolong refractoriness, such as 
fl ecainide, propafenone, and moricizine. 

  Class II :  β - adrenergic receptor blockers  

 • β-blockers may be cardio- or β1-selective such as atenolol, 
esmolol, and metoprolol or noncardioselective such as carvedilol, 
pindolol, and propranolol. 

 • Some exert intrinsic sympathomimetic activity (acebutolol, 
bucindolol, and pindolol) 

 • Some have quinidine-like membrane stabilizing activity 
(acebutolol, carvedilol, and propranolol). 

 •  d -sotalol has strong Class III effect and has been regarded as a 
Class III agent in many conditions. 

  Class III :  Potassium channel blockers that prolong 

refractoriness ,  such as amiodarone ,  bretylium ,  dofetilide , 
 ibutilide ,  and sotalol. Amiodarone has all the four class effects . 

  Class IV :  Calcium channel blockers  

 • Dihydropyridine (almodipine and nifedipine) 
 • Nondihydropyridine drugs (diltiazem and verapamil). 

   a As discussed in the text, the utility of this classifi cation in terms of 
selection of therapy is limited, but the grouping permits important tox-
icity issues to be more readily kept in mind, an important factor when 

choosing drugs for individual patients  
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28.5     Tachyarrhythmias 

28.5.1     Premature Complexes 

 Ectopic premature beats may originate from the atria, the AV 

junction, and/or the ventricles. Treatment of premature com-

plexes is generally not necessary. In the symptomatic patient, 

precipitating factors (such as alcohol, tobacco, and caffeine) 

should be identifi ed and eliminated. Although anxiolytic 

agents and beta-blockers may be tried, their effi cacy is lim-

ited. Antiarrhythmic drugs may be used depending on the 

severity of symptoms and associated underlying cardiac dis-

ease, but avoidance of these drugs is the preferred strategy 

when possible. 

28.5.1.1     Premature Atrial Complexes 

 Premature atrial complexes (PACs) are typically recognized 

on the ECG as early P-waves, with a P-wave morphology 

different from that of the sinus P-wave (Fig.  28.1a ). Since 

the premature P-wave is often superimposed in the preced-

ing T-wave, the T-wave preceding a premature beat should 

be carefully compared to other T-waves to identify any  bur-

ied P - waves . PACs can conduct to the ventricles with a nor-

mal PR interval when the AV junction is not refractory, or 

with a prolonged PR interval when the AV junction is in its 

relative refractory period, or they can be blocked when the 

AV junction is in its  effective refractory period . PACs almost 

always enter the sinus node and reset the sinus cycle length, 

resulting in an  incomplete compensatory pause  (the sum of 

pre- and post-PAC intervals is thus less than that of two nor-

mal sinus PP intervals). They are frequently found in normal 

subjects and are usually asymptomatic. Treatment is usually 

not necessary.

28.5.1.2        Multifocal Atrial Tachycardias 

 Multifocal atrial tachycardia is a relatively uncommon 

arrhythmia characterized by atrial rates between 100 and 

130 bpm with marked variations in P-wave morphology, 

arbitrarily defi ned as at least three different P-wave contours 

(Fig.  28.1d ). Typically, multifocal atrial tachycardias occur 

in older patients with moderate to severe cardiopulmonary 

disease; they may be especially elicited during an exacerba-

tion. Treatment in such cases is often diffi cult, and should be 

primarily directed toward the underlying lung disorder; typi-

cally calcium channel blockers are the treatment of choice. 

Beta-blockers and amiodarone can also be effective, but they 

are usually avoided due to underlying lung disease.  

28.5.1.3     AV Junctional Premature Complexes 

 AV junctional premature complexes are typically recognized 

on the ECG as normal QRS complexes without a preceding 

P-wave (Fig.  28.1b ). Further,  retrograde P - waves  (inverted 

in II, III, and aVF) may be seen after the QRS complexes. AV 

junctional complexes are less common than PACs and are 

often associated with drug intoxication and cardiac disease. 

Most junctional beats have an incomplete compensatory 

pause (like PACs) because they generate a retrograde atrial 

activation that resets the sinus node. On rare occasions, a 

  Fig. 28.1    Atrial ( a ), junctional ( b ), and ventricular ( c ) premature complexes, as well as multifocal atrial tachycardia ( d )       
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junctional premature beat may fail to conduct to either the 

atria or ventricles ( concealed junctional beats ), but results in 

refractoriness in the AV junction and intermittent AV block.  

28.5.1.4     Premature Ventricular Complexes 

 Premature ventricular complexes (PVCs) are recognized as 

wide QRS complexes of ventricular origin that are not pre-

ceded by P-waves (Fig.  28.1c ). In addition, because they are 

premature they often fail to conduct retrograde to the atria. 

Thus, PVCs do not typically reset the sinus node, but they 

typically render the AV junction refractory to the subsequent 

sinus beat. The result is a  full compensatory pause  (the sum 

of pre- and post-PVC intervals equals that of two normal 

sinus PP intervals). On rare occasions, a PVC occurs between 

two consecutive normal sinus beats ( interpolated PVC ). In 

this case, the PVC neither resets the sinus node nor renders 

the AV node refractory, so the second sinus beat is conducted 

to the ventricle. PVCs may occur as a single event, but they 

also occur in patterns of  bigeminy  (sinus beat and PVC alter-

nating) and  trigeminy  (two sinus beats followed by a PVC). 

 Couplets  or  pairs  (two consecutive PVCs) and  nonsustained 

ventricular tachycardia  (arbitrarily defi ned as 3 or more con-

secutive PVCs at a rate of >100 bpm) are also relatively com-

mon observations during the monitoring of patients with 

associated heart disease. 

 PVCs often bear a fi xed  coupling interval  (between the 

onset of PVC and the onset of its preceding sinus QRS com-

plex). When there is a protected ventricular ectopic focus, it 

is constantly fi ring without being reset by the preceding 

sinus beats; this is called  ventricular parasystole  which is 

characterized by varying coupling intervals. These intervals 

between the PVCs can be fi xed or a multiplier of a common 

factor. 

 The relationship of PVCs to SCD is poorly defi ned. 

Frequent PVCs (>5–10 per minute) have been shown to be 

associated with increased risk of SCD. Recent data suggest 

that a high PVC burden could also be the etiology of left ven-

tricular (LV) dysfunction. The challenge is to make sure to 

assess ejection fractions during the sinus rhythm beat in 

patients with very high burden. It should be noted that sup-

pression of PVCs using antiarrhythmic drugs does not reduce, 

and may actually increase, the risk of SCD in patients follow-

ing myocardial infarction [ 2 ,  3 ]. This indicates that mortality 

is primarily determined by the severity of underlying disease, 

and that the ectopy is an associated fi nding but not an inde-

pendent determinant. Alternatively, any benefi t derived from 

PVC suppression by conventional antiarrhythmic drugs may 

be counterbalanced by a drug-induced increment in mortality 

due to their negative inotropic and proarrhythmic effects. 

 Currently, intervention is indicated if the PVC: (1) 

becomes symptomatic; (2) is thought to be the source of LV 

dysfunction; or (3) is a trigger for more serious arrhythmias 

like ventricular tachycardia or ventricular fi brillation. 

In such cases, ablation therapy is often the preferred 

 treatment since it has a relatively high success rate and can 

avoid prolonged medical therapies and their potential side 

effects.   

28.5.2     Sinus Tachycardias 

28.5.2.1     Physiological Sinus Tachycardias 

 Physiological sinus tachycardia represents a normal response 

to a variety of physiological (anxiety and exercise) and path-

ological stresses (fever, hypotension, thyrotoxicosis, hypox-

emia, and congestive heart failure). Sinus tachycardia rarely 

exceeds 200 bpm. It should not be treated for itself, but its 

causes must be explored and some of these may require ther-

apy (e.g., treatments of fever, anemia, or hyperthyroidism).  

28.5.2.2     Inappropriate Sinus Tachycardias 

 Inappropriate sinus tachycardia (IST) is characterized by an 

increased resting heart rate (often >100 bpm) and an exag-

gerated heart rate response to minimal stress. Such a tachy-

cardia is usually associated with distressing symptoms 

(palpitations, fatigue, anxiety, and/or shortness of breath). 

Unfortunately, their etiology and underlying mechanisms are 

often unclear. 

 Care must be taken in making a diagnosis of IST. Bona 

fi de ISTs are rare, but it may be observed after previous car-

diac arrhythmia ablation procedures or in the setting of 

symptoms suggestive of postural orthostatic tachycardia 

syndrome. When considering IST as a diagnosis, it is crucial 

to exclude secondary sinus tachycardias and to correlate 

symptoms with an elicited tachycardia. Electrophysiologic 

studies can be used to exclude atrial tachycardias originating 

close to the sinus node. Further, beta-blockers and calcium 

channel blockers can be used to treat IST, although typically 

with imperfect results. Radiofrequency (RF) modifi cation of 

the sinus node may be considered if drug therapy fails, but 

currently this treatment has limited effi cacy and high recur-

rence rates.   

28.5.3     Paroxysmal Supraventricular 
Tachycardias 

 PSVTs are a group of SVTs associated with sudden onset and 

termination. They are usually recurrent and often occur in oth-

erwise seemingly healthy individuals. As a group, PSVTs are 

among the arrhythmias most amenable to catheter ablation. 

28.5.3.1     Sinus Nodal Reentry Tachycardias 

 Sinus nodal reentry tachycardias are relatively rare (i.e., 

accounting for approximately 3 % of all PSVTs), and tend to 

occur mainly in older individuals with other manifestations 
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of sinus node disease. The average rate of sinus node reentry 

tachycardia is 130–140 bpm, yet these rates can be quite 

labile, suggesting that autonomic infl uences may be at play. 

By defi nition, the P-wave morphology is identical or very 

similar to the sinus P-wave. Vagal maneuvers can slow or 

terminate these tachycardias, since they reenter within a 

region of the sinus node that is heavily infl uenced by vagal 

(parasympathetic) nerve endings. Further, a sinus nodal 

reentry tachycardia should be suspected in “anxiety-related 

sinus tachycardia.” Beta-blockers and calcium channel 

blockers (e.g., verapamil, diltiazem), as well as ablation, all 

remain as viable treatment options.  

28.5.3.2     Atrial Tachycardias (ATs) 

 Atrial tachycardias (ATs) refer to those tachyarrhythmias 

that arise in atrial tissues and which are due to abnormal 

automaticity or reentry. They are classifi ed separately from 

sinus node reentry or AV nodal reentry because, although 

these latter tachyarrhythmias also arise within or utilize the 

atria, the sinus node and AV node are critical components of 

their respective re-entrant tachycardias. A typical AT has an 

atrial rate of 150–200 bpm with a P-wave morphology that is 

usually different from that of sinus P-wave; ATs account for 

5–10 % of all PSVTs. 

 Since ATs arise within and are sustained by atrial tissues 

alone, AV block may develop without interrupting the tachy-

cardia. The later is, in fact, one of the most valuable ways to 

distinguish ATs from other SVTs, in that they are AVN- 

dependent such as AV nodal reentry. ATs may be due to auto-

maticity or triggered activities as well as reentry. A typical 

automatic AT has the following features: (1) it cannot be ini-

tiated or terminated by atrial stimulation; (2) the fi rst P-wave 

of the tachycardia is the same as the subsequent P-waves of 

the tachycardia; (3) its rate often accelerates after initiation 

until it stabilizes (at 100–175 bpm), the so-called  warm - up 

phenomenon ; (4) a premature atrial stimulation can reset 

automatic AT with a full or incomplete compensatory pause, 

usually accompanied by a constant return cycle; and/or (5) 

overdrive suppression is a hallmark of automaticity. 

Currently, both reentrant and automatic ATs are treated with 

ablation as a fi rst line therapy.  

28.5.3.3     AV Nodal Reentry Tachycardias 

(AVNRTs) 

 An AV nodal reentry tachycardia (AVNRT) is the most com-

mon of PSVTs (representing 50–65 % of all such arrhyth-

mias) and usually presents as a narrow QRS complex with 

regular rates between 120 and 250 bpm. In the absence of 

ventricular preexcitation (i.e., Wolff–Parkinson–White or 

WPW syndrome and related disorders), AVNRTs and AV 

reentry tachycardias (see below) typically utilize a concealed 

bypass tract in >90 % of all PSVTs cases. 

 A schematic of a typical AV nodal reentry circuit is shown 

in Fig.  28.2 . The AV node has two functional pathways with 
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  Fig. 28.2    Schema of the typical atrioventricular nodal reentry tachy-
cardia (AVNRT). The atrioventricular node (AVN) has a slow pathway 
with short refractoriness and a fast pathway with long refractoriness. 
( a ) During sinus rhythm, the impulse conducts to the ventricles through 
the fast pathway, yielding a normal PR interval. The impulse simultane-
ously goes down the slow pathway, but cannot conduct to the His bun-
dle antegradely or retrogradely to the fast pathway since they are 
rendered refractory by the prior beat. ( b ) An atrial premature complex 
reaches the effective refractory period of the fast pathway and is 
blocked in the fast pathway. This atrial premature complex is able to 
conduct slowly down to the slow pathway, yielding a prolonged PR 
interval. The delay in conduction over the slow pathway allows enough 

time for the fast pathway to recover and enables the impulse conducted 
from the slow pathway to continue over the fast pathway retrogradely 
to the atria, producing an atrial echo beat. At the same time, the returned 
impulse tries to conduct down over the slow pathway and fails due to 
unrecovered refractoriness of the slow pathway. ( c ) A suffi cient early 
atrial premature complex occurs, producing a similar echo beat as in 
( b ). However, the returned impulse is able to conduct down over the 
slow pathway, repeatedly producing another ventricular beat and atrial 
echo, i.e., supraventricular tachycardia (SVT). Reproduced from refer-
ence [ 4 ] with permission. ©1993, Clinical cardiac electrophysiology: 
techniques and interpretations, 2nd edition. Reproduced with permis-
sion by Wolters Kluwer       
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different conduction velocities and refractory periods. In 

normal sinus rhythm, conduction is usually over the faster of 

the two pathways. During the tachycardia, retrograde 

P-waves may not be apparent because their signals are buried 

in the QRS complexes or they appear as subtle distortions at 

the terminal parts of the QRS complex. In general, AVNRTs 

can be reproducibly initiated and terminated by appropri-

ately timed atrial extra stimuli; this is routinely done as part 

of the diagnostic electrophysiologic study (EPS) in patients. 

Spontaneous PACs that initiate an AVNRT are usually asso-

ciated with a signifi cantly prolonged PR interval due to pro-

longed conduction within the AV node. In intracardiac 

recordings during EPS, this is demonstrated by a prolonged 

“AH” interval, the conduction time between the local atrial 

tissue adjacent to the AV node and the activation of the His 

bundle. This PR (or AH) prolongation represents refractori-

ness of the faster AV nodal pathway with resultant conduc-

tion on the so-called slow AV nodal pathway. If the 

conduction delay in the slow AV nodal pathway (Fig.  28.2 ) is 

suffi cient to allow recovery of the fast pathway and permit 

the fast pathway to conduct retrogradely back toward the 

atrium, the reentry circuit is completed and tachycardia may 

ensue. Commonly, a critical balance between conduction 

delay and recovery of refractoriness in these two pathways is 

required to sustain the tachycardia. Simultaneous antegrade 

conduction to the ventricles and retrograde conduction to the 

atria often lead to the “retrograde” P-waves being hidden 

within the QRS complex, as noted earlier. Furthermore, as a 

consequence of this physiology, in typical “slow-fast” 

AVNRT the RP interval is short (i.e., <80–100 ms) in AVNRT 

(Fig.  28.3 ). In contrast, in AVRT (i.e., a PSVT using an 

accessory AV connection such as in WPW syndrome), the 

ventricles and atria are activated sequentially and the RP 

interval is expected to be longer than 80 ms (Fig.  28.4 ).

     Acute treatment to terminate AVNRT includes vagal 

maneuvers (e.g., carotid sinus massage, Valsalva maneuver), 

adenosine injections, administration of verapamil or diltia-

zem or beta-blocker, or electrical cardioversion. The major-

ity of these interventions are designed to interrupt AV nodal 

conduction transiently, thereby “breaking” the fragile reen-

try circuit. Drugs used for long-term prevention of AVNRT 

recurrence include digitalis (not recommended currently due 

  Fig. 28.3    Typical atrioventricular (AV) nodal reentry tachycardia. Since 
the tachycardia circuit is within the AV node, and it conducts simultane-
ously antegrade to the ventricles and retrograde to the atria, the time differ-
ence between ventricular and atrial activation is relatively short. 

The retrograde P-wave is often buried in QRS complex (RP interval is 0 ms), 
as shown in this case.  I  surface ECG lead I,  II  surface ECG lead II,  V1  sur-
face ECG lead V1,  V5  surface ECG lead V5,  CS  coronary sinus,  d  distal,  His  
His bundle,  p  proximal,  RVa  right ventricular apex,  stim  stimulation       
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to low effi cacy), beta-blockers, calcium channel blockers, 

and Class Ia and Ic antiarrhythmic drugs. However, catheter 

ablation (principally of the “slow” pathway region) is cur-

rently the fi rst line therapy, as it has a success rate of more 

than 95 % with relatively low risk.  

28.5.3.4     AV Reentry Tachycardias (AVRTs) using 

an Accessory Pathway 

 AV reentry tachycardia (AVRT) which uses an accessory 

pathway is another common form of PSVT. In these patients, 

accessory conduction tissue remaining from embryonic 

development of the heart can create the substrate for reentry 

PSVT. The most common form of an accessory pathway is 

one connecting the atria to the ventricles (i.e., an accessory 

AV connection). Such a connection is typically composed of 

working muscle tissue that is so small that it is usually unde-

tectable during open-heart surgery. When these connections 

conduct in the antegrade direction (i.e., from atrium to ven-

tricle), they modify the fi rst part of the QRS confi guration, 

usually by virtue of earlier than expected activation of the 

connected part of the ventricular muscle (i.e., preexcitation). 

The classic case is the “delta” wave observed at the onset of 

the QRS in WPW syndrome (see below). 

 In many patients, accessory connections only conduct in 

the retrograde direction (from ventricle to atrium) and are 

known as  concealed  accessory connections. In these cases, 

there is no apparent ECG footprint, since ventricular 

 preexcitation does not occur. Nevertheless, since retrograde 

conduction can occur, a reentry tachycardia is possible. This 

form of accessory pathway most often occurs on the left side 

of the heart, and accounts for approximately 30 % of all 

PSVTs. In general, the electrical impulses in this type of 

PSVT circulate in an antegrade direction through the AV 

node and retrograde through the concealed accessory path-

way (Fig.  28.5 ). In other words, both the atria and ventricles 

are parts of the reentry circuit. Since atrial activation always 

follows ventricular activation, the P-wave usually occurs 

after the QRS complex and the RP interval is relatively long 

(RP interval >80 ms, but usually in the range of 120 ms).

   An AVRT can be initiated and terminated by either an 

atrial or ventricular extra stimuli. Even when the His bundle 

is refractory, a PVC may be able to reset the atria by virtue of 

being transmitted to the atria through the accessory 

pathway(s). In contrast to the concentric atrial activation 

sequence in AVNRT, the atrial activation sequences in AVRT 

are eccentric when the accessory pathways are located at a 

distance from the AV node. On occasion, however, the con-

nection may be close to the AV node, making the distinction 

between the two arrhythmias clinically more challenging. 

 Medical treatment of an AVRT is similar to that of 

AVNRT. However, transcatheter ablation is highly effective 

(>95 %) for eliminating accessory AV connections and has 

become the preferred approach, especially in younger 

individuals.  

  Fig. 28.4    Typical atrioventricular reentry tachycardia. Note that the retrograde P-wave is 150 ms after the onset of QRS complex (RP interval 
is 150 ms)       
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28.5.3.5     Wolff–Parkinson–White (WPW) 

Syndrome and Related Preexcitation 

Syndromes 

 When there are one or more accessory AV pathways or con-

nections that conduct in the antegrade direction, the ventri-

cles may become overtly preexcited to a varying degree, as 

discussed earlier. The term  WPW syndrome  is applied when 

palpitations/tachyarrhythmias occur in patients with overt 

preexcitation during sinus rhythm. Tachycardias associated 

with WPW syndrome include: (1)  orthodromic reciprocating 

or reentry tachycardia , in which the conduction path is ante-

grade through the normal AV conduction system and retro-

grade through the AV accessory pathways; (2)  antidromic 

reciprocating or reentry tachycardia , in which the conduc-

tion path is antegrade through the AV accessory pathways 

and retrograde through the normal AV conduction system or 

another accessory connection; and (3) separate  pre - excited 

tachycardia  (AFib or fl utter, atrial tachycardia, or AVNRT), 

in which the activation of the ventricles occurs antegrade 

through both the normal AV conduction system and AV 

accessory pathways. In these last cases, the accessory 

 pathways typically do not play a critical role in sustaining 

the tachycardia and thus are not part of the circuit. The ECG 

features of a typical AV connection in WPW syndrome 

(Fig.  28.6 ) are: (1) shortened PR intervals, <120 ms during 

sinus rhythm; (2) widened QRS durations; and (3) presence 

of delta waves (a slurred, slowly rising onset of the QRS). 

Note that the terminal QRS portion is usually normal in 

appearance, yet sometimes it is associated with secondary 

ST-T changes.

   In addition to typical AV accessory pathways, where the 

accessory connection is between the atrium and the ventri-

cle, other variants may exist, including: (1) atriofascicular 

(also called  Mahaim fi bers ), in which there is a connection 

between the atrium and one of the bundles of the conduction 

system; (2) fasciculoventricular, where there is a connection 

between one of the bundles and the ventricle outside the nor-

mal Purkinje fi bers; and (3) the very rare nodofascicular and 

nodoventricular fi bers. Fasciculoventricular fi bers typically 

cause subtle pre-excitation but do not cause tachycardia. 

 The majority of the atriofascicular connections are long 

right-sided pathways, commonly at the lateral and anterolat-

eral tricuspid annulus and connecting the right atrium to the 

right bundle branch or the right ventricular free wall. These 

fi bers almost represent a duplication of the AV nodal path-

way and are typically capable of only decremental antegrade 

conduction [ 5 ], therefore, they can only cause  preexcited 

tachycardia . In such a patient, often preexcitation is not ini-

tially apparent, but can be exposed via right atrial stimula-

tion. Importantly, the associated ECG tends to exhibit a left 

bundle branch block type of morphology, with a leftward 

frontal axis similar to that associated with right ventricular 

apical pacing. 

 An incessant form of SVT has been described that is usu-

ally associated with a slow conducting posteroseptal atrio-

ventricular accessory pathway as its retrograde limb (the 

so-called  permanent junctional reciprocating tachycardia ). 

This tachycardia tends to be more often observed in children 

than in adults. Importantly, its sustained nature can result in 

deterioration of left ventricular function over time. Hence, an 

  Fig. 28.5    Atrioventricular 
reentry tachycardia using a 
left-sided concealed accessory 
pathway ( left ). Left bundle 
branch block prolongs the 
tachycardia cycle length by 
50 ms due to the conduction 
delay of the tachycardia 
circuit in the left ventricle 
( right ). Reproduced from 
reference [ 4 ] with permission. 
 AVN  atrioventricular node, 
 HB  His bundle,  LA  left 
atrium,  LBB  left bundle 
branch,  LV  left ventricle,  RA  
right atrium,  RBB  right bundle 
branch,  RV  right ventricle. 
©1993, Clinical cardiac 
electrophysiology: techniques 
and interpretations, 2nd 
edition. Reproduced with 
permission by Wolters 
Kluwer       
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early diagnosis is crucial to prevent subsequent heart failure, 

and ablation therapy in such patients is currently the treat-

ment of choice. 

 It is important to note that the mere presence of an acces-

sory pathway does not necessarily mean that it is involved in 

the underlying mechanism of presented tachycardia in a 

given patient. Not infrequently, these pathways behave as 

innocent bystanders, yet during the elicitation of AFib they 

create additional stress on the heart by permitting conduction 

of very rapid rates to the ventricles. Therefore, one needs to 

consider that multiple tachycardia mechanisms may reside in 

a patient simultaneously. For example, AV nodal echoes or 

AVNRT may be present in 15–20 % of patients after success-

ful ablation of accessory pathways; moreover, up to 10 % of 

patients with AVRT have multiple accessory connections. 

 It is estimated that 10–35 % of patients with preexcita-

tion will experience an AFib episode at some point in time. 

In fact, AFib and atrial fl utter may be the presenting arrhyth-

mia in up to 20 % of patients with accessory AV pathways. 

In patients with WPW syndrome, atrial tachyarrhythmias, 

such as AFib, may conduct to the ventricles via the acces-

sory pathway and produce an extremely rapid ventricular 

response that then may degenerate into ventricular fi brilla-

tion. Importantly, a grossly irregular RR interval with 

 widened QRS complexes and extremely rapid ventricular 

rates should immediately suggest the presence of antegrade 

accessory AV pathway conduction that is associated with 

AFib (Fig.  28.7 ). It is considered that patients with preex-

cited AFib are at increased risk of developing ventricular 

fi brillation if the shortest preexcited RR interval during 

AFib is less than 250 ms. Intravenous procainamide is the 

acute treatment of choice for hemodynamically stable  pre-

excited AFib  (but it must be administered slowly to avoid 

hypotension). Note, intravenous  AV nodal blocking agents , 

such as digoxin and verapamil, are contraindicated in these 

patients because they may paradoxically enhance antegrade 

AV conduction via the accessory pathway, resulting in 

hypotension or even cardiac arrest. Patients who are hemo-

dynamically unstable may benefi t from immediate cardio-

version. Among patients with WPW, many episodes of AFib 

may result from degeneration of orthodromic AV tachycar-

dia ( tachycardia - induced tachycardia ). In general, a suc-

cessful ablation of the accessory AV pathway often 

eliminates AFib in these patients. Furthermore, RF ablation 

of the accessory pathway is the treatment of choice for 

symptomatic patients with WPW syndrome. It is safe and 

effective in more than 95 % of patients. For more details on 

the technological methods for ablation, see Chap.   29    .

  Fig. 28.6    Wolff–Parkinson–White syndrome using a right posterior septal accessory pathway. See text for discussion       
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28.5.4         Atrial Flutter and Fibrillation 

28.5.4.1     Atrial Flutter 

 In general, atrial fl utter is characterized by an atrial electrical 

rate between 250 and 350 bpm usually accompanied by 2:1 

AV conduction, and thus resulting in ventricular rates of 

approximately 150 bpm. Classical fl utter waves ( F - waves ) 

are regular sawtooth-like defl ections within the ECG, most 

prominent in the inferior leads and sometimes V1 (Fig.  28.8 ). 

A typical  F -wave may appear to be similar to one generated 

by other atrial tachycardias with rates between 200 and 

300 bpm. Yet, the fl utter rates can be as low as 200 bpm in 

some patients, particularly in the presence of antiarrhythmic 

drug therapy. Although antiarrhythmic drugs may be useful 

to prevent recurrence of atrial fl utter, they are not very effec-

tive for conversion back to sinus rhythm. To date, DC electri-

cal cardioversion (i.e., utilizing 50–100 joules) has been the 

most effective means for termination of atrial fl utter.

   Typically, atrial fl utter is a macroreentrant rhythm con-

fi ned to the right atrium. In most cases, the tachycardia circu-

lates around the tricuspid annulus but passes through a 

relatively narrow isthmus of tissue between the inferior vena 

cava and the tricuspid valve annulus (cavotricuspid isthmus). 

Therefore, creating conduction block with ablation within 

this isthmus is a highly effective means for terminating the 

tachycardia and also avoiding recurrence. Therefore, abla-

tion in such cases remains the treatment of choice. Although 

systemic embolization is less common in atrial fl utter than in 

AFib, anticoagulation for patient with atrial fl utter should 

also follow the recommended guidelines for the management 

of AFib (see below) [ 6 ,  7 ].  

28.5.4.2    Atrial Fibrillation 

 In general, AFib is an uncoordinated atrial tachyarrhythmia 

characterized by ECG recording as an absence of distinct 

P-waves before each QRS complex, the presence of rapid 

atrial oscillations, and variable RR intervals (Fig.  28.9 ). 

 Paroxysmal  AFib is arbitrarily defi ned as AFib that termi-

nates spontaneously or with intervention within 7 days of 

onset.  Persistent  AFib is defi ned as AFib lasting longer than 

7 days. If a number of attempts of termination by cardiover-

sion have failed, or if the patient and physician have decided 

to cease further attempts to restore and/or maintain sinus 

rhythm, AFib is regarded as  permanent . When no prior his-

tory of AFib is available, the term  recent or new onset  is 

often employed.

   Importantly, the relative incidence of AFib is strongly 

age-dependent, with a substantial increase after the age of 

50–60 years (6.2 % in men and 4.8 % in women of 65 years 

or older). In addition to age, other common cardiac precur-

sors include history of: (1) congestive heart failure; (2) val-

vular heart disease; (3) hypertension; and/or (4) coronary 

artery disease. Nevertheless, rheumatic valvular disease, 

together with overt heart failure, to date have been the most 

  Fig. 28.7    Preexcited atrial fi brillation. See text for discussion       
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  Fig. 28.8    Atrial fl utter. See text for discussion       

  Fig. 28.9    Atrial fi brillation. See text for discussion       
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powerful predictors for AFib. As rheumatic heart disease has 

become less common in Western countries, heart failure 

alone has become the most important predisposing factor. 

The occurrence of AFib is notably common following either 

acute myocardial infarction (10 %) or cardiac surgery 

(~35 %); it is rare after heart transplantation. Usually, post-

operative AFib is self-limited, but often its occurrence will 

prolong hospital stay. Noncardiac precursors associated with 

AFib, include: thyrotoxicosis, anemia, and/or pulmonary 

pathology (e.g., infections, embolism) leading to hypoxemia. 

 Lone AFib  is said to be present when such a tachyarrhythmia 

occurs in the absence of underlying structural heart disease 

or transient precipitating factors. 

 The underlying mechanisms for AFib have been described 

to include multiple wavelet reentry and/or focal enhanced 

automaticity. Importantly, the atrial “rate” during AFib can 

range from 350 to 600 bpm, hence physiologically they are 

nonfunctional. In general, due to  concealed AV nodal pene-

tration  as well as subsequent variable degrees of AV block, 

the characteristic  irregularly irregular  ventricular activation 

rates are commonly between 100 and 160 bpm in untreated 

patients (those with normal AV conduction properties). 

 Aberrant conduction  may occur when a long ventricular 

cycle is followed by a short cycle ( Ashman phenomenon ). 

Importantly, AFib itself modifi es atrial electrical properties 

in a way that promotes the occurrence and maintenance of 

the arrhythmia, a process termed  atrial electrical remodeling 

and also described as AFib begets AFib . 

 Both branches of the autonomic nervous system may be 

involved in the initiation, maintenance, and termination of 

AFib in some patients.  Vagally mediated AFib  (parasympa-

thetic) is relatively common and is characterized by its onset 

during rest, especially in the middle of the night.  Adrenergically 

mediated AFib  (sympathetic) is associated with elevated cat-

echolamine states. For more details on the autonomic nervous 

system, the reader is referred to Chap.   14    . 

 The major adverse clinical consequences of AFib include 

palpitations, impaired cardiac function, and/or increased risk 

of thromboembolism. Typical physical fi ndings in such 

patients include: (1) an irregularly irregular ventricular 

rhythm; (2) variations in the intensity of the fi rst heart 

sounds; and (3) the absence of “ a ” waves in the jugular 

venous pulse. A peripheral  pulse defi cit  (pulse rate less than 

heart rate) is often noted during a fast ventricular response 

due to insuffi cient time for ventricular fi lling. Importantly, 

patients with continuous rapid ventricular rates for a pro-

longed period are at risk of developing a  tachycardia - induced 

cardiomyopathy , in a manner similar to that seen among 

patients with the permanent form of junctional reciprocating 

tachycardia. 

 The primary goals for treating patients with AFib are 

improvement of symptoms and reduction of AFib-associated 

morbidity. The three basic tenets of therapy for AFib are: (1) 

control of ventricular rate responses, or  rate control ; (2) 

 restoration and maintenance of a sinus rhythm, or  rhythm 

control ; and (3) prevention of thromboembolism and thus 

more particularly  stroke prevention . 

 A resting ventricular rate under 90 bpm and ventricular 

rates between 90 and 115 bpm during moderate exercise are 

considered acceptable. Commonly used medications for rate 

control include beta-blockers, calcium channel blockers, and 

less often digoxin when hypotension is a concern. Ablation 

of the AV node and the use of a pacemaker may be necessary 

in some cases to achieve adequate rate control. See Chaps. 

  29    –  31     for more therapeutic details. 

 Approximately 50 % of patients with recent onset of AFib 

will convert spontaneously to sinus rhythm within <48 h. 

Potential precipitating factors should be sought and treated. 

Sinus rhythm can be restored pharmacologically or electri-

cally. Class Ia, Ic, and III antiarrhythmic drugs all have the 

potential to restore sinus rhythm. Both ibutilide and fl e-

cainide have been shown to be effective and commonly used 

in pharmacological cardioversion of AFib and atrial fl utter. 

Flecainide (class Ic) should be avoided in patients with coro-

nary artery disease or left ventricular dysfunction. For long- 

term prevention of recurrence, approximately 40–60 % of 

patients remain in sinus rhythm when treated with various 

Class I and III drugs (6 months to 3 years of follow-up), with 

amiodarone being the most effective but with the highest 

side effect profi le. 

 Catheter ablation may be superior to medical therapy 

alone in maintaining sinus rhythm, especially in patients with 

the paroxysmal form of AFib. It is currently  recommended as 

a second line therapy in patients who are refractory or intoler-

ant to medical therapy due to side effects. The  Maze proce-

dure  is also a surgical intervention that has been shown to be 

effective in decreasing the recurrence of AFib. It has several 

variations and is most frequently considered in patients 

undergoing cardiac surgery for other reasons. 

 Anticoagulation for AFib can be achieved with warfarin 

or with a new anticoagulant class that includes dabigatran, 

rivaroxaban, and apixaban. Patients with AFib and high risk 

factors for stroke should be on chronic anticoagulation. 

Patients with thyrotoxicosis, rheumatic valvular disease 

(especially mitral stenosis), and prosthetic valves should 

receive anticoagulation. Patients with  nonvalvular AFib  are 

risk stratifi ed based on the CHADS 2  and CHA 2 DS 2 VASc 

scores. The CHADS 2  score has been widely used in the USA 

and assigns one point each for hypertension, diabetes, heart 

failure, age above 75 years, and 2 points for previous stroke. 

Patients with a CHADS 2  score of 2 and above require chronic 

anticoagulation. In 2014, the American Heart Association, 

American College of Cardiology, and the Heart Rhythm 

Society jointly recommended adoption of the CHA 2 DS 2 VASc 

score. This system is similar to the CHADS 2  score but 

assigns 2 points for age >75 years and adds one point for age 
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65–74, vascular disease (such as previous myocardial infarc-

tion or peripheral vascular disease), and female gender. It 

also recommends that patients who undergo electrical car-

dioversion be on anticoagulation for 4 weeks. A complete 

guideline for management of AFib was recently published in 

2014 [ 6 ]. In addition, the American College of Cardiology/

American Heart Association physician consortium on clini-

cal performance measures for adults with nonvalvular AFib 

or atrial fl utter was published in 2008 [ 7 ].   

28.5.5     Ventricular Tachyarrhythmias 

28.5.5.1    Ventricular Tachycardias (VTs) 

 Although ventricular tachycardia (VT) can occur in a clini-

cally normal heart, it generally accompanies some form of 

structural heart disease. VTs associated with a structurally 

normal heart include idiopathic VT, fascicular VT, and VT 

related to channelopathies. VTs associated with structural 

heart disease are most frequently due to previous myocardial 

infarction, but also nonischemic cardiomyopathy, arrhyth-

mogenic right ventricular cardiomyopathy, hypertrophic car-

diomyopathy, and congenital heart disease. 

 VT is typically characterized on an ECG by a wide QRS 

complex tachycardia at a rate of >100 bpm (Fig.  28.10 ). Like 

PVCs, VTs can be monomorphic (Fig.  28.10a ) or polymor-

phic.  Sustained VT  is defi ned as a VT that persists for >30 s 

or requires termination due to hemodynamic compromise. 

 Nonsustained VT  is defi ned as VT lasting >3 consecutive 

beats but less than 30 s. Key markers of VT on an ECG, if 

present, include ventriculo-atrial dissociation, capture, and 

fusion beats. The presentation, prognosis, and management 

of VT largely depend on the underlying cardiovascular state.

   Antiarrhythmic medical therapy includes amiodarone, 

sotalol, mexiletine, and sometimes dofetilide. Class I antiar-

rhythmics can be used in the absence of structural heart dis-

ease. Amiodarone is the most commonly used drug for 

termination of hemodynamically stable and sustained VT. If 

the VT is hemodynamically unstable, immediate synchro-

nized electrical cardioversion should be performed. 

 Therapy also includes implantable cardiac defi brillators 

(ICD) for prevention of SCD among patients with underly-

ing structural heart disease and catheter ablation. Ablation 

can provide a cure for idiopathic VT in an otherwise normal 

heart. However, in patients with diminished LV function, it is 

frequently appropriate to place an ICD even after successful 

ablation. A complete guideline for management of ventricu-

lar arrhythmias was recently published in 2006 [ 8 ].  

28.5.5.2     Ventricular Flutter and Ventricular 

Fibrillation 

 Electrocardiographically,  ventricular fl utter  (Fig.  28.10b ) 

usually appears as a sine wave with a rate between 150 and 

300 bpm. It is essentially impossible to assign a specifi c 

 morphology for these oscillations. In contrast,  ventricular 

fi brillation  (Fig.  28.10c ) is recognized by grossly irregular 

  Fig. 28.10    Ventricular 
tachycardia ( a ), ventricular 
fl utter ( b ), ventricular 
fi brillation ( c ), and Torsades 
de pointes ( d ). See text for 
discussion       
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undulations of varying amplitudes, contours, and rates. The 

spontaneous conversion of ventricular fi brillation to sinus 

rhythm is rare, and thus prompt electrical defi brillation is 

essential. Longer-term prevention of SCD in these patients 

predominately depends on ICDs.  

28.5.5.3    Accelerated Idioventricular Rhythm 

 Accelerated idioventricular rhythm can be regarded as a type 

of slow VT with a rate between 60 and 110 bpm. This rhythm 

usually occurs in patients with acute myocardial infarction, 

particularly during reperfusion. Since the rhythm is usually 

transient without signifi cant hemodynamic compromise, 

treatment is rarely required.  

28.5.5.4    Torsades de Pointes 

 In the presence of prolonged QT intervals (congenital or 

acquired), a unique form of polymorphic VT, termed 

 Torsades de Pointes  (TdP), may occur. A  long - short sequence  

of QRS complexes (e.g., produced by AFib or PVCs) will 

typically initiate this arrhythmia (Fig.  28.10d ). TdP often 

presents with multiple nonsustained episodes causing recur-

rent syncope, but it also has a predilection to degenerate into 

ventricular fi brillation leading to SCD. Identifi cation of TdP 

has important therapeutic implications because its treatment 

is different from that of common polymorphic 

VT. Magnesium, overdrive pacing, and isoproterenol can be 

used in the acute management of TdP. An ICD is recom-

mended for TdP that does not have a reversible cause. Left 

cervicothoracic sympathectomy may reduce the incidence of 

TdP and may be used as adjunctive therapy (after ICD 

implant) in patients with congenital long QT syndrome. In 

selected cases, ablation of the PVCs preceding the onset of 

TdP may reduce TdP recurrences (Fig.  28.11 ).

28.5.5.5       Nonparoxysmal Junctional Tachycardias 

  Nonparoxysmal junctional tachycardia , also called  acceler-

ated junctional rhythm , is recognized by a narrow QRS com-

plex without a consistent P-wave preceding each QRS 

complex, and has a typical rate between 70 and 130 bpm 

usually associated with a warm-up period at its onset. 

Nonparoxysmal junctional tachycardia frequently results 

from conditions that produce enhanced automaticity or trig-

gered activity in the AV junction, such as inferior acute myo-

cardial infarction, digitalis intoxication, and post valve 

surgery. Treatment should be primarily directed toward the 

underlying diseases.    

28.6     Bradyarrhythmias 

 As discussed in the introduction, bradycardia may be caused 

by either an SND,  sick sinus syndrome , or an AV conduction 

block. Acute treatment options for symptomatic bradycardia 

include atropine, isoproterenol, or temporary pacing. When 

the underlying cause is reversible, such as in the case of drug 

toxicity (e.g., excess digitalis or beta-blocker), temporary pac-

ing and elimination of the offending agent is usually a suffi -

cient therapy. However, if the cause is irreversible, the 

implantation of a permanent pacemaker is usually warranted. 

28.6.1     Sinus Node Dysfunction 

 Often sinus node performance deteriorates as we age and/or 

is associated with age-related disease states, thus the clinical 

syndrome of SND emerges. In such cases, the clinical mani-

festations may be: (1) excessive sinus bradycardia; (2) alter-

nating periods of bradycardia and atrial tachycardia; and/or 

(3) AFib. Additionally, the sinus node may simply become 

less responsive to physical exertion over time, in terms of 

generating an appropriate heart rate; this is a special form of 

SND called  chronotropic incompetence . 

 Sinus bradycardia is defi ned as a sinus rate of <60 bpm. 

As mentioned above, sinus rates between 50 and 60 bpm 

may not be pathological in many subjects, e.g., the highly 

trained athlete. Yet, SND may manifest as either signifi cant 

sinus bradycardia or abrupt and prolonged sinus pauses due 

to sinus arrest (spontaneous halting of the intrinsic automatic 

of the sinus node) or sinus exit block (failure of impulses to 

exit the sinus node). The typical resultant symptoms include: 

fatigue, dizziness, confusion, exertional intolerance, dimin-

ished mental acuity, syncope, and/or congestive heart failure. 

Atrial tachyarrhythmias are particularly frequent in SND, 

and often alternate with periods of excessive bradycardia 

( bradycardia - tachycardia syndrome ). SND may present cer-

tain stereotypical forms of sinoatrial exit block. On the sur-

face ECG, only second-degree sinoatrial block (Wenckebach 

type conduction from sinus node to atrium) can be diagnosed 

by observing progressive PP interval shortening prior to a 

pause in the P-waves that results from a sinus impulse being 

blocked from activating the atrium. In general, fi rst- and 

third-degree sinoatrial blocks cannot be easily recognized 

(i.e., in the absence of specialized intracardiac recording 

techniques). It should be noted that Holter monitors or 

implantable event monitors are useful for confi rming a sus-

pected diagnosis of SND, particularly when bradycardia is 

associated with symptoms. 

  Carotid sinus massage  is frequently performed when 

evaluating for SND; although carotid sinus syndrome is not 

the same as SND, the two often coexist in the same patient. 

A sinus pause >3 seconds induced by a 5-second unilateral 

carotid sinus massage is usually considered clinically 

signifi cant. 

 Because one’s sinus rate can be slowed by vagal tone, the 

resultant  intrinsic heart rate  after complete autonomic block-

age is often used to assess the relative integrity of the patient’s 

28 Catheter Ablation



508

sinus nodal function. As such, complete autonomic blockade 

can be achieved after intravenous propranolol (0.2 mg/kg) 

and atropine (0.04 mg/kg). A patient’s normal intrinsic heart 

rate can be estimated by the following equation: 

118 − (0.57 × age). An intrinsic heart rate <80 bpm in the 

elderly is usually suggestive of sick sinus syndrome. 

Furthermore, determining the sinus node recovery times 

(normal value <1500 ms), corrected sinus node recovery 

times (normal value <550 ms), and, less frequently, the sino-

atrial conduction times (normal value <125 ms) can be used 

by an electrophysiologic assessment to evaluate sinus nodal 

function when the initial clinical diagnosis remains 

uncertain. 

 Pacemakers are the mainstay of therapy for treating symp-

tomatic bradyarrhythmias in patients with SND. However, it 

is not uncommon that antiarrhythmic drugs are also needed 

to suppress the tachycardic component of the condition. Yet 

in the latter cases, drug therapies may aggravate any ten-

dency towards bradycardia, thereby further necessitating 

pacemaker therapy.  

  Fig. 28.11    Torsades de pointes. Successful catheter ablation of prema-
ture ventricular ectopics in the anteroseptal wall of the right ventricular 
outfl ow tract eliminates frequent episodes of Torsades de pointes ( top ) 

that are refractory to medical management. The  bottom  shows an acti-
vation map using the Ensite NavX system. The  red dots  indicate the 
ablation lesions       
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28.6.2     Atrioventricular (AV) Block 

 The clinical signifi cance of AV block depends on: (1) the site 

of block; (2) the risk of a progression to complete block; and 

(3) the patient’s subsidiary escape rate. When complete AV 

block occurs above the His bundle, the ventricular escape 

rhythm is believed to originate from the His bundle (40–

60 bpm); this is usually called a  junctional escape rhythm  

and the patient has an associated narrow QRS complex. Note 

that a bundle branch block appearance may occur if the given 

patient has preexisting conduction system disease. When AV 

block occurs below the His bundle, the escape is generated in 

the distal His-Purkinje fi bers and thus is much slower and 

less reliable (25–45 bpm); this is usually called  ventricular 

escape rhythm  with associated wide QRS complex. The  fi rst 

degree AV block  is characterized by a PR interval >0.20 s 

without drop of QRS complex following each P-wave 

(Fig.  28.12a ). For additional information on the intrinsic 

properties of the conduction system, see Chap.   13    .

   AV conduction delays can also occur within the right 

atrium, the AV node, or the His-Purkinje system. A  fi rst 

degree AV block  is characterized by a PR interval >0.20 s, 

without a drop of QRS complex following each P-wave 

(Fig.  28.12a ). The  second degree AV block  is considered 

present when some atrial impulses fail to conduct to the ven-

tricles. In its classically defi ned form,  Mobitz type I  second 

degree AV block (Fig.  28.12b ) is characterized by progres-

sive PR interval prolongations until an atrial impulse is 

blocked ( Wenckebach phenomenon ). Furthermore, after an 

incomplete compensatory pause, the Wenckebach cycle 

starts again with a shorter PR interval, compared with the PR 

interval prior to block. In some patients, the Wenckebach 

periodicity may be very long (greater than 6:5) and the pro-

gressive PR prolongations of the typical Mobitz I block 

becomes less apparent. The relative site of a Mobitz type I 

block is almost always located near the AV node, and the 

general risks of progressing to a complete AV block are low. 

In  Mobitz type II  second-degree AV block (Fig.  28.12c ), AV 

conduction fails suddenly without a change preceding the PR 

interval. This type of block is usually due to His-Purkinje 

disease and is associated with higher risks for developing 

complete AV block; the escape rates are generally slow and 

unreliable. When two or more consecutive atrial impulses 

fail to conduct, a  high degree AV block  is considered to be 

present and pacemaker implantation is mandatory. The  third 

degree AV block  (Fig.  28.12d ) is defi ned as a complete AV 

block, and thus no atrial impulses conduct to the ventricles. 

A permanent pacemaker is usually required in the third 

degree AV block, i.e., whether congenital or acquired in ori-

gin. In this regard, dual-chamber pacing (i.e., pacing both the 

atrium and ventricle) has become widely accepted as the 

approach of choice for such patients. See Chap.   30     for more 

details on these devices.   

28.7     Electrophysiological Studies 
and Catheter Ablations 

 The clinical electrophysiological study (EPS) is important for 

evaluating a broad spectrum of cardiac arrhythmias. More 

specifi cally, it can help to: (1) assess the relative function of 

the sinus and AV nodes, as well as the His-Purkinje system; 

  Fig. 28.12    Atrioventricular (AV) block. The fi gures show fi rst degree ( a ), Mobitz type I second degree ( b ), Mobitz type II second degree ( c ), and 
third degree AV block ( d ). See text for discussion       
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(2) determine the characteristics of reentry tachycardias; (3) 

map the relative locations of arrhythmogenic foci; and/or (4) 

ultimately defi ne proper locations to apply ablative therapy. 

The EPS is typically performed in an  electrophysiology cath-

eterization laboratory  which is, in many respects, similar to a 

conventional heart catheterization suite. The minimum equip-

ment requirements for a comprehensive EPS include: (1) a 

radiographic table; (2) a fl uoroscopy unit (biplane is pre-

ferred); (3) a physiologic recording and analysis system; (4) a 

programmable stimulator; (5) an RF generator and variety of 

electrode catheters and introducers; (6) a sterile working 

environment; (7) monitoring and resuscitation equipment; 

and (8) for the most complex arrhythmias, a 3D mapping sys-

tem. Nevertheless, it is essential that a well- trained team, 

experienced in dealing with a range of cardiac emergencies, 

should be in place before such studies are considered. 

 EPS is usually performed on the patient in both fasting 

and antiarrhythmic drug-free states and in a sterilized fash-

ion, using various degrees of conscious sedation (such as 

fentanyl and midazolam), depending on the specifi c proce-

dure. Typically, vascular access is obtained percutaneously 

through the femoral, subclavian, and/or internal jugular 

veins under local anesthesia, i.e., using 1 % lidocaine. Next, 

multiple electrode catheters are placed at key locations 

within the heart such as the high right atrium close to the 

sinus node, the coronary sinus (for recording and stimulating 

the left atrium), the His bundle region, and/or the right ven-

tricular apex. Generally, AH and HV intervals are routine 

baseline measurements of EPS (Fig.  28.13 ). A mapping and 

ablation catheter is also inserted when ablation is performed. 

For example, we often have employed an ablation catheter 

with a varying defl ectable distal segment (1.5–3 in.), with 

distal electrodes of 2.2–2.8 mm in diameter (7–8.5 French) 

and either 3.5, 4, or 8 mm tip electrode lengths. Physiological 

signals are usually digitized at 1000 Hz and fi ltered between 

30 and 500 Hz; pharmacological provocations, such as iso-

proterenol, are often required to facilitate induction of the 

underlying tachycardias.

  Fig. 28.13    Measurements in the His bundle electrogram. These mea-
surements are important for evaluation of atrioventricular conduction. 
The AH interval, measured from the earliest reproducible rapid 
defl ection of the atrial electrogram in the His recording to the onset of 
the His defl ection, represents conduction time from the low right 
atrium at the interatrial septum through the atrioventricular node to 
the His bundle (atrioventricular node function). The HV interval, 
measured from the beginning of the His defl ection to the earliest onset 

of ventricular activation (surface leads or intracardiac recordings), 
represents conduction time from the proximal His bundle to the ven-
tricular myocardium (infra-His conduction function).  I  surface ECG 
lead I,  II  surface ECG lead II,  V1  surface ECG lead V1,  V5  surface 
ECG lead V5,  A  onset of atrial activation,  CS  coronary sinus,  d  distal, 
 H  onset of His activation,  His  His bundle,  p  proximal,  P  onset of the 
P-wave,  RVa  right ventricular apex,  stim  stimulation,  V  onset of ven-
tricular activation       
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   The purpose of ablation is to destroy the myocardial tis-

sue by delivering electrical energy (or, in some cases, cryo-

ablation or other forms of energies) over a distal electrode of 

a catheter placed usually on the endomyocardium at the 

arrhythmia substrate; i.e., the tissue integrally related to the 

initiation or maintenance of the given tachycardia. 

 For a historic perspective, the fi rst successful ablation 

using DC shock in a human was performed in 1982. Yet, due 

to potential vast and untargeted damage to the heart that can 

be induced by DC shocks, this approach has now been 

replaced by other energy forms (i.e., with RF energy in the 

range of 100 kHz to 1.5 MHz commonly used). More 

recently, cryoablation has been introduced in clinical prac-

tice. Laser and microwave energy sources have been investi-

gated and these methods continue to be of interest. For a 

more detailed discussion on ablation technologies and related 

biophysics, read Chap.   29    . 

 Diagnostic EPS and ablative procedures are usually 

accomplished in a single combined session. Ablation of 

arrhythmias is usually indicated as a fi rst or second line ther-

apy, based on the type of arrhythmia and a patient’s refracto-

riness to drug therapy. Other technologies such as intracardiac 

echocardiography, nonfl uoroscopic electroanatomical map-

ping, and noncontact endocardial activation mapping have 

signifi cantly contributed to advancements in interventional 

cardiac electrophysiology (see Chap.   32    ). 

 The general indications for recommending an ablation 

procedure are summarized in Table  28.3 . Note that both 

polymorphic VT and ventricular fi brillation are usually not 

amenable to ablation therapy with the current technologies 

available, unless a trigger can be targeted like a PVC. In gen-

eral, an ablation procedure is now considered as fi rst-line 

therapy for typical atrial fl utter, AVNRT, and AVRT. AV 

junctional ablation, plus pacemaker implantation, is gener-

ally accepted as a means to control symptoms due to AFib 

which is refractory to both medical and focal ablation ther-

apy. Commonly today, catheter-based ablative approaches 

specifi cally designed to isolate the pulmonary veins, together 

with other ablative strategies (e.g., isthmus and roof-line 

ablations), are indicated for drug-refractory AFib. In 

 experienced hands, catheter ablation can also be employed to 

eliminate spontaneous episodes of VT in up to two-thirds of 

patients after myocardial infarction [ 9 ]. At present, catheter 

ablation of VT is largely adjunctive to amiodarone adminis-

tration and the implantation of an ICD. It should be noted 

that the more recent advent of epicardial ablation permits 

access to epicardial arrhythmic targets otherwise unreach-

able from the endocardium.

   Complications of intracardiac ablation treatments, in gen-

eral, can be related to: (1) the catheterization procedure 

itself, e.g., vasovagal reactions, perforation of the heart and 

vessels leading to tamponade, or extended radiation expo-

sure; (2) diffi cult vascular access, including pneumothorax, 

hemothorax, subclavian artery injury, branchial nerve injury, 

subclavian arteriovenous fi stula in subclavian and jugular 

vein access, and/or hematomas and retroperitoneal bleeding 

in common femoral vein and artery access; (3) thrombo- 

embolic events, including embolic strokes and myocardial 

infarction; and/or (4) those associated with ablation energy 

delivery, including postablation pain, esophageal damage, 

phrenic nerve injury, AV block requiring a pacemaker, car-

diac vascular injury, and perforation. It is important to note 

that the risks for complications are signifi cantly dependent 

on the experience and skill of the operator, as well as the type 

of ablation procedure being employed. 

28.7.1     Ablations of ISTs 

 Ablation of drug-refractory IST can be performed as a poten-

tial means to eliminate the portion of the sinus node that gen-

erates the fast heart rate along the superior aspect of the 

crista terminalis. Yet, today many do not consider ablation as 

the preferred approach due to its documented low long-term 

effi cacy. Further, due to the anatomical structure of the sinus 

node, multiple lesions over 3–4 cm along the crista termina-

lis are often required. In other words, it is diffi cult to ablate 

or  modify  the sinus node because it is largely an epicardial 

structure, especially in its superior portion. Nevertheless, 

during sinus rhythm, the site of earliest activation of the 

atrium is targeted as the presumed site of the sinus node. 

Additionally, 3D cardiac mapping and intracardiac echocar-

diography can be useful for the identifi cation of the earliest 

activation sites and the crista terminalis, respectively. 

   Table 28.3    Indications for ablation of arrhythmias   

 • Atrial tachycardias: 

 – Inappropriate sinus tachycardia (controversial) 
 – Focal atrial tachycardia 
 – Typical atrial fl utter 
 – Atypical atrial fl utter 

 • Atrial fi brillation: 

 – Atrioventricular nodal ablation for rate control 
 – Pulmonary vein isolation 
 – Hybrid ablation techniques 

 • Atrioventricular nodal reentry tachycardia. 

 • Atrioventricular reentry tachycardia using concealed bypass 
tracts. 

 • Wolff–Parkinson–White syndrome. 

 • Ventricular tachycardia: 

 – Ischemic ventricular tachycardia (monomorphic, stable or 
unstable) 

 – Nonischemic ventricular tachycardia (stable monomorphic) 
 – Polymorphic ventricular tachycardia and fi brillation: ablation 

of triggers. 
 – Idiopathic ventricular tachycardia (including symptomatic 

ventricular premature complexes) 
 – Bundle branch reentry tachycardia 
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The primary ablation goal is to achieve ~30 % reduction in 

maximal heart rate during infusion of isoproterenol and atro-

pine or to decrease the patient’s baseline heart rate to normal 

ranges. Unfortunately, less than half of these patients have 

sustained improvement of symptoms. Therefore, many 

patients will require multiple ablation sessions in order to 

obtain more sustained heart rate slowing. Note that care must 

be taken to avoid ablations nearby the phrenic nerve, as this 

may result in paralysis of the diaphragm. To avoid this, the 

phrenic nerve may be identifi ed and mapped by using high 

output pacing to stimulate the nerve and physically monitor 

for diaphragmatic stimulation.  

28.7.2     Ablations of Focal Atrial Tachycardias 

 Right atrial tachycardias often originate along the length of 

the crista terminalis from the sinus node to the coronary 

sinus ( cristal tachycardia ), and they account for 83 % of all 

ATs. Other sites of AT clustering include the pulmonary vein 

ostia, coronary sinus ostia, and/or the mitral and tricuspid 

valve rings. Appropriate identifi cation of the earliest onset of 

the P-wave is critical for mapping. Mapping in the right 

atrium and fi nding the earliest activation in the midseptum 

(particularly when the presystolic activity is not signifi cantly 

early) or observing multiple sites that have similar early acti-

vation time may suggest an origin of tachycardia in the left 

atrium. AT arising in the anteroseptal region or near the His 

bundle is an infrequent diagnosis that is challenging to ablate 

because it is associated with a high risk of AV block during 

an RF ablation procedure. Yet, such risks may be reduced by 

either using RF just superior to the focus on the anterior tri-

cuspid valve or by using a different ablation technology (e.g., 

cryo-ablation from the noncoronary cusp of the aortic valve). 

Early data has suggested that the average success rate for AT 

ablation is approximately 91 %, with a complication rate of 

3 % and recurrence rate of only 9 %. Complications associ-

ated with these procedures include: SND, AV block, phrenic 

nerve damage, and/or other common complications associ-

ated with catheter ablations. It should be noted that the out-

comes of AT ablation have been signifi cantly improved by 

employing 3D electro-anatomic mapping strategies.  

28.7.3     Ablations of Atrial Flutter 

28.7.3.1    Ablations of Typical Atrial Flutter 

 Endocardial mapping in patients with typical atrial fl utter 

has confi rmed that macroreentry commonly occurs in the 

right atrium. Most often, atrial fl utter rotates in a counterclock-

wise direction in a frontal plane, although clockwise rotation 

has also been observed. On 12-lead ECG (see Chap.   19    ), 

counterclockwise atrial fl utter presents a stereotypical 

 sawtooth  pattern, an upright fl utter wave in V1 and inverted 

fl utter waves in the inferior leads and V6. In contrast, during 

clockwise rotation, fl utter waves in V1 are inverted, while 

those in the inferior leads and V6 are upright. Further, these 

macroreentrant circuits pass through a critical isthmus, 

bounded by the inferior aspect of the tricuspid annulus, the 

ostium of the inferior vena cava, and the ostium of coronary 

sinus ( cavotricuspid isthmus ). During endocardial detection 

of these circuits, a multielectrode catheter is typically placed 

around the macroreentrant circuit adjacent to the tricuspid 

valve to evaluate the relative rotation around the tricuspid 

annulus and through the isthmus. Therapeutically, linear 

lesions that transect this isthmus will typically block the 

reentry circuit and essentially cure these typical atrial fl ut-

ters. However, some atrial fl utter circuits may not travel 

through the isthmus; consequently, it is important to confi rm 

that the isthmus is critical to the maintenance of the fl utter 

circuit by using pacing maneuvers to demonstrate  concealed 

entrainment . Employing a 3D mapping system, although not 

always necessary, may help to better identify these types of 

underlying tachycardia circuits and also provide a more pre-

cise and effective way to complete a linear ablative lesion. 

 Currently, the success rates for typical atrial fl utter abla-

tion procedures are >90 %, with recurrence rates <10 %. It is 

important to note that the confi rmation of bidirectional (both 

clockwise and counterclockwise) isthmus blocks signifi -

cantly reduces recurrence rates [ 10 ]. Typically, the trans- 

isthmus conduction times are measured during proximal 

coronary sinus pacing, at rates just below the sinus rhythm 

(from the pacing spike to the lateral edge of the cavotricuspid 

isthmus at approximately 7 o’clock at the left anterior oblique 

view, and then in the opposite way by pacing from the lateral 

cavotricuspid isthmus). There is >50 % increased conduction 

time compared to before ablation, corresponding to a mini-

mum trans-isthmus time of roughly 140 ms; this was noted 

to be a very good predictor of complete block [ 11 ].  

28.7.3.2    Ablations of Atypical Atrial Flutter 

 From an ablative viewpoint, the term  atypical atrial fl utter  is 

sometimes used to describe any macroreentrant atrial tachy-

cardia that does not utilize the cavotricuspid isthmus as a 

critical component of the tachycardia circuit. Therefore, 

atypical atrial fl utter consists of a heterogeneous group of 

arrhythmias presenting with a stable, fl utter wave-like mor-

phology on a standard 12-lead ECG recording. Nevertheless, 

the key for the successful ablation of an atypical fl utter is to 

identify and ablate the critical isthmus of the macroreentry 

fl utter circuit arising from either the right or left atrium. Yet, 

identifying this critical myocardial tissue is often challeng-

ing; currently, both 3D mapping systems and pacing maneu-

vers are used in concert to fi nd these critical targets. 

 More specifi cally, a proximal-to-distal coronary sinus 

activation sequence does not necessarily mean that the 
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tachycardia is located within the right atrium, such as in 

perimitral annular reentry or periseptal reentry. The follow-

ing data can be used to identify a left atrial origin:

    1.    Failure to demonstrate concealed entrainment at multiple 

right atrial sites.   

   2.    Less than 50 % of tachycardia cycle length can be mapped 

within the right atrium.   

   3.    Passive conduction to the right atrium from the left 

atrium, with early septal activation in the right atrium, 

typically in the Bachmann’s bundle or the coronary sinus 

ostium.   

   4.    Possible left-right atrial dissociation or conduction delays 

evidenced by a relatively fi xed cycle length in the left 

atrium versus signifi cant cycle length variations in the 

right atrium.     

 Special forms of atypical atrial fl utter include: (1) upper 

loop reentry; (2) right atrial free wall fl utter; (3) dual loop 

right atrial reentry; (4) left atrial macroreentry; or (5) left 

septal fl utter.  

28.7.3.3     Ablations of Incisional Atrial 

Tachycardia 

 Macro-reentrant incisional atrial tachycardias frequently 

occur following surgeries performed for congenital repairs 

or for other heart diseases. Importantly, the presence of mul-

tiple anatomic barriers (surgical incisions, patches, conduits, 

cannulas, the coronary sinus ostium, and the pulmonary 

venous ostia) as well as atrial tissue damage (hypoxemia, 

ischemia, surgical scars, and fi brosis) will all provide poten-

tial substrates for reentry tachycardias. Furthermore, either 

partially successful Maze surgeries or RF ablative proce-

dures for AFib may also leave substrates for intraatrial reen-

tries. Subsequently, the locations for successful ablation will 

vary from patient to patient, but can typically be identifi ed by 

entrainment maneuvers. Yet, in such patients, 3D mapping 

has been shown to be quite useful for identifying and then 

ablating the reentrant circuits.   

28.7.4     Ablations of AFib 

 In addition to ablation of the AV node for rate control, current 

guidelines recommend catheter ablation in patients with 

symptomatic paroxysmal (class I) or persistent (class IIa) 

AFib, specifi cally those resistant or intolerant to at least one 

antiarrhythmic medication [ 6 ]. In its early days of procedural 

development, catheter ablation of AFib aimed to imitate the 

surgical Maze approach, i.e., aiming to compartmentalize the 

atrium. Yet, this approach has proven problematic due to long 

procedure times and associated unacceptably high thrombo-

embolic complications. More recently, AFib ablation has 

evolved to primarily ablation of triggers versus the ablation of 

the total underlying substrates. Several catheter- based abla-

tive approaches are currently utilized to provide symptomatic 

improvements in patients with drug-refractory AFib. For 

example, an Expert Consensus Statement on catheter and sur-

gical ablation of AFib was published in 2012 [ 12 ]. 

28.7.4.1    AV Nodal Ablations for Rate Control 

 Catheter ablations of the AV junction and the concomitant 

insertion of a permanent pacemaker have been shown to be 

effective in achieving ventricular rate control in patients with 

drug and ablation refractory AFib. In general, this approach 

can also be used for rate control in patients with drug- 

refractory multifocal AT. Yet, pacing from the conventional 

right ventricular apex could have detrimental effects on car-

diac function. Recent data suggest that  cardiac resynchroni-

zation  (simultaneously pacing the right ventricle and lateral 

wall of the left ventricle) might be more favorable than con-

ventional right ventricular (RV) pacing after AV nodal abla-

tion for AFib [ 13 ].  

28.7.4.2    Catheter-Based Maze Procedure 

 Surgical treatment of AFib by compartmentalizing the atrium 

from an electrical transmission perspective is designed to 

preclude coexistence of multiple micro-reentry loops or 

fi brillatory waves. To date, surgical approaches have 

included: (1) the modifi ed Cox Maze procedure; (2) a left 

atrial isolation procedure; and (3) various iterations of the 

Maze procedure. Still today in some centers, the Maze pro-

cedure is used for patients with AFib who require a cardiac 

surgical procedure for other reasons. The reported overall 

success rates in eliminating AFib are high (over 90 %), with 

mortality rates of 2–3 %. A catheter-based replication of the 

Maze procedure has been previously employed. More 

recently, technical diffi culties in achieving stable linear con-

duction blocks have been improved by employing both intra-

cardiac echocardiography and 3D mapping. In patients with 

paroxysmal AFib, success rates with and without drug ther-

apy at 11 months follow-up were approximately 33 % and 

13 % for linear ablation limited to the right atrium, and 85 % 

and 60 % for the biatrial approach, respectively. Again it 

should be noted that, due to long procedure times and high 

thromboembolic risks, catheter ablation-based replication of 

the MAZE procedure has been abandoned in favor of more 

targeted approaches.  

28.7.4.3    Evolution of AFib Ablations 

   Focal AFib Ablation 

 One of the most signifi cant advancements in transcatheter 

ablation of cardiac arrhythmias was the identifi cation of 

patients with  focal  AFib [ 14 ,  15 ]. In some patients with par-

oxysmal AFib, focal sources of automaticity may serve as 
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either the main abnormality (focal drivers) or as the domi-

nant trigger to induce repetitive episodes of AFib (focal trig-

gers). A single rapidly discharging focus leads to fi brillatory 

conduction, mimicking the surface ECG features of AFib. 

Very early techniques of catheter ablation of AFib attempted 

to identify and ablate individual focal sites of spontaneous 

fi ring in the atria. 

 Subsequently, numerous EPS have demonstrated that the 

pulmonary veins are the predominant source of AFib triggers 

for many patients. Specifi cally, the left superior pulmonary 

vein is the most common focal source, followed in order by 

the right superior, left inferior, and right inferior pulmonary 

veins. Although the technique of ablating individual foci 

produced fairly high acute success rates, the recurrence of 

AFib was unacceptably common. Of signifi cance, when 

investigators repeated the ablation procedure in these 

patients, triggers were often found in other areas of the vein 

initially targeted and/or in remote veins. Because it appeared 

that often in such patients, either new triggers could arise in 

nonablated areas of veins or that these areas were arrhythmo-

genic but not realized during initial ablation, the technique of 

complete isolation of the pulmonary veins has been utilized.  

   Segmental Ostial Isolations of Pulmonary Veins 

 To perform a segmental ostial isolation of pulmonary veins 

procedure, typically a circular mapping catheter is placed at 

the funnel-shaped opening of each vein to map electrical exit 

sites of the veins into the atrium [ 16 ]. Ablations are then per-

formed in the ostium of each pulmonary vein until the veins 

are completely isolated from the left atrium (i.e., segmental 

ostial isolation). It has been shown that electrical isolation of 

the pulmonary veins results in marked reduction or the elimi-

nation of AFib. More recently, the use of saline-irrigated RF 

lesions has facilitated ablation procedures by successfully 

creating deeper lesions and decreasing the risk of char for-

mation and thromboembolic events. The main concern with 

this isolation technique employing RF energy delivery within 

the pulmonary vein ostia is its association with a small but 

signifi cant (2 %) risk of pulmonary vein stenosis.  

   Circumferential Isolations of Pulmonary Veins 

 Concurrent with the development of segmental ostial isola-

tions of the pulmonary veins, the circumferential approach 

has been developed which also employs electroanatomical 

mapping [ 17 ]. More specifi cally, RF ablation is performed 

circumferentially around each vein within the left atrium 

outside the ostia, with the end point being the absence or 

marked reduction (80 %) in the amplitude of electrical sig-

nals within the encircling lesions. 

 Early attempts at electrical isolations of the pulmonary 

veins at their ostia occasionally caused pulmonary vein ste-

nosis, which necessitated angioplasty or stenting of the veins 

in some patients. This phenomenon has caused investigators 

to isolate the veins by using much larger circles with far 

greater diameters along the posterior left atrium—usually 

two larger circles encircling the left- and right-sided veins, 

respectively (Fig.  28.14 ). These wide circumferential isola-

tion techniques have signifi cantly improved the success rates 

for AFib ablation in such patients. It is important to note that 

macroreentry left atrial fl utters are relatively common com-

plications following such isolations (Fig.  28.15 ), so many 

investigators add additional ablation lines along the roof of 

  Fig. 28.14    Circumferential isolation of pulmonary veins for ablation 
of atrial fi brillation. Reproduced from reference [ 18 ] with permission. 
 LA  left atrial,  LIPV  left inferior pulmonary vein,  LSPV  left superior 
pulmonary vein,  RIPV  right inferior pulmonary vein,  RSPV  right 

 superior pulmonary vein. Circulation by American Heart Association. 
Reproduced with permission of American Heart Association in the 
format reuse in book/textbook via Copyright Clearance Center       
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the left atrium as well as down to the mitral valve annulus 

from the lesions encircling the left pulmonary veins [ 19 ]. 

Furthermore, some investigators also isolate the ostium of 

superior vena cava and the coronary sinus, and add ablation 

lines connecting the superior and inferior vena cava. Such 

techniques may isolate triggers as well as prevent arrhythmia 

propagation, analogous to the surgical Maze procedure. 

However, if extensive ablations are performed, particularly 

on the posterior wall of left atrium, a fi stula between the left 

atrium and esophagus may occur, but this is rare; this com-

plication often presents with subacute infection and emboli-

zation or deadly upper gastrointestinal bleeding usually 

weeks to months after the given procedure. Hence, it is rec-

ommended to use low power ablation on the posterior wall.

       Substrate Ablations 

 A substrate ablation technique is based on the assumption 

that AFib is more dependent on perpetuation of the arrhyth-

mia in the diseased atria, rather than being initiated from 

within the pulmonary veins [ 20 ,  21 ]. In such cases, complex 

fractionated atrial electrograms (CFAEs) are sought and, if 

they occur, they are targeted for ablation. It is controversial 

whether adding CFAE ablations to wide circumferential 

ablations will decrease long-term recurrence rates of AFib. 

Note that both spot and linear ablation lesions have been suc-

cessfully used to ablate the myocardial regions eliciting 

CFAEs.  

   Ablations of Autonomic Targets 

 It is well known that the autonomic nervous system plays a 

critical role in pathogenesis of AFib. It has been reported that 

ablation of ganglions in the atria may be associated with 

higher likelihood of successful ablation of AFib [ 22 ]. The 

location of vagal innervation/ganglions is identifi ed using 

stimulation/ablation-induced vagal effects such as bradycar-

dia or long pauses.  

   Cryoballoon Ablations of AFib 

 More recently, a new technique for pulmonary vein isolation 

emerged using a balloon infl ated at the ostia of the pulmonary 

veins and applying cryoablation in a circumferential fashion 

[ 23 ]. It appears to have similar success and complication rates 

  Fig. 28.15    Termination of atrial fi brillation during ablation. Atrial 
fi brillation is converted to left atrial fl utter after circumferential iso-
lation of all pulmonary veins. The fl utter is terminated during the 

linear ablation in the roof of the left atrium.  V1  surface ECG lead V1, 
 V6  surface ECG lead V6,  ABL  ablation,  CS  coronary sinus,  d  distal, 
 p  proximal       
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as those reported for RF ablation, but can only be useful for 

pulmonary vein isolation without the capacity to perform 

lines of focal ablations. Randomized studies are underway 

comparing both techniques. 

 The overall complication rate from AFib ablation is 

steadily decreasing with more experience and newer technol-

ogy (2.5 % overall complication rate compared to 4–5 % 

about 5 years ago). Complications include embolic stroke, 

cardiac effusion and tamponade, esophageal fi stula, pulmo-

nary vein stenosis, and vascular access complications. For 

more details on these systems, see Chap.   29    .  

   Ablations of AVNRT 

 The abnormal conduction circuits of most AVNRTs proceed 

antegrade through the slow pathways and then retrogradely 

through the fast pathways (these are typical AVNRTs). In a 

small number of patients (4 %), the tachycardia circuits may 

run in the opposite direction (atypical AVNRT). The com-

mon characteristic of most AVNRTs is  dual pathways  or 

 dual physiology , which is demonstrated as sudden increases 

of at least 50 ms in AH intervals, with 10 ms decreases in 

coupling intervals from an atrial stimulus (Fig.  28.16 ). Dual 

pathway conduction can be detected in the majority (85 %) 

  Fig. 28.16    Dual physiology 
(jump). An extra stimulus is 
delivered at different coupling 
intervals after 8-beat pacing at 
500 ms from proximal coronary 
sinus. ( a ) AH interval is 97 ms 
following an extra stimulus with 
coupling interval of 320 ms. ( b ) 
AH is suddenly increased 
(jumped) by 100–197 ms at 
coupling interval of 310 ms. The 
sudden increase of >50 ms in AH 
interval associated with a 10 ms 
decrease in coupling interval is 
called a jump, indicating the 
presence of dual physiology of 
the atrioventricular node.  I  
surface ECG lead I,  II  surface 
ECG lead II,  V1  surface ECG 
lead V1,  V5  surface ECG lead V5, 
 CS  coronary sinus,  d  distal,  His  
His bundle,  p  proximal,  RVa  right 
ventricular apex,  stim  stimulation       
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of patients with an AVNRT, whereas dual physiology exists 

in 25 % of patients without SVTs.

   Ablation of AVNRT is commonly aimed at ablating fi rst 

the slow pathways in the posteroinferior areas of the  Koch ’ s 

triangle , those between the coronary sinus ostium and the 

tricuspid annulus ( posterior approach ; Fig.  28.17 ). The A/V 

ratios for slow pathway ablations from the distal electrode 

pairs in sinus rhythm should be less or equal to 1:3. Ablations 

of the fast pathways in the anterosuperior areas of the Koch’s 

triangle are rarely attempted due to the increased risk of 

damaging normal AV conduction ( anterior approach ). For 

example, the reported risk of AV block is 1.0 % with the 

posterior approach and 5.1 % with the anterior approach. 

Nevertheless, in experienced clinical hands, the success rate 

of these procedures is almost 100 %, with recurrence rates of 

<5 % and the risk of complete AV block being <1 %. 

Subsequently, an accelerated junctional rhythm can be typi-

cally observed following the successful ablation of the slow 

pathway conduction (i.e., 100 % of the time in successful 

ablations versus 65 % in unsuccessful ablations). Yet, resid-

ual slow pathway conductions or AV nodal echo beats may 

be detectable after a successful AVNRT ablation, but these 

are not associated with increased recurrence during 

follow-up.

   It is important to note that AVNRT ablations can be per-

formed using cryoablation, with the risks of complete AV 

block approaching zero. Further, patients eliciting a transient 

AV block during cryothermia ablations usually recover 

within minutes if ablation is terminated promptly when pro-

longation of PR interval or AV block is noted. However, 

cryoablation is considered as more time-consuming, given 

that each application requires a freeze–thaw–freeze sequence 

with each freeze lasting as long as 4 min.  

   Ablations of Accessory Pathways (WPW syndrome) 

 Accessory pathways are most frequently found in the left- 

sided cardiac chambers. The approximate locations of such 

accessory pathways can be typically determined from a sur-

face ECG, i.e., if preexcitation is present (Fig.  28.18 ). In 

these clinical cases, a preablation EPS is performed to deter-

mine the precise locations of the accessory pathways and 

their role in inducing arrhythmias. Note that accessory AV 

  Fig. 28.17    The slow pathway 
(posterior) and fast pathway 
(anterior) ablation sites for 
atrioventricular nodal reentry 
tachycardia. Reproduced from 
reference [ 24 ] with permission. 
See text for discussion. The New 
England Journal of Medicine by 
Massachusetts Medical Society. 
Reproduced with permission of 
Massachusetts Medical Society, in 
the format reuse in a standard/
custom book (basic rights) via 
Copyright Clearance Center       
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pathways can exist at almost any site around the tricuspid 

and mitral annulus (with exception of where the mitral and 

aortic valve annuli coincide)—in the free wall (anterolateral, 

lateral, and posterolateral) and septum (anteroseptal, mid-

septal, and posteroseptal) locations. To date, the elicitation of 

multiple accessory pathways has been reported in 5–18 % of 

ablation cases.

   In the transcatheter ablation procedures of left-sided 

accessory AV pathways, either a  retrograde transaortic 

approach  or  transseptal approach  can be employed in con-

junction with anticoagulation therapy (e.g., heparin and 

 targeted Activated Clotting Time, between 250 and 350 s). 

Further, therapeutic ablation can be performed at atrial sites 

(during orthodromic AVRT or relatively fast ventricular pac-

ing) or ventricular sites (during sinus rhythm or atrial pac-

ing), with either targeting the sites of earliest atrial or 

ventricular activation, respectively. Accessory AV pathways 

often cross the left AV groove obliquely, with the atrial inser-

tion closer to the coronary sinus ostium. 

 In contrast to the virtually invisible left-sided accessory 

pathways, right-sided accessory AV pathways are often con-

sidered as more common in nature. Note, in general the opti-

mal ablation site is best identifi ed when accessory pathway 

potentials can be detected and these signals and the record-

ing catheter positions are stable. 

 The success rate for ablations of left free wall accessory 

pathways is >95 %, with recurrence rates of 2–5 % and compli-

cation rates of <4 %; major complications include tamponade 

(1.2 %), AV block (0.5 %), and systemic embolization (0.08 %). 

Ablations of right-sided accessory pathways are typically asso-

ciated with a lower success rate (~88 %) and higher recurrence 

rates (up to 17 % in earlier studies). On the other hand, the 

annual risk of natural SCD in WPW syndrome with symptom-

atic tachycardia is estimated to be 0.05–0.5 % [ 26 ].    

28.7.5     Ablations of VTs 

28.7.5.1     Ablations of VTs in Otherwise 

Clinically Normal Hearts 

 There are two main substrates for VTs in the otherwise 

 clinically normal heart: focal and reentrant. Focal VTs are 

commonly seen in patients without underlying organic heart 

disease and are denoted as  idiopathic VT ; they account for 

10–15 % of all diagnosed sustained VTs. Approximately 

70 % of idiopathic VTs exhibit a left bundle branch block 

pattern, suggesting an origin in the right ventricle or septum. 

These VTs almost uniformly elicit an inferior frontal plane 

axis, indicating an origin within the outfl ow tract, mostly on 

the right. In such patients,  arrhythmogenic right ventricular 

dysplasia cardiomyopathy  should be suspected when other 

morphologies exist. The origin of idiopathic left VTs is usu-

ally at the inferior left ventricular midseptum, in the regions 

of the posterior fascicles or in the left ventricular outfl ow 

tract. Fortunately, ablations of these idiopathic VTs are cura-

tive in >90 % of patients.  

28.7.5.2     Ablations of VT Associated 

with Ischemic Heart Disease 

 Reentrant VTs can be elicited in the presence of underlying 

organic heart disease, particularly in the patient with a prior 

myocardial infarction. Unfortunately, while mapping of 

these tachycardias is increasingly feasible with modern tech-

nology, the ability to undertake ablation of ischemic heart 

disease VTs remains limited due to the hemodynamic insta-

bility of these patients. Hence, there are three general ways 

to approach a VT ablation in these patients: (1) entrainment 

and activation mapping of stable VT; (2) substrate mapping 

and then modifi cation; and/or (3) the careful mapping of the 

underlying triggers. 

V1

Negative delta wave & QRS Positive delta wave & QRS

Left VentricleRight Ventricle

Negative delta wave & QRS

II, III, aVF
Left axis Inferior axis

Negative delta wave & QRS

II, III, aVF

Isoelcectric or negative QRS 

I, aVL, V5, V6

Posteroseptal LateralAnteroseptalFree wallPosteroseptal

  Fig. 28.18    Determination of the location of accessory pathways based on the delta wave and the QRS complex on surface 12-lead ECG. Reproduced 
from reference [ 25 ] with permission       
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  Entrainment  is a very useful technique for assessing a 

reentry tachycardia. This refers to the continuous resetting of 

reentry tachycardia circuits by pacing at a slightly faster rate 

than the elicited tachycardia, with the intrinsic rate of tachy-

cardia resuming when the pacing is stopped. More specifi -

cally, each pacing stimulus creates a wavefront that travels in 

an antegrade direction and thus resets the tachycardia to the 

pacing rate; a wavefront propagating retrogradely in the 

opposite direction collides with the wavefront of the previ-

ous beat. Criteria for entrainment mapping were developed 

to help defi ne, locate, and target the critical isthmus of a 

tachycardia in such patients. However, this procedure 

requires that the VT is sustained and the patient is hemody-

namically stable enough to allow one to perform activation 

mapping with 3D mapping systems and perform entrainment 

maneuvers. Yet, this group of patients accounts for only 

5–10 % of all elicited ischemic VTs, or 20 % of all ventricu-

lar tachyarrhythmias requiring clinical assessment. In some 

cases, hemodynamic support can be provided during presen-

tation of the VT, again to stabilize the patient while perform-

ing activation mapping and entrainment. More specifi cally, 

this can be accomplished with cardiac bypass or the use of a 

Tandem heart (CardiacAssist, Inc., Pittsburgh, PA, USA), 

Impella pump (Abiomed, Danver, MA, USA), or an intra- 

aortic balloon pump. Nevertheless, hemodynamic support is 

associated with its own potential vascular complications and 

their short- and long-term outcomes are still controversial.

  Substrate mapping and modifi cations are useful 

approaches for hemodynamically unstable VTs, which make 

up the majority of clinical VTs. This approach typically con-

sists of defi ning the scar borders by applying voltage map-

ping and pacing within and at the edges of a scar area to 

locate potential exit sites for the VT. Subsequently, ablation 

procedures are performed at these locations while the patient 

is in sinus rhythm. This methodology is less accurate in tar-

geting a clinical VT; however, it has the advantage of avoid-

ing the complications of hemodynamic support and, if 

performed extensively around the scar, can decrease the 

recurrence of VTs other than the clinical VT that the patient 

presented with. 

 Trigger mapping is used mainly for required ablations of 

polymorphic VTs and VFs, i.e., if there are consistent trig-

gers for the arrhythmias (typically a PVC). Since polymor-

phic VTs and VFs cannot be mapped with current 

technologies, this approach can be quite useful to decrease 

ICD shocks and ventricular arrhythmia burden in patients 

requiring such devices. 

 The relative success of VT ablations is diffi cult to assess 

due to the current variability in procedure endpoints, e.g., the 

defi ned long-term outcomes and relative length of follow- 

ups. Nevertheless, reported success rates of RF catheter abla-

tions of VTs in patients after myocardial infarctions (those 

acutely eliminated spontaneous episodes of VTs) can be as 

high as 60 % of treated patients in experienced centers [ 9 ]. 

Furthermore, if one or two clinically documented VTs are 

targeted, successful ablations may be achieved in 71–76 % 

[ 27 ] with serious complications occurring in <2 % of cases 

[ 24 ]. However, the reported risk of recurrences in multiple 

series may range from 30 to 46 %, mainly due to the high 

risk of developing new VTs. At present, catheter ablation of 

VT in patients following myocardial infarction is used pri-

marily as an adjunctive to amiodarone and ICD therapy.

28.7.5.3       Ablations of Bundle Branch 

Reentry Tachycardias 

 A somewhat rare form of VT that can be cured by ablations 

is the bundle branch reentry tachycardia, in which the bundle 

branches of the His-Purkinje system form the reentrant cir-

cuit. In patients with the substrate resulting from a dilated 

cardiomyopathy and/or from signifi cant conduction system 

disease, it is usually necessary to maintain reentry within the 

bundle branches. In these cases, commonly the normal His- 

Purkinje system does not support sustained reentry because 

the rapid conduction times around the bundle branches are 

normally shorter than the refractory periods of the bundle 

branches. Although cure of bundle branch reentry tachycar-

dia can be easily accomplished by ablating the right bundle 

branch, long-term survival after ablations, to date, has been 

limited, with such patients eliciting the uniform presence of 

severe LV dysfunction. Therefore, in such cases, ICD ther-

apy is usually recommended. For additional technological 

descriptions of ablation, mapping, and pacing systems, the 

reader is referred to Chaps.   29    –  32    .    

28.8     Summary 

 Cardiac arrhythmias encompass a wide spectrum of abnor-

malities in electrical generation and conduction at all levels 

within the human heart. These arrhythmias can be mani-

fested as either tachycardia or bradycardia. The clinical sig-

nifi cance of these cardiac arrhythmias is predominantly 

related to their associated hemodynamic consequences and 

their impact on mortality and the risk for SCD. Both clinical 

and basic laboratory research have offered important insights 

into the mechanisms underlying various arrhythmias and 

have also provided valuable tools for their identifi cation and 

treatment. 

 Pharmacological therapies continue to be widely used in 

the management of arrhythmias. However, nonpharmaco-

logic therapies have an increasingly important role and have 

become fi rst-line therapy for a wide range of arrhythmias. 

The advent of 3D mapping systems, intracardiac echocar-

diography, and new sources of energy for ablation have 
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increased the accuracy, effi cacy, and safety of ablation therapies. 

Continued advances in clinical research and innovation in 

biomedical engineering will achieve a more thorough under-

standing of the underlying mechanisms of many clinically 

elicited arrhythmias, leading to overall better patient care.     
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    Abstract  

  Device technologies to treat cardiac arrhythmia continue to advance at a rapid pace; this is 

a highly competitive fi eld with numerous corporate powerhouses playing signifi cant roles. 

The primary goals for treatment of arrhythmia are to: (1) alleviate symptoms and improve 

an individual’s quality of life; (2) prolong the patient’s life by preventing complications 

such as ventricular tachycardia/fi brillation, syncope, and/or stroke; and (3) reduce an indi-

vidual’s dependency on pharmacologic therapies that often carry signifi cant side effects. 

Pharmacologic treatment has been the mainstay for management of most cardiac arrhyth-

mias, although in recent years implantable devices and ablation have become increasingly 

more important. In this chapter we review several ablation technologies that are in current 

use as well as others that are being developed. This review contains descriptions of: (1) 

various energy sources; (2) the mechanisms of action for lesion formation; (3) required 

power sources; (4) the variety of catheters that can be used to apply these therapies; (5) 

potential treatment complications; and (6) the recent sensor technologies that are being 

developed to improve therapeutic effi cacy and/or minimize complications.  
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29.1         Introduction 

 As technology for percutaneous catheter interventions 

evolved, the result has been the design of specialized cathe-

ters for cardiac ablative therapies. These specialized catheters 

and their required energy sources have employed a variety of 

approaches, each with its advantages and disadvantages. 

Importantly, this variety of catheters and approaches has 

broadened the types of arrhythmia that can be treated by 

interventional approaches and improved their effi ciency and 

effi cacy. In this chapter, we will review the underlying abla-

tive mechanisms for current leading technologies in catheter 

ablation; we will also highlight the current applications of 

these technologies in the clinical setting. 

 The range of the normal  human resting sinus heart rate   is 

50–90 beats per minute (bpm); most average healthy indi-

viduals have resting rates in the 60–70 bpm range. 

Disturbances of cardiac impulse formation and/or transmis-

sion comprise the principal mechanisms, causing abnormali-

ties of heart rhythm. In basic terms, these abnormalities are 

classifi ed as being either brady- or tachy-arrhythmias. Today, 

in North America alone, it is estimated that there are over 

fi ve million individuals who require treatment for some form 

of arrhythmia.  Arrhythmias   can occur at any age, but they 

become increasingly more prevalent as a function of age. 

Therefore, as our current population of senior citizens grows, 

so will the prevalence of arrhythmias. 

mailto:bavitall@uic.edu
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 The classic line of therapy for treating arrhythmia has 

been the utilization of pharmaceuticals, but as with any 

 medication, there are complications and/or side effects that 

have in part sparked the innovation of nondrug-based inter-

ventional procedures. The fi rst cardiac catheter ablative 

procedure in a human was conducted in 1981 by Dr. Melvin 

Scheinman, who used direct current (DC) high-energy 

shocks to ablate myocardial tissues. Subsequently, DC 

 ablation   utilized a defi brillator output to deliver high-volt-

age discharge via a catheter to the tissues to elicit an abla-

tion, usually of the atrioventricular node. The electrical 

discharge caused a spark between the catheter electrode 

and the tissue, and the resultant high temperature caused 

tissue ablation. However this approach did not allow for a 

fi ne control of the amount of energy to be delivered, and 

was associated with complications and/or tissue recovery. 

Thus, DC ablation was replaced by a more controllable 

radiofrequency (RF) energy source, which remains today 

as the mainstay of cardiac arrhythmia ablation in adult 

patients; note that cryoablation is currently more preva-

lently employed in pediatric patients. Nevertheless, as 

obstacles and complications associated with these technol-

ogies were discovered, a host of new catheter/modality 

types were created. For example, extensive research and 

clinical trials have been undertaken for microwave, laser, 

and ultrasound ablative technologies. Over the last decade, 

there has been incredible growth in the cardiac ablation 

industry as a whole; even during times of recession, this 

market has reported positive growth. This market is backed 

by corporate giants who stay competitive through a pleth-

ora of smaller start-up and privately owned ventures. The 

global cardiac catheter market is expected to grow to $2.1 

billion in the USA alone by 2015; furthermore, Canada and 

the USA make up the North American segment which 

accounts for 35 % of the world’s global value. 

 The primary clinical goals for treatment of  arrhythmias   are 

to: (1) alleviate symptoms and improve a patient’s quality of 

life; (2) prolong a patient’s life; (3) prevent associated com-

plications such as ventricular arrhythmias, syncope, and/or 

stroke; and (4) reduce an individual’s dependency on pharma-

cologic therapies that often carry signifi cant side effects. 

 In this chapter, we review the foundation of several abla-

tion technologies that are in current use and discuss others 

that are being developed. This review includes discussions 

of: (1) employed energy sources; (2) the mechanisms of 

action of these technologies; (3) the basis for lesion forma-

tion; (4) the variety of catheters developed to utilize various 

energy sources; (5) associated therapeutic complications; 

and (6) the developed sensor technologies aimed to improve 

treatment effi cacy and minimize complications.  

29.2     Radiofrequency (RF) Ablation: Utility 

 RF energy is the most commonly used  energy   form to treat 

cardiac arrhythmia. As with all catheter treatments aimed at 

treating arrhythmia, the goal is the removal of problematic 

regions of tissue (in case of automatic foci) or part of the 

circuit that maintains the arrhythmia. The method by which 

this tissue is electrically silenced is by induction of necrosis 

by the application of heat. The created region of tissue necro-

sis, in time, yields to fi brosis and scar formation which in 

turn maintains the structural integrity of the heart, but is elec-

trically silent. 

29.2.1     Mechanism of Tissue Ablation 

 RF lesion formation (Fig.  29.1 )  is   the  primary   result of tissue 

heating. Once tissue exceeds temperatures above 45–50 °C, 

this results in denaturing of proteins and changes in cellular 

integrity and structures, and induces dehydration of tissues, 

thus causing permanent damage [ 1 – 3 ]. Tissue  heating   with 

RF energy is a result of resistive heating at the interface 

between the catheter and the tissue in contact with the abla-

tion electrode. This heating is a direct function of the current 

density at the catheter ablation electrode onto the myocar-

dium interface extending a few millimeters into the tissue 

[ 4 ]. The  depth and width of   lesion formation depends on the 

location of ablation in the heart (thin atrial tissues versus 

thick ventricular tissues as noted in Fig.  29.2 ), and is a result 

of conductive heating through the tissues [ 4 – 7 ]. Furthermore, 

the size and degree of tissue heating is a function of RF 

power, duration, impedance, catheter tip orientation, tip 

metal composition, irrigation, degree of contact with tissue, 

and/or the relative size of electrode [ 1 – 3 ,  5 ,  6 ,  8 – 10 ]. 

Currently, there are a variety of ablation catheters available 

for clinical use or in clinical trials.

    The majority of RF ablation catheters are unipolar, that is, 

where RF energy is delivered at the ablation electrode and 

then sent to a dispersive pad located on the thigh or back of 

the patient. A bipolar mechanism consists of energy passing 

between electrodes of the catheter itself, but the use of this 

kind of mechanism is not commonly practiced.  

29.2.2     The RF Generator 

  Typically, clinically used  RF   generators produce frequencies 

from 100 to 3000 kHz (the range of electrosurgery), with an 

ablation range of 300–1000 kHz (550 kHz is the FDA- 

suggested optimal frequency). It is important to note that the 
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  Fig. 29.2    Illustration of 
depth and width of lesion 
 formation  . ( A ) Left ventricle 
(8 mm catheter tip;  32:  
9.2 mm wide, 10 mm long, 
7 mm deep, 16w, 64c, 44 s; 
 33 : 8 mm wide, 11.7 mm 
long, 7.7 mm deep, 30w, 65c, 
42 s). ( B ) Right atrium (8 mm 
catheter tip;  8 : 6.8 mm wide, 
7.2 mm long, 2.2 mm deep 
18 W, 63c, 60 s;  9:  5.5 mm 
wide, 8.2 mm long, 3.7 mm 
deep 10 W, 65c, 60 s). 
Pictures from Avitall Lab 
2014       

  Fig. 29.1    Schematic of radiofrequency  lesion   formation       
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 high   frequency of RF does not depolarize the cardiac tissues, 

and thus lacks the possibility of triggering deadly arrhythmia 

(ventricular fi brillation) [ 1 ,  11 ]. 

 In general, an RF generator controls power, temperature, 

and duration of the applied ablation, while also measuring 

impedance and temperature during the procedure. Both 

power and temperature may be set as a maximal control with 

the latter being typically set as control in clinical procedures, 

allowing for power delivery to be modulated and thus main-

taining a given temperature. Power settings range from 10 to 

100 W  with   temperature ranges dependent on specifi c 

 models. For instance, the EPT-1000X generator from Boston 

Scientifi c (Marlborough, MA, USA) has a temperature range 

of 30–120 °C (Fig.  29.3 ). The RF generator allows ablation 

duration to be set (maximal duration is preset at 120 s; 60 s 

is commonly used), but ablation can be manually terminated 

at any time during an application .

29.2.3        Additional RF Clinical Generator 
Information 

 It is important for users to understand and verify that maxi-

mal power applications via a generator are dependent on a 

per-catheter basis. For instance, the 4 mm ablation catheter 

tip electrode’s maximal power is limited to 50 W, while the 

8 mm is limited at 65 W [ 12 ]. The  power limitations   were 

established to minimize the potential of tissue overheating 

leading to boiling, char, and gas formation within the tissues; 

in turn, this can cause pressure buildup leading to a burst 

known as a  steam pop  and tissue shredding. The RF power 

supply is also set to a maximal temperature limit which also 

depends on the catheter being used. For an 8 mm standard tip 

catheter, a typical maximal temperature of 65 °C is used 

[ 12 ]. It should also be noted that, in general, RF power can-

not be applied (or terminates) if the impedance is too high 

prior to an ablation or rises during an ablation, as this may be 

an indication of coagulum formation at the tip [ 5 ,  6 ,  13 ]. The 

usual catheter-to-tissue impedance is 80–240 Ω [ 5 ]. A lower 

 impedance   may indicate a system short or failure, whereas a 

high impedance cutoff is to prevent char formation and 

ensure that the reference patch electrodes are properly 

attached to the patient’s skin. If the size, or the contact of the 

reference electrodes with the skin, is poor, it may lead to 

severe skin burns (Fig.  29.4a ).

   More specifi cally, since tissue and blood heating results in 

denaturation of proteins, blood products can adhere to the 

catheter thus increasing the impedance (Fig.  29.5a ). 

Importantly, the early detection of impedance rises and 

 automatic terminations of the RF powers can potentially pre-

vent a stroke.

   Of interest to note, an atypical generator that is currently 

awaiting FDA approval—the  GENius RF Generator   

(Medtronic, Inc., Minneapolis, MN, USA)—uses a unique 

duty-cycle energy delivery system to power a multielectrode 

catheter called a  pulmonary vein ablation catheter   (PVAC; 

Fig.  29.6 ). The GENius generator is capable of simultane-

ously delivering power up to 12 electrodes in a temperature- 

controlled and power-limited manner. The generator is 

capable of delivering energy in a bipolar, unipolar, or mixed 

fashion (bipolar:unipolar) 4:1, 2:1, and 1:1 [ 14 ,  15 ].

29.2.4        RF Catheter: Standard Features 

  The baseline  design for    RF catheters   features a simple metal 

electrode tip (usually platinum) which delivers the radiofre-

quency energy. A recent study showed that tip metal compo-

sition infl uences lesion formation, with gold-tipped catheters 

leading to lesions with greater depth which the researchers 

  Fig. 29.3    Radiofrequency 
(RF)  generator   from Boston 
Scientifi c (EPT-1000X). 
Along with the basic 
functionality of RF 
generators, it also provides 
memory tabs to preset 
specifi c values for each 
variable. This particular 
system is specifi cally 
designed for use with 
catheters designed from 
Boston Scientifi c (Blazer 
series) and connects to 
catheter via the Maestro 3000 
system.  Source : Boston 
Scientifi c webpage       
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attributed to the increased conductance of gold compared to 

platinum [ 9 ]. Typically, such catheters are 7–8 F in diameter 

with the tip size typically ranging between 4 mm and 10 mm 

in length. Larger tips have greater surface area for circulating 

blood to cool the ablation electrode. These factors allow for 

higher power and create larger and deeper lesions [ 1 ,  3 ,  8 ]. 

On the other hand, ablation tips that are too large may ulti-

mately create uneven heating which can result in the occur-

rence of char and/or  crater  (focal tissue deformations with 

hyper-contraction zones) formation [ 3 ]. 

 In most currently available RF ablation catheters, metal 

rings are embedded proximally to the ablation tip for the pur-

pose of obtaining focal electrophysiological recordings. 

Additional electrodes can be placed along the distal portion 

of the catheter. Importantly, electrophysiological information 

such as electrogram amplitudes and pacing data can be used 

to better elucidate type of contact, identify tissues for ablation 

(or to defi ne tissues that have been ablated or scarred), and 

give insight related to  lesion   maturation (Fig.  29.7 ).

   The handle of most  catheters   offers bidirectional defl ec-

tions with specifi c models providing varying degrees of 

defl ection (Fig.  29.8 ). Depending on the catheter model, 

there are various dilators and introducer sheaths available to 

aid in the insertion of the catheters into the vascular space 

and the ensuing procedure. The proximal end of the catheter 

has the electrical umbilical cord that attaches the catheter to 

the RF generator and to the monitoring/mapping systems 

simultaneously (Fig.  29.3 ). 

  Fig. 29.5    ( a ) Char formation 
on a catheter tip.  Source : 
  http://drwes.blogspot.
com/2007/08/remote-
magnetic-catheter- ablation-of.
html    ). ( b ) Char formation on 
a lesion on a pulmonary vein 
with a nonirrigated 8 mm tip. 
(Picture from Avitall Lab 
2014). ( c ) Depiction of char 
formation during a catheter 
ablation. Note the high 
temperature (70 °C) at 
tissue–electrode interface. 
 Source :   http://wesleytodd.
blogspot.com/2013/09/
rf-ablation.html           

  Fig. 29.4    ( a ) Second degree burn from improper patch use. ( b ) Typical dispersive patch. ( c ) Sketch of circuit that dispersive pad is used to 
complete       

Electrosurgical
Active electrode

Patient return electrode/
dispersive pad

generator
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29.2.5        Multielectrode Catheter 

 One specifi c type of  a   multielectrode catheter—the  PVAC  —

was  anatomically   designed for pulmonary vein isolation ( PVI  ; 

Fig.  29.6b ). It features ten platinum electrodes that are 3 mm 

long with a diameter of 1.5 mm, and are spaced apart 3 mm. 

The diameter of the distal loop is 25 mm; the catheter is a 9 F 

ablation catheter and can also be used as a mapping catheter. It 

has bidirectional defl ection and distal and proximal retraction 

that is controlled by two switches located at the handle. The 

catheter is operated in conjunction with GENius RF Generator. 

PVAC uses less power (10 W) than most RF catheters with 

standard metal tips, but due to the small electrode sizes, the 

current densities are quite comparable [ 14 – 16 ].  

29.2.6     Irrigated Tip RF Catheters 

   The irrigated catheter  tip   uses a  circulating   fl uid to cool the 

tip during RF ablation. Open irrigation passes heparinized 

saline through the tip and discreet irrigation ports, typically 

6–12 ports; these fl uids then enter into the patient’s blood 

stream. Porous open irrigation utilizes a similar method to 

open irrigation, but the fl uid “sweats” through a multitude of 

small pores [ 8 ] (Fig.  29.9 ).

   The concept of the irrigated tip catheter is that focal cool-

ing at the tip–tissue interface helps to prevent char forma-

tion at the interface, i.e., by lowering surface temperature 

while allowing a large and deep lesion to mature as conduc-

tive heating continues unabated into deeper layers. It has 

been shown that deep tissue exhibits will be subjected to 

higher temperatures than the tip–tissue interface, with tem-

peratures differences 10 °C when ablating with irrigated 

catheters [ 6 ]. 

  With surface tissue temperatures being kept relatively 

low, greater power and durations can be applied before coag-

ulum formation begins [ 2 ]. There is reported evidence that 

the risk of thrombus, char, and crater formation is reduced 

when using irrigation [ 2 ,  8 ]. However, irrigation at high 

power levels (>50 W) has a higher risk of creating a steam 

pop. As noted above, steam pops can be created by either 

entrapment of gas at the tip–tissue interface or gas forming 

just under tissue surface, which then ruptures as the pressure 

builds within the tissues. This occurs as a result of reaching 

temperatures that cause boiling [ 2 ]. Steam pops can result in 

shredding of cardiac tissue or perforation, and thus result in 

severe clinical complications. 

 In general, irrigated catheters use a specialized irriga-

tion system to control fl uid fl ow rates. While placed within 

the heart, passive fl ow rates ( 5 CC/min) are used to keep 

blood from entering the irrigation pores, thus minimizing 

clot formation which would stop the irrigation fl ow. Higher 

irrigation rates are typically used during the ablation pro-

cedure itself. These rates can range from 15 to 30 CC/min, 

with 30 CC/min being the traditionally recommended 

value. It is important to note that irrigation fl ow rates can 

impact lesion maturation, with high irrigation rates ( 20 

CC/min) being shown to reduce lesion diameter but not 

effecting lesion depth [ 17 ]. Additionally the solution used 

for irrigation can have an effect on lesion formation. 

Research by Shake et al. has shown that lesion depth is 

inversely proportional to increasing electrolyte content of 

irrigation solution; they also showed that the use of non-

electrolyte solutions can result in tissue destruction [ 18 ]. 

Further, some applied irrigation solutions like dextrose are 

electrically insulating and negatively affect lesion forma-

tion [ 19 ]. To date, an irrigation solution of 0.9 % sodium 

chloride saline is recommended for RF irrigation.    

  Fig. 29.7    Radiofrequency catheter:  8 mm Dual-8 Therapy Catheter   
(St. Jude Medical, St. Paul, MN, USA). Picture from Avitall Lab 2014       

  Fig. 29.6    ( a )  GENius Radiofrequency Generator   from Medtronic, Inc. 
(Minneapolis, MN, USA). The system uses software to control a user- 
defi ned temperature, and delivers power to individual electrodes. To main-
tain the temperature, the power delivery is limited to 10 W at all settings 
except the 4:1, in which it is limited to 8 W. Power delivery limitation is 
necessary due to the small surface area of electrodes on the PVAC (3 mm 
long, 1.5 mm diameter). A display screen shows individual readouts of 
temperature, power delivery, and time within optimal temperature range 
for up to 12 individual electrodes [ 14 ,  15 ].  Source :   http://www.whichmed-
icaldevice.com/by-manufacturer/49/151/genius-multi- channel-rf-
generator    . ( b ) Pulmonary vein ablation catheter. A multielectrode 
circumferential ablation catheter anatomically designed for pulmonary 
vein isolation, powered exclusively by the GENius RF Generator Source. 
 Source :   http://www.mprodserver.com/meddevices/pvac           
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29.2.7     Additional Sensors and Modifi cations 
of RF Catheters and Technologies: 
MicroFidelity Technologies 

   An ablation/mapping product currently available from 

Boston Scientifi c, called  MicroFidelity   (MiFi)  Sensor 

  Technology, uniquely utilizes especially sensitive mini elec-

trodes spaced circumferentially around the catheter 

(Fig.  29.10 ). The mini electrodes are closely spaced to pro-

vide localized readings of tissue while minimizing far fi eld 

recording. The circumferential placement of these mini elec-

trodes ensures that at least one pair is in direct tissue contact. 

The MiFi technology is intended to: (1) improve recognition 

of gaps in linear lesion sequences; (2) help map previously 

ablated tissues; and (3) provide insights as to the relative 

maturation of a lesion. Recent research has suggested that 

electrogram amplitude reductions from mini electrodes can 

be used to determine the timing of lesion maturation [ 12 ]. 

The nonirrigated MiFi catheter is currently available in 

8 mm, while a 4.5 mm irrigated version is currently awaiting 

FDA approval.  

29.2.8        Contact Force 

   An important aspect of any ablation procedure is understand-

ing the relative amount and type of contact between the elec-

trode and tissue. For example,    a poor or partial contact with 

tissue can result in incomplete lesions and extend procedure 

times. It was previously reported that good contact ablation 

has a clear decrease in impedance (10–15 Ω), and results in 

signifi cantly higher temperatures at the tissue–electrode 

  Fig. 29.8    ( a ) Range of 
bidirectional defl ection seen 
in a typical radiofrequency 
catheters.  Source :   http://www.
medicalexpo.com/prod/
st-jude-medical/ablation-
catheters-bidirectional- 
irrigated-70886-446600.html    . 
( b ) Simple defl ection and the 
handle control for a 
 electrophysiology recording 
catheter  .  Source :   http://www.
eplabdigest.com/articles/
Use-a-Steerable-Bi-
directional- Coronary-Sinus-
Octapolar- Catheter-During-
Atrial- Fibrillation                                            

  Fig. 29.9    ( a ) Porous 
irrigation which “weeps” out. 
Multiple channel ports evenly 
disperse fl uid. ( b ) Traditional 
irrigation with six ports that 
spray fl uid over an area. 
*Both catheters are from the 
Thermocool line from 
Biosense Webster (Diamond 
Bar, CA, USA).  Source : 
  http://www.biosensewebster.
com/thermocoolsf.php           
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interface than incomplete or poor contact [ 5 ]. The study also 

showed that better contact with tissue correlated closely with 

both temperature increases and impedance decreases within 

the fi rst 5 seconds of an ablation [ 5 ]. However, good tissue 

 contact   is diffi cult to assess. Operators have currently 

employed the use of fl uoroscopy, ultrasound, mapping tech-

nologies, and electrophysiological readings such as pacing 

threshold to guide catheters to ablation sites and establish tis-

sue contact. These measures add a level of accuracy, but can-

not ascertain the direct degree of contact with target  tissue. As 

a result, contact force sensors have been developed and are 

being assessed in clinical trials. Today, the two primary con-

tact force sensors being studied are the Thermocool Smart 

touch (Webster Biosense, Diamond Bar, CA, USA) and the 

Tacticath Quartz Contact Force catheter (St. Jude Medical, St. 

Paul, MN, USA) (Fig.  29.11 ). More specifi cally, the  Tacticath 

Quartz Contact Force catheter   has three built-in optical fi bers 

that will deliver light to tip; a central cavity within the cathe-

  Fig. 29.10    8 mm IntellaTip 
Mifi  XP Temperature: Pictured 
is a graphical sketch of the 
locations of various 
components and spacing 
between them. Space between 
mini electrodes is 0.8 mm, 
space from center of mini 
electrode to the next is 2.3 mm, 
and the distance from tip to 
ring is 12 mm.  Source :   http://
www.bostonscientifi c.com/
redefi ning-ep/IntellaTip.html           

  Fig. 29.11    ( a )  Tacticath quartz contact force catheter   (St. Jude 
Medical, St. Paul, MN, USA).  Source :   http://professional-intl.sjm.com/
products/ep/therapy/advanced-ablation/tactisys-quartz#technology    . ( b ) 
Thermocool Smart  touch   Catheter from Webster Biosense (Diamond 

Bar, CA, USA).  Source :   http://www.radcliffecardiology.com/articles/
thermocool-smarttouch-catheter-evidence-so-far-contact-force- 
technology- and-role-visitag           
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ter measures micro deformation via a deformable body as 

contact is made (Fig.  29.11a ) [ 20 ]. The  Thermocool Smart 

touch   utilizes a precision spring and three magnetic sensors 

built into the tip of a standard RF catheter, to calculate con-

tact force based on micro-deformations of the spring 

(Fig.  29.11b ) [ 20 ].

   Generally, sensed contact forces are measured as grams; 

in one study, these forces ranged from 2 to 60 g and corre-

lated with decreases in impedance of 9.7–41.7 Ω (respec-

tively) within the fi rst 5 seconds of ablation [ 21 ]. In another 

report, it was shown that when titrating power to achieve an 

impedance drop of 15 Ω, less power was required with 

increasing contact force [ 21 ]. Also, the utilization of contact 

force sensors has been described to better predict the occur-

rence of deeper lesions as well as steam pop and/or thrombus 

formation [ 22 ]. In general, it is considered that information 

on contact force will allow operators to realize if catheter 

contact is too great, thus allowing them to ease off and reduce 

the chance of charring and thrombus. On the other hand, the 

use of such sensors will allow operators to identify if contact 

is poor and then move the catheter closer to tissue for proper 

ablation [ 21 – 23 ]. 

 Related to catheter contact forces for proper lesion forma-

tion is catheter tip orientation.  Catheter tip orientation   has also 

been shown to impact lesion genesis, with one study showing 

that smaller catheter tips produce larger lesions in the perpen-

dicular orientation, but larger tips generate larger lesions in 

parallel orientation [ 3 ,  7 ]. It should be noted that steam pops 

are more common in the perpendicular orientation   [ 2 ].   

29.3     Cryothermal Ablation 

 Cryothermal clinical techniques have been used in medicine 

for several decades, but the  cryothermal ablation   approach 

using percutaneous catheters is a more recent development. 

Cryothermal energy has gained traction as an alternative 

method for ablating cardiac tissue with RF, but one needs to 

understand that it relies on a signifi cantly different mode of 

lesion formation, that is, extracting heat from tissues to 

induce freezing [ 24 ]. Currently, in most procedures where 

cryoablation has been used, individuals utilize either 9F 

8 mm metallic tipped catheters or the 23 and 28 mm diameter 

cryoballoons; these have been employed to treat atrial fi bril-

lation, atrial fl utter, and atrial-ventricular nodal reentrant 

tachycardia, along with other forms of tachycardia [ 25 – 28 ]. 

29.3.1     Mechanism of Cryoablation 

   Cryoablative technologies   commonly utilize the circulation 

of a refrigerant in a closed, pressurized system to rapidly 

cool the target tissues. These circuits capitalize on the 

Joules–Thomson effect to deliver full cooling of the refrig-

erant, such as liquid nitrous oxide (−88.6 °C), to the distal 

catheter tips. The  Joules–Thomson effect   is the phenomena 

where liquid enters an expansion chamber, where it then 

rapidly cools upon expansion and transitions from a liquid 

to a gas. 

 As cardiac tissue cools, it becomes less excitable, electri-

cal conductance slows, and cellular metabolic processes shut 

down (i.e., when tissue temperature reaches <20 °C). It is 

important to note that from 0 to −5 °C, the loss of function in 

most excitable tissues can be restored by allowing the tissue 

to thaw, but from −5 to −15 °C there is a delay between thaw 

and restoration of function. This return to function after 

freezing is known as   reversible suppression   . Cardiac tissues 

held at −20 °C for 4 min sustain permanent damage and 

electrical silence [ 29 ]. Furthermore, prolonged freezing 

between temperatures of −10 and −25 °C will typically result 

in permanent damage, but extreme cold temperatures of 

−50 °C will result in permanent damage regardless of the 

therapeutic durations [ 29 ,  30 ].  Cryothermal injury   is charac-

terized by three distinct stages: (1) a freeze/thaw cycle; (2) a 

hemorrhage and infl ammation phase; and (3) a fi brosis 

replacement phase [ 31 ,  32 ]. More specifi cally, ice crystal 

formation that occurs within cells causes irreversible damage 

to subcellular organelles, the most important of which are 

mitochondria; the electron transport chain of mitochondria is 

particularly susceptible to ice formation. Once mitochondria 

are compromised, the cell loses its ability to generate energy 

and, along with damage to other key organelles, dies. 

Additionally, coagulative necrosis results shortly after abla-

tion and dead tissue is gradually replaced with fi brosis. The 

ablation of myocardium by cryothermal energy is considered 

to help maintain the ultrastructure (due to resistivity of fi bro-

blasts and collagen to freezing), and therapeutic borders are 

sharply demarcated [ 30 ,  33 ]. Furthermore, it has been 

reported that a signifi cant decrease in thrombus formation 

has been associated with the clinical use of cryoablation 

(Fig.  29.12 ) [ 25 ,  28 ,  29 ,  34 ].

   From a therapeutic delivery standpoint, as refrigerant 

cools the tissue, ice forms at the tissue contact site. Unlike 

radiofrequency, the cryo-catheter or cryoballoon outer sur-

faces will adhere to the applied tissues stabilizing them in 

place, an important factor for tissue contact during ablation. 

It should be noted that, depending on the extent of the tissue 

contact and blood fl ow, cryotherapy may require 2–5 min to 

reach temperatures low enough to induce permanent tissue 

damage [ 33 ]. 

 As described above, a unique phenomenon of cryotherapy 

is the ability to reversibly silence tissues through gentle freez-

ing (0 to −15 °C). By electrically silencing certain tissues an 

operator performs what is called cryomapping, which aids 

one to determine which tissues are problematic and require 

ablation without causing widespread damage [ 31 ,  34 ]. This 

technique has been shown to be particularly effective with 

treatment aimed at AV nodal reentrant tachycardias  [ 37 ].  

29 Cardiac Ablative Technologies
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29.3.2     Available Tools for the Application 
of Cryotherapies 

  The delivery of  cryotherapy   via catheters requires a cryocon-

sole for operation. Typically, the  cryoconsole   is connected to 

catheters via an electrical umbilical cord and liquid gas line. 

The console performs several critical functions, specifi cally 

it: (1) houses the refrigerant (nitrous oxide); (2) creates a 

vacuum for return of the gas from the catheter; (3) monitors 

internal temperatures and pressures; and (4) controls the 

fl ow of refrigerant to the catheter. If the circuit for the refrig-

erant is in anyway compromised, the console automatically 

shuts down the system, defl ates the balloon (in the case of 

balloon catheters), and alerts operators to the issues detected. 

Currently, such consoles utilize a touchscreen to give read-

outs of pressure and internal temperature, and also control 

the functions of the catheter (Fig.  29.13 ). Refrigerant (nitrous 

oxide gas) is recycled through the console and then passed to 

the hospital’s disposal system.

   Currently, clinically available cryo-catheters come in two 

distinct types—traditional tip ablation catheters and balloon. 

For example, the Freezor Max from Medtronic, Inc. 

(Fig.  29.14 ) has an 8 mm tip with electrodes at the tip and on 

three subsequent rings, allowing for electrophysiological 

recordings/mapping. This particular catheter utilizes 

 unidirectional defl ections; it fi ts into a 10 F introducer and 

comes equipped with a thermocouple that allows for 

  Fig. 29.13    Cryocath console from Medtronic, Inc. (Minneapolis, MN, 
USA).  Source :   http://www.medicalexpo.com/prod/medtronic/mobile-
cryosurgery- units-70691-441874.html           

  Fig. 29.12    ( a ) Radiofrequency lesion; note hemorrhaged tissue and nonhomogenous fi brosis. ( b ) Lesion derived from cryothermal treatment, 
showing well-demarcated lesion with homogenous fi brosis and no remaining hemorrhage [ 29 ]       
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 monitoring temperature at the catheter tip. There are two 

models currently available, one 55 mm and the other 66 mm 

(handle to tip length). These cryo-catheters feature a central 

lumen for the passage of refrigerant, which then terminates 

at the tip of the catheter. A larger lumen is kept under vacuum 

which returns the refrigerant to the delivery system for dis-

posal. Also, pending model variability, there are typically 

defl ection wires, thermocouple wires, and electrical leads 

extending to the handle. Handles will feature an electrical 

umbilical cord, defl ection controls, and a gas connector 

(these are terminated onto the cryoconsole). The  tip-based 

catheters   are commonly used to treat pediatric arrhythmia. 

Additionally, these catheters are also used to treat paroxys-

mal atrial fi brillation by ablating focal triggers, and are used 

in conjunction with cryoballoon catheters as spot treatment 

to complete left atrial PVI procedures.

   The  cryoballoon catheters   were anatomically designed 

for use in PVI. They utilize the same functional mechanism 

as the tip-based cryo-catheters (i.e., with a central lumen 

supplying refrigerant and a larger lumen acting as a vacuum 

return). Uniquely, the cryoballoon catheters feature an infl at-

able balloon that is designed to generate a circumferential 

lesion around the balloon and thus treat pulmonary veins. 

There are currently two sizes of balloons available clinically, 

23 and 28 mm. These balloons are made of a compliant 

material that can withstand the high pressures. Additionally, 

an outer balloon is employed as a safety feature, in the event 

of an internal balloon rupture or leak. Importantly, the space 

between the two balloons is under constant vacuum and any 

change in pressure immediately results in termination of the 

refrigerant delivery and suction of gas from the balloon. An 

internal thermocouple monitors balloon internal tempera-

ture. Current models do not feature any electrodes for elec-

trophysiological readings, but they do feature a central lumen 

where an Achieve mapping catheter (3.3F lasso type cathe-

ter) can be maneuvered to the distal end to provide the ability 

to monitor pulmonary vein electrical activities (Fig.  29.15 ). 

To date, due to the size and stiffness of the cryoballoon, 

  Fig. 29.14    ( a ) General 
schematic of the inner 
components of a tip-based 
cryo-catheter. ( b ) Freezor 
Max 3 from Medtronic, Inc. 
(Minneapolis, MN, USA). 
 Source :   http://www.
medtronic.com/           

  Fig. 29.15    ( a ) Inner components of a balloon catheter.  Source :   http://
www.medgadget.com/cardiac_surgery/page/34    . ( b ) Inner components 
of the handle of a balloon catheter.  Source :   http://www.farmpd.com/
medical-equipment-product-development/cryocath-technologies-6/    . 

( c ) Gas lead, electrical umbilical cord, and guidewire/catheter lumen at 
bottom of handle.  Source :   http://www.farmpd.com/medical-equipment- 
product-development/cryocath-technologies-4/           
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 catheters have defl ections that are very limited. Furthermore, 

the deployment of the balloon catheter in the left atrium at 

the os of the pulmonary veins require the use of a 12F sheath, 

which is introduced into the femoral vein and transseptally 

into the left atrium; currently, this sheath has unidirectional 

defl ection which helps to facilitate the proper positioning of 

the balloon catheter.

   For ablation procedures performed with these technolo-

gies, the cryoballoon is introduced into a patient in a percu-

taneous manner and is positioned in the antrum portion of 

the pulmonary veins (Fig.  29.16a ). When the balloon 

obstructs the fl ow from the pulmonary vein, a required cir-

cumferential lesion and PVI can be achieved. Operators typi-

cally will utilize a contrast medium (such as iodine) that is 

injected through the central lumen of the catheter. The dye is 

used to determine if occlusion is achieved or if leaks are 

present (Fig.  29.16b ). 

29.3.3        Complications and Clinical Outcomes 
with Cryotherapies 

  For  procedures   performed with the standard tip cooling cryo- 

catheter (e.g., Freezor 3), success rates have been reported to 

be very high and comparable to RF, with rates 84 %. Total 

cryoprocedure times range from mean time of 126–152 min 

[ 24 – 26 ]. The most common complication from these stan-

dard tip cryo-catheters is the potential for thrombus forma-

tion; however, it should be noted that in an in vitro study, it 

was determined that the rates of thrombus formation associ-

ated with cryothermal ablation compared to radiofrequency 

were signifi cantly less [ 29 ]. 

 To date, cryoballoon ablation results have been observed 

for acute success of PVI to range from 84 to 97 % [ 35 – 37 ]. 

The long-term success rate is comparable to RF and other 

balloon technologies, ranging from 60 to 75 % [ 35 – 37 ]. It is 

important to note that the most frequent complication associ-

ated with this therapeutic approach is phrenic nerve palsy 

(i.e., when specifi cally ablating the right superior pulmonary 

vein ostia) [ 36 ,  37 ].    

29.4     Utility of Ultrasound Technology 

 The  ultrasound ablation   catheter was initially developed to 

generate transmural myocardial lesions within the ventricles 

[ 38 ], and later was adopted for the isolation of the pulmonary 

veins. Ultrasound technology may offer benefi ts over RF for 

the isolation of pulmonary vein triggers responsible for the 

initiation of atrial fi brillation; it has been shown to generate 

well-demarcated lesions with minimal collateral damage to 

surrounding tissues [ 38 – 40 ]. Additionally, due to the under-

lying mechanisms of ultrasound ablation, this technology 

has been shown to be effective regardless of tissue contact, 

thereby increasing the likelihood of proper lesion formation 

and PVI [ 40 – 42 ]. 

29.4.1     Mechanisms of Ultrasound Ablation 

  Ultrasound  waves   are created mechanical pressure waves 

with frequencies used in the medical fi eld, ranging from 

20 kHz to 200 MHz, in order to generate thermal heating in 

a variety of tissues. Commonly, the frequencies used for car-

diac ablative procedures range from 1 to 10 MHz, with a 

frequency of 9 MHz being most commonly used [ 38 ,  43 ,  44 ]. 

Two primary mechanisms lead to tissue  destruction  : (1) the 

propagation of waves and ensuing oscillation of molecules 

within cells; and (2) induced acoustic cavitation. The oscilla-

tions produce heat and form lesions through coagulative 

necrosis [ 43 ].  Acoustic cavitation   is the process in which 

sound waves elicit intracellular water to briefl y enter a gas-

eous phase, thus forming bubbles within the cell. These bub-

bles will, in turn, burst and cause pressure waves that 

mechanically destroy surrounding tissue [ 38 ,  39 ]. It is con-

sidered that these two events occur simultaneously and are 

  Fig. 29.16    ( a ) Cryoballoon with lasso catheter in position to take pulmonary vein isolation electrophysiological readings. ( b ) Dye is injected 
through central lumen to determine if the pulmonary vein is occluded. A leak is present indicating partial occlusion       
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histologically indistinguishable; ultrasound lesion formation 

is most likely caused by composite of both processes [ 38 ]. 

 In such therapies, ultrasound waves are focused to concen-

trate the energy and localize the injury as desired; research 

has shown that lower frequency unfocused ultrasound does 

not signifi cantly affect tissues [ 38 ]. In cardiac ultrasound 

treatments, tissue heating ranges from 56 to 80 °C within the 

sharply demarcated zone of necrosis, while adjacent tissues 

outside the focal area are nearly unaffected by ultrasound 

waves [ 38 ,  39 ]. Ultrasound waves are unimpeded by inter-

vening medium and are therefore capable of delivering energy 

without requiring a need to assess tissue contact [ 42 ,  44 ,  45 ]. 

Lesion depth is directly correlated with delivered power as 

increasing power generates larger lesions [ 45 ] (Fig.  29.17 ). 

29.4.2        High-Intensity Focused Ultrasound 
Balloon Catheter Systems 

  There are various ultrasound devices intended to focus ultra-

sound waves for ablation, but currently the most widely used 

is the  high-intensity focused ultrasound balloon catheter 

(HIFU BC)   from ProRhythm (Ronkonkoma, NY, USA; 

Fig.  29.18 ) [ 38 ,  41 ,  42 ,  44 ,  46 ]. This catheter has a 9.0 MHz 

transducing crystal surrounded by a distal balloon that is 

fi lled with a 6:1 mixture of water and dye (respectively). 

This water mixture is circulated around the transducer in a 

closed circuit to maintain its temperature below 42 °C. The 

distal balloon is kept infl ated by a pressure of 8 PSI. A more 

proximal balloon is infl ated at 1.5 PSI and fi lled with carbon 

  Fig. 29.17    After a fi xed 
duration of ablation, lesion 
dimensions were strongly 
impacted by variance of 
delivered power. Ablations 
were conducted on prepared 
muscle sections [ 45 ]       

  Fig. 29.18    ( a ) Schematic of the catheter tip displaying both balloons, sonicating ring, and relative placement in pulmonary vein ostium [ 44 ]. 
( b ) Picture of balloon along with catheter handle [ 38 ]       
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dioxide, which acts as a refl ector to direct and focus the 

ultrasound forward. This catheter has a central lumen which 

allows for guidewire placement to aid in positioning the bal-

loon at the pulmonary vein, and also allows for placement of 

a recording catheter to ascertain pulmonary vein isolation. 

The more recent models also feature pull-wires to provide a 

limited bidirectional defl ection. To date, the distal balloon 

comes in three sizes—24, 27, and 32 mm (diameter)—with a 

sonicating ring size of 20, 25, and 30 mm (respectively) for 

each model [ 38 ].

   Clinical cardiac ablations with HIFU BC are typically con-

ducted between 35 and 45 W using a 9.0 MHz transducer with 

a standard application of 40 s per ablation [ 38 ,  41 ,  42 ,  44 ,  46 ]. 

Recent studies have shown that successful pulmonary vein 

isolation can be achieved with one application, but typically 

2–4 applications per pulmonary vein are considered necessary 

[ 38 ,  42 ]. It is interesting to note that for this approach, mean 

procedure times range from 127 to 164 min [ 38 ,  42 ].  

29.4.3     Complications and Clinical Outcomes 
Employing HIFU Ablations 

 There is limited clinical data concerning HIFU BC ablation; 

however, there have been no reported incidents of 

 thromboembolic events during any previous clinical proce-

dure. The most common procedure-related complication has 

been induced phrenic nerve palsy, a common issue for bal-

loon catheters when ablating at the right superior pulmonary 

vein [ 38 ,  41 ,  42 ,  47 ]. Nevertheless, it is important to note that 

an atrial-esophageal fi stula occurred in one study [ 41 ]. 

Further, in an independent study assessing the likelihood of 

esophageal injury from ultrasound technology, investigators 

found that ablations at the right superior pulmonary vein 

could potentially result in esophageal fi stula if tissue tem-

peratures were allowed to reach 50 °C. It has been sug-

gested that this issue could be remedied with careful 

temperature monitoring of the esophagus and by positioning 

the transducer further away from the ablation site to reduce 

penetrance of ultrasound waves to the esophagus [ 44 ]. 

Finally, other complications observed during clinical trials of 

this technology were hemorrhaging of tissues as a result of 

the mechanical manipulation of the catheter [ 42 ,  46 ] and an 

incidence of thrombus formation in one study [ 38 ]. 

 The overall success rates for pulmonary vein isolation 

with HIFU were 80 %, with the highest reported percentage 

of 89 %. Note that the higher percentages were achieved 

when using the steerable HIFU BC [ 38 ,  42 ,  46 ,  47 ]. 

Successful treatment of atrial fi brillation by ultrasound tech-

nology is between 45 and 75 %, with a median value of 60 % 

[ 38 ,  42 ,  46 ,  47 ]. According to statistics, the ultrasound cath-

eter has favorable outcomes for the treatment of atrial fi bril-

lation through pulmonary vein isolation when compared to 

RF, but it still suffers from a relatively high rate of phrenic 

nerve palsy and does not completely eliminate the potential 

for esophageal fi stula. Additional trials and continued inno-

vations and refi nements of such catheter technologies are 

ongoing and necessary.   

29.4.4     Low-Intensity Collimated Ultrasound 
System 

 Recently, the novel robotically controlled low-intensity col-

limated ultrasound ablation system (LICU ® ,    VytronUS Inc., 

Sunnyvale CA, USA) has been described. This system is 

comprised of the following major components: (1) a defl ect-

able transseptal sheath; (2) a robotic tip open-irrigated cath-

eter with an additional manually defl ectable section 

(Fig.  29.19a–c ); and (3) an electronic control console 

(Fig.  29.19d ). The defl ectable sheath is 13F ID and capable 

of 135° of defl ection. The distal tip of the catheter contains a 

proprietary  LICU ®    ultrasound transducer that emits a colli-

mated ultrasound beam with well-characterized spatial 

intensities. Furthermore, the system produces two- and 

three-dimensional chamber endocardial therapeutic geome-

tries, by robotically scanning the left atrium and pulmonary 

veins with the ultrasound-equipped catheter tip and spatially 

registering the ultrasound echo data to the catheter’s position 

without contact between the catheter and the target tissue 

(Fig.  29.19d, e ). On this mapped atrial anatomy, the user 

determines the desired free-form lesion trajectories that are 

then automatically ablated under robotic control, i.e., with-

out need for continuous operator manipulations (Fig.  29.19e ). 

It is considered that because the maps and lesion trajectories 

are all self-referencing and nearly real-time, they are insensi-

tive to external spatial error introduced by normal cardiac 

motion, fl uid intake, etc. Further, a constant ultrasound beam 

speed at the endocardial surface has been achieved by fi rst 

scanning the target tissue along the desired trajectory to map 

the endocardial topography, and then using this data to robot-

ically control the catheter’s tip velocity. The highly direc-

tional ultrasound beam generates thermal injury by 

absorption and dissipation of ultrasound energy, as sound 

waves propagate through the target myocardial tissue. 

Because of the negligible dissipation of ultrasound energy by 

blood, lesion formation is insensitive to the distance from the 

catheter tip to the target tissue.

   To date, the catheter has been cooled by saline irrigation 

during creation of the lesion (Fig.  29.19c ). The maximum 

therapeutic and imaging distances of the LICU ®  beam are 

described to be 17 and 40 mm, respectively. An example of a 

pulmonary vein isolating lesion generated by this system is 

shown in Fig.  29.19f . Currently, this catheter is in the pre-

clinical stage of testing and therefore there has been no clini-

cal data to report.   
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29.5     Microwave Energy 

 Another technology that has been described as a potential 

alternative to RF for cardiac ablation is microwave. One 

potential advantage of  microwave   technology is the ability 

of this energy source to create larger and deeper lesions 

without the need for tissue contact. Furthermore, it is not 

limited by concerns of coagulum formation, since it does 

not operate as a circuit (it does not require a grounding pad) 

and is not signifi cantly affected by intervening medium 

(blood, fat) [ 48 ,  49 ]. Microwave ablation relative to the 

heart was initially intended for ablations of ventricular 

tachycardia; however, more recently atrial tissues have been 

ablated as well [ 49 – 53 ]. 

29.5.1     Mechanisms of Cardiac Microwave 
Ablation 

 The  mechanism of   heat generation associated microwave 

technology is referred to as   dielectric hysteresis   . 

Electromagnetic waves produced through microwave appli-

  Fig. 29.19    ( a–c ) Components of ultrasound mapping and ablation sys-
tem. ( d ) Schematic of LICU catheter inside the left atrium demonstrat-
ing the robotically controlled ablation. ( e ) Example of post-pulmonary 

vein isolation lesion. ( f ) Example of a pulmonary vein isolating lesion. 
 Source : Avitall lecture, “Redefi ning Ablation,” VytronUS, Chicago, IL, 
January 2014       
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cations induce polar inversions at rapid speeds, i.e., billions 

of inversions per second (30–3,000 MHz) in polar molecules 

such as water. As ions and other polar molecules oscillate 

with the electromagnetic fi eld kinetic energy is increased 

and, as a consequence, tissue temperatures rapidly increase 

[ 5 ,  54 ]. Yet, the mechanism of heat generation is dependent 

on the applied: (1) electric fi eld frequency; (2) dielectric con-

stant; and (3) conductivity of material absorbing the electro-

magnetic waves (Fig.  29.20a ). Note that the water content of 

biological tissues (~70 % of cellular mass, on average) pro-

vides both high dielectric current and good conductivity. The 

result is high absorption of energy from microwaves.

   Microwave lesions have been shown to be well demar-

cated with more uniform tissue heating (Fig.  29.20b ). 

Further, tissue ablations utilizing microwave energy have 

been noted, when temperature is kept constant, to have a 

greater volumetric penetrance than RF lesions [ 48 ,  55 ]. 

However, it has also been reported that as microwave fre-

quencies increase, lesion depths will in turn decrease. 

Nevertheless, when considering cardiac ablation, the 

increased volumetric heating of microwave technologies 

should, in theory, result in fewer applications and reduced 

procedure times. One notable and important consequence of 

the increased volumetric heating is an increased risk of 

thrombus formation as a result of boiling blood. The func-

tioning of microwave catheters is not affected by the forma-

tion of coagulum, so care must be taken to prevent char 

formation and the potential embolism [ 48 ].  

29.5.2     Current Microwave Generators 

 There are two types of  generators   that have been employed 

to date to power microwave technologies. The most com-

monly used generator is known as a  magnetron  ; this system 

generates energy by rapidly accelerating electrons within a 

resonant cavity using magnetic fi elds. More specifi cally, the 

geometry of the resonant cavity determines the power output 

capabilities; magnetrons are capable of outputting power 

levels 10 kW (Fig.  29.21a ). This system has reported a 

70 % effi ciency rate, but can be expensive to produce and 

maintain [ 54 ]. A second type of generator is a  steady-state 

amplifi er   that generates power through a series of steps, with 

each step amplifying power. This kind of generator is less 

  Fig. 29.21    ( a ) Magnetron 
generator for microwave 
ablation [ 54 ]. ( b ) Flex 4 
Microwave Catheter from 
AFx Inc. (Fremont, CA, 
USA).  Source :   http://www.
revespcardiol.org/en/
ablation-of- permanent-atrial-
fi brillation/articulo/13066579/           

  Fig. 29.20    ( a ) Mechanism of tissue heating from electromagnetic waves [ 54 ]. ( b ) Microwave lesion on porcine lung.  Source : Symple, Benefi ts 
of Microwave Ablation Slides       
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effi cient and, as a result, suffers from overheating and lower 

power outputs (150 W); yet, the system’s power outputs are 

lower and easier to manipulate [ 54 ].

29.5.3        Microwave Ablation Catheters 

  The primary components of a  microwave   catheter are the 

antenna and coaxial capable. The coaxial cable is composed 

of an inner and outer conductor separated by a dielectric 

material and wrapped in an insulating jacket [ 54 ]. An issue 

seen in early models was leakage of electromagnetic waves 

that resulted in hotspot radiation along the cable, such as the 

percutaneous entry or at the catheter lead plug-in. Radiation 

leakage can cause heating in areas that are removed from the 

microwave antenna. The use of more durable and insulating 

materials such as Tefl on is proposed to fi x this issue [ 56 ]. 

The diameter ultimately controls the level of power delivery 

possible with larger diameters, allowing greater power out-

puts [ 54 ]; a typical diameter of 2.44 mm is seen [ 56 ]. 

 The microwave antenna acts as the catheter tip 

(Fig.  29.21b ). The antenna has a range of sizes that have 

been employed in clinical testing, ranging from 5 mm to 

4 cm, and is typically composed of copper [ 48 – 53 ,  55 ,  56 ]. 

The geometry of the antenna controls how power distribution 

is focused, the frequency at which waves propagate, and how 

much power refl ects back onto the catheter. 

 Electromagnetic waves rebound to varying degrees back 

onto the antenna which can cause heating of the antenna and 

cable. Heating of the cable and antenna can lead to unantici-

pated burns to the patient and may damage the system. While 

antenna geometry varies, the most common variation is a heli-

cal loop which has been shown to allow better energy focus, 

be less invasive, and mitigate power refl ection to 10 W [ 48 , 

 50 ,  55 ]. Greater power has been shown to lead to deeper lesion 

formation; however, increasing power output must be done 

cautiously as increasing power results in greater refl ected 

power and incidental heating as mentioned above [ 51 ]. 

 One of the important factors for lesion formation by a 

microwave antenna is that lesion formation is independent of 

contact and minimally impacted by orientation [ 48 ]. 

Ablations are conducted in a power range of 20–75 W, with 

a preferred operating power around 50 W and frequency 

ranges from 1 to 3 GHz, with an operating frequency of 

2.45 GHz being most common. Ablations are conducted 

from 60 to 120 s [ 49 – 51 ]. A study found that lesion forma-

tion is progressive and consecutive ablations at the same site 

result in increases in lesion size [ 51 ]. A clinical study deter-

mined that 25 s of ablation at a frequency of 2.45 GHz and 

45 W power was suffi cient to produce 3–5 mm deep lesions 

during open-heart surgery [ 53 ].   

29.5.4     Complications and Clinical Applications 

  With this therapeutic approach,    the risk of charring and 

coagulum formation during ablation is considered to be min-

imal and, while thrombus formation may be a concern, there 

have been no reported incidents [ 48 ,  53 ,  55 ,  57 ]. One needs 

to be aware that refl ected power heating of the antenna is 

another issue, but careful temperature monitoring at the 

probe can alleviate this concern [ 51 ]. Additionally, leakage 

of electromagnetic waves along the coaxial delivery system, 

e.g., from insuffi cient insulation, can result in unintentional 

heating to both the system and the patient affected anatomy 

[ 51 ,  54 ]. 

 To date, published research has focused on microwave 

technologies for the treatment of atrial fi brillation. An over-

all success rate of conversion and retention to normal sinus 

rhythm was reported to be within the range of 65.6–88 %, 

with the most common values 80 % [ 52 ,  53 ,  57 ,  58 ]. In one 

reported single randomized study (for treatment of paroxys-

mal atrial fi brillation), researchers compared RF to micro-

wave therapeutic technologies and noted that the RF 

approach elicited superior outcomes, with 81.3 % of patients 

returning to sinus rhythm compared to 65.6 % for microwave 

ablation. Yet, is should be noted that a commonality among 

all such described studies was the distinct lack of procedural 

complications associated with the use of the microwave cath-

eter systems and, importantly, there were no reported deaths 

[ 52 ,  53 ,  57 ,  58 ]. In other words, while the apparent safety of 

the microwave ablation system is very high, the overall 

effectiveness is comparable but may be a bit less than RF 

ablation.    

29.6      Balloon Laser Catheter: Endoscopic 
Ablation System 

 The  endoscopic ablation system (EAS)   utilizes a balloon 

 catheter   that uses laser energy for the elicitation of ablation 

therapy. Typically, it has been used to treat paroxysmal atrial 

fi brillation by ablating the pulmonary vein tissues which are 

considered capable of inducing atrial fi brillation. The nov-

elty of this approach versus technologies like cryoballoon 

therapy is that an endoscope built into the balloon catheter 

system also allows for direct visualization of the pulmonary 

ostium during treatment; in theory, this provides some visual 

assessment of the ablation process and may insure lesion 

contiguity, resulting in more effective pulmonary vein 

isolations. 

 The current rendition of this catheter is nonsteerable and 

requires the use of a 12F defl ectable sheath for proper posi-

tioning. Importantly, the therapeutic power is titratable, thus 
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allowing for the potential to control lesion formation. To 

date, compliant balloons with a variety of sizes are available, 

providing additional fl exibility for treating the known 

 variable pulmonary vein anatomies seen in atrial fi brillation 

patients. It should be noted that, as of this writing, the  EAS   

system has been tested at the clinical level, but has yet to be 

approved for clinical use. 

29.6.1     The Endoscopic Laser Ablation System 

 The current design of the cardiac laser ablation  system 

  employs: (1) a 12F catheter which houses a central lumen that 

circulates, in a closed loop, deuterium oxide (heavy water); 

(2) a 2F endoscope, an illumination fi ber (for the endoscope); 

and (3) an arc generator with a 980 nm diode that creates the 

laser energy (Fig.  29.22 ). More specifi cally, the distal end has 

a balloon made of compliant material that can increase, in 

nine infl ation steps, from a base of 9–35 mm (approximately 

3 mm per step). Balloon infl ation and the fi nal shape are 

maintained via fl uid pressure from the delivered deuterium 

oxide. The current system has an atraumatic tip with a radi-

opaque marker for orientation purposes; this forms the distal 

most end of the catheter. It should be noted that the tip designs 

and radiopaque markers were integrated from user key opin-

ion leaders’ feedback relative to the previous tips causing 

mechanical damage and diffi cult orientation issues with the 

blind spot created by the catheter shaft [ 59 ,  60 ].

   This system’s catheter handle design provides controls 

for the orientation of the arc generator. More specifi cally, the 

arc generator can be moved both distally and proximally and 

can be rotated, allowing laser energy to create a completely 

circumferential lesion. This system utilizes a work station 

that: (1) connects to the catheter; (2) houses the deuterium 

supply; (3) contains the laser power generator; and (4) 

 contains a white light source (for illumination fi ber). All 

 controls and endoscopic displays are run through the work 

station, at which they are manipulated using a touchscreen 

with a two panel display (Fig.  29.23 ).    One panel provides a 

live feed from the endoscope, while the other panel displays 

a frozen reference image of the last ablation site. This setup 

was created from feedback about noted diffi culties in pro-

ducing linear lesions with the use of the live endoscopic 

view only. Further, on the current system, touch controls are 

available to adjust: (1) the output power (wattage from 5.5 to 

12 W); (2) time intervals (typical ablations lasting 20 or 

30 s); and (3) balloon infl ation parameters (minimum 9 mm, 

maximum 35 mm). To aid the user, snapshots of previous 

lesions are stored in the system and can be accessed at any 

time during an ongoing procedure [ 59 ].

29.6.2        Laser Energy and Cardiac Ablations 

 In general, laser energy  is   considered to provide a volumetric 

heating of tissue. As the ablation proceeds, laser energy passes 

through the arc generator in a direction perpendicular to the 

catheter in a 30° arc. In theory, laser energy passes unabsorbed 

through the deuterium oxide, but is absorbed by water in tis-

sues and blood. As this energy hits tissues, it will penetrate 

beyond the endothelial strata, and ultimately most of the deliv-

ered energy will be absorbed by the endocardium. Note that 

water molecules absorbing laser energy lead to vaporization 

and incidental heating; coagulation necrosis occurs at these 

contact sites. Conductive heating allows heat to penetrate the 

deeper layers and can lead to lesions as deep as 12 mm, as 
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CATHETER SHAFT
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CENTRAL LUMEN TUBING

SHOWN IN CROSS-SECTION VIEW
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  Fig. 29.22    ( A )  Balloon laser catheter   and components [ 50 ]. ( B ) Head on view of distal end of catheter [ 50 ]       
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were previously observed within canine model studies by 

Reddy et al. [ 61 ]. With this therapeutic approach, the titration 

of energy delivery is possible by varying wattage at the EAS 

console (5.5–12 W). Importantly, because the endocardium 

absorbs most of the laser energy and the endothelium rests in 

contact with a deuterium-fi lled balloon, the probability of 

charring and thrombus is reduced; canine studies by Reddy 

et al. revealed no left atria lesions with char [ 61 ]. 

 Laser energy can be delivered in an arc of 30° and, for 

proper therapeutic application, will require manipulation of 

the arc generator throughout rotations to create a circumferen-

tial lesion. As such, using the console’s dual display capabili-

ties, the user will overlap lesions by rotating the laser arc. The 

radiopaque materials built into the catheter tip have been noted 

to help the user orient the laser arc in relation to the blind spot 

produced by the catheter shaft. Nevertheless, with this current 

technology, in order to account for the blind spot, the balloon 

needs to be rotated at least 90° to fi nish creating a full circum-

ferential lesion [ 62 ,  63 ]. Lesions produced by the EAS system 

have been shown to be homogenous, well- demarcated, and 

occur with minimal disruption of tissues and charring. 

 An additional benefi t observed from the procedural use 

of the EAS system has been the ability to visualize the abla-

tion site and determine if arc will primarily hit tissues or 

blood. More specifi cally, light coming from the fi ber optics 

cable is refl ected back by tissues. In other words, the wave-

lengths of refl ected light differ within tissue and blood; both 

refl ect red light, but tissue also refl ects green light. Thus, 

when focused on blood only, red light is seen; when focused 

on tissue wavelengths, red and green cancel and the yellow 

spectrum can be detected.    Therefore, this allows the opera-

tors to distinguish if the ablation tip is too distant to the tis-

sue, as only red light will be refl ected. Using this method, a 

distinct area and distance from tissue can be determined 

prior to ablation [ 61 ].  

29.6.3     Clinical Use and Safety Aspects of Laser 
Cardiac Ablation 

 Early clinical  trials   have suggested that the therapeutic use of 

EAS has effi cacy and safety levels comparable to other cur-

rently employed AF ablation systems [ 61 ,  64 ]. Furthermore, 

with this approach, chronic pulmonary vein isolation occurs 

with high percentage in single procedure ablations, with 

rates 90 % [ 60 ,  61 ,  65 ,  66 ]. Many of these PVIs can be done 

solely using the EAS system, but it should be noted that cer-

tain pulmonary veins may require additional mapping and 

ablations using RF catheters [ 63 ]. Success rates for treating 

paroxysmal atrial fi brillation with laser ablation were noted 

to range from 60 to 70 %, a rate comparable to treatment 

with RF technologies [ 61 ]. Despite current successes, there 

was a rather high incidence of cardiac tamponade and phrenic 

nerve palsy associated with such laser procedures [ 60 – 63 ]. It 

was considered that the implementation of redesigned atrau-

matic catheter tips, in response to the high incidence of tam-

ponade, should reduce these problems; clinical trials have 

yet to determine if this was a suffi cient modifi cation to pre-

vent complications. Additionally, the current laser ablation 

system does not feature mapping electrodes, so there is no 

real-time electrophysiological monitoring of pulmonary vein 

isolation. Thus, operators rely on visualization of tissue to 

create full circumferential lesions. Therefore, in current 

clinical applications, after completing an ablation for PVI, 

  Fig. 29.23    Touchscreen display of the endoscopic ablation  system   for a laser balloon catheter [ 59 ]       
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one needs to determine therapeutic results using additional 

multielectrode recording catheters. 

 To date, procedure times using this technological approach 

have been long, ranging from an average of 250–278 min 

[ 60 ,  61 ]. Additionally, during the application of laser abla-

tion, temperature monitoring of the esophagus is considered 

to be necessary to prevent extracardiac damage [ 60 ]. It has 

been suggested that pacing of the phrenic nerve is of value, 

to prevent the elicitation of phrenic nerve palsy. It has also 

been noted that extra caution is needed when ablating near 

mapping catheters. More specifi cally, there have been 

reported incidents where the balloon of the EAS overheats 

and is, in turn, damaged when ablation  was   performed in 

close proximity to mapping catheters [ 62 ] .   

29.7     Summary 

 Technologies for the treatment of cardiac arrhythmias con-

tinue to develop at a rapid pace, with some system approaches 

employing automation (robotics) and others that have greatly 

improved the usability by clinicians. These technologies are 

highly variable and provide unique advantages and disadvan-

tages that make them each more suitable in specifi c thera-

peutic circumstances. The evolution of these ablative 

technologies is driven by the variety of obstacles clinicians 

encounter which include (but are not limited to): (1) the 

potential to induce stroke and/or extracardiac damage; (2) 

lesion effi ciency issues; (3) anatomical obstruction or acces-

sibility limitations; (4) the relative lack of accurate localiza-

tion and/detection of the underlying mechanisms of the 

dysrhythmic source; and (5) current limited mapping and 

navigation capabilities. An additional factor that is becoming 

increasingly important is the cost of the therapy versus the 

anticipated likelihood of successful procedural outcome. In 

this chapter, we reviewed the current application of RF and 

cryothermal ablation technologies, and we also discussed 

various ultrasound, microwave, and laser balloon ablation 

technologies that are being developed.     
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30.1        Introduction 

 Pacing and defi brillation systems both monitor and treat 

inappropriate cardiac rhythms. In general, these inappro-

priate rhythms result in cardiac  outputs that are inadequate 

to meet metabolic demands, and thus can be life-threaten-

ing. Currently, over 600,000 Americans have pacemakers 

and 150,000 have implantable cardioverter defi brillators 

(ICDs) [ 1 ]. 

 In order to best understand the function of such pacing 

and defi brillation systems, the underlying physiologic situa-

tions indicated for their use must also be defi ned and under-

stood. Furthermore, as with the design of any biomedical 

device or system, a  fi rst principles  understanding of the 

appropriate physiologic behavior is a prerequisite to the 

defi nition of the performance characteristics of the device. 

This chapter primarily aims to provide a basic understanding 

of the physiologic conditions that require intervention with 

      Pacing and Defibrillation       

     Timothy     G.     Laske      ,     Anna     Legreid     Dopp     , 
    Michael     D.     Eggen     , and     Paul     A.     Iaizzo    

    Abstract  

  Pacing and defi brillation systems monitor and treat inappropriate cardiac rhythms. In general, 

these inappropriate rhythms result in cardiac outputs that are inadequate to meet metabolic 

demands, and thus can be life-threatening. In order to best understand the function of such 

pacing and defi brillation systems, the underlying physiologic situations indicated for their 

use must also be defi ned and understood. Furthermore, as with the design of any biomedical 

device or system, a  fi rst principles  understanding of the appropriate physiologic behavior is 

a prerequisite to the defi nition of the performance characteristics of the device. This chapter 

primarily aims to provide a basic understanding of the physiologic conditions that require 

intervention with pacing and/or defi brillation systems, as well as introduce technical infor-

mation about these systems to provide the reader with a foundation for future research and 

reading on this topic.  

  Keywords  

  Cardiac pacing   •   Defi brillation   •   Cardiac arrhythmia   •   Electrical stimulation   •   Antiarrhythmic 

drugs   •   Drug interactions   •   Implantable pulse generator   •   Implantable cardioverter defi bril-

lator   •   Leadless pacemaker  

        T.  G.   Laske ,  PhD      (*) 
  Department of Surgery ,  University of Minnesota , 
  Minneapolis ,  MN,   USA    

  Medtronic plc ,   8200 Coral Sea Street NE, MVS 46 , 
 Minneapolis ,  MN   55112 ,  USA   

  Pharmacy Society of Wisconsin ,   Madison ,  WI ,  USA   
 e-mail: tim.g.laske@medtronic.com   

    A.  L.   Dopp ,  PharmD    
  Pharmacy Society of Wisconsin ,   Madison ,  WI ,  USA     

    M.  D.   Eggen ,  PhD    
  Department of Surgery ,  University of Minnesota , 
  Minneapolis ,  MN,   USA   

  Medtronic plc ,   8200 Coral Sea Street NE, MVS 46 , 
 Minneapolis ,  MN   55112 ,  USA     

    P.  A.   Iaizzo ,  PhD    
  Department of Surgery ,  University of Minnesota , 
  Minneapolis ,  MN,   USA    

 Electronic supplementary material   The online version of this chapter 
(doi:  10.1007/978-3-319-19464-6_30    ) contains supplementary material, 
which is available to authorized users. 

 30

http://dx.doi.org/10.1007/978-3-319-19464-6_30
mailto:tim.g.laske@medtronic.com


544

pacing and/or defi brillation systems, as well as introduce 

technical information on these systems to provide the reader 

with a foundation for future research and reading on this 

topic. The information provided in this chapter is by no 

means comprehensive and thus should not be used to make 

decisions relating to patient care.  

30.2     Cardiac Rhythms and Arrhythmias 

30.2.1     Cardiac Function and Rhythm 

 Cardiac output (CO) is defi ned as the heart rate (HR, beats 

per minute) multiplied by the stroke volume (SV, liters), 

or CO = HR × SV (L/min). Normally, the heart rate is 

determined by the rate at which the sinoatrial node (the 

 biologic pacemaker ) depolarizes. In healthy individuals, 

the sinoatrial node maintains the appropriate heart rate to 

meet variable metabolic demands (e.g., increasing with 

exercise). More specifi cally, the sinoatrial nodal rate is 

modulated by: (1) sympathetic and parasympathetic inner-

vation; (2) local tissue metabolites and other molecules; 

(3) neurohormonal factors; and/or (4) the perfusion of the 

nodal tissues. Stroke volume is the quantity of blood 

ejected from the heart during each ventricular contraction. 

The instantaneous stroke volume is governed by a number 

of factors including: heart rate, degree of ventricular fi ll-

ing/atrial performance, atrial- ventricular synchrony, and/

or myocardial contractility. 

 It is important to note that multiple physiologic and 

pathologic conditions exist that may result in an inappropri-

ate cardiac output. These conditions need to be defi ned 

to understand the functional requirements of pacing and 

 defi brillation systems, and to motivate the logic behind the 

system features and performance characteristics (Tables  30.1 , 

 30.2 , and  30.3 ) [ 2 ,  3 ].

30.2.2          Conditions of the Sinoatrial Node 

 Normal sinus 
rhythm 

 Sinoatrial nodal rate is appropriate for the current 
metabolic demand (see online Video   30.1    ). 

 Sinus 
bradycardia 

 A slow sinoatrial nodal rate, resulting in a slow 
heart rate which may or may not be functionally 
appropriate. 
 HR↓ → CO↓ 

 Sinus 
tachycardia 

 A fast sinoatrial nodal rate, resulting in a higher 
heart rate which may or may not be functionally 
appropriate. 
 HR↑ → CO↑ (for excessive heart rates, CO↓ due to 
reduced fi lling time). 

 Sick sinus 
syndrome 

 Unpredictable sinoatrial nodal rate. The rate is not 
appropriately coordinated with physiologic demand. 
 CO↑ or CO↓ 

 Chronotropic 
incompetence 

 Inappropriate response of the sinoatrial node to 
exercise. CO is too low for metabolic demands. 

 Block  No sinoatrial nodal rhythm. The patient will have 
either no heart rate (asystole) or a rate defi ned by 
other regions within the heart. A rescue rhythm 
from the atrioventricular node normally occurs 
(40–60 beats per minute, a so-called  junctional 

rhythm ). 
 HR = 0 → CO = 0 or HR↓ → CO↓ 

30.2.3        Conditions of the Atrioventricular Node 

 1 st  degree 
heart 
block 

 An atrioventricular interval >200 ms (normal 
atrioventricular interval is ~120 ms). 
 SV↓ → CO↓ 

 2 nd  
degree 
heart 
block 

 Atrial and ventricular activity is not 1:1. Two types of 
2 nd  degree block are defi ned: Mobitz types I and II. 

 Mobitz type I: 
  Wenckebach phenomenon . A ventricular beat is dropped 
after a progressive elongation of the atrioventricular 
interval. 
 HR↓ (missed beat) → CO↓ 

 Mobitz type II: 
 A ventricular beat is dropped without a progressive 
elongation of the atrioventricular interval. This is often 
an early indication of progressive disease of the 
conduction system. HR↓ (missed beat) → CO↓ 

 3 rd  degree 
heart 
block 

 No atrioventricular nodal conduction (conduction from 
the atrium to the ventricles). The atria contract at the 
sinoatrial nodal rate, and the ventricles are either 
asystolic or contract at a ventricular rescue rate (40–60 
beats per minute). 
 HR↓ and SV↓ → CO↓ 

30.2.4        Arrhythmias 

 Atrial 
tachycardia/
fl utter 

 High atrial rate of non-sinoatrial nodal origin. Not a 
physiologic rate, therefore decoupled from metabolic 
demand (see online Video   30.2    ). 
 HR↑ SV↓ → CO↑ or CO↓ 

 Atrial 
fi brillation 

 Chaotic depolarization of the atrium. No atrial 
hemodynamic input to the ventricles and a 
nonphysiologic rate is conducted through the 
atrioventricular node to the ventricles. Ventricular 
output is decoupled from metabolic demand. Stasis of 
blood in the atria can result in clot formation and 
stroke (see online Video   30.3    ). 
 HR↑ SV↓ → CO↑ or CO↓ 

 Ventricular 
tachycardia 

 High ventricular rate decoupled from sinoatrial nodal 
and atrial activity. This commonly results from a 
reentrant conduction loop or an ectopic foci 
(spontaneously beating region of myocardium). 
Ventricular rate is nonphysiologic, therefore 
decoupled from metabolic demand (see online 
Video   30.4    ). 
 HR↑ SV↓ → CO↑ or CO↓ 

 Ventricular 
fi brillation 

 Chaotic depolarization of the ventricles. No organized 
heart rate (see online Video   30.5    ). 
 CO = 0 
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30.3         Introduction to Implantable Pacing 
and Defi brillation Systems 

 For proper function and programming, implantable pacing 

and defi brillation systems require multiple components as 

well as external instruments. The implantable portion of the 

system is typically comprised of the implantable pulse gen-

erator (IPG, or pacemaker) or an implantable cardioverter 

defi brillator (ICD, or defi brillator) and the pacing and/or 

defi brillation leads. The IPG or ICD is most commonly 

implanted in a subcutaneous location in the left pectoral 

region. Depending on handedness, the condition of the upper 

venous system, the presence of other devices, and/or 

 physician/patient preference, the device may also be placed 

in the right pectoral region. The device may be placed in a 

submuscular location in situations where the physician is 

concerned about either erosion of the IPG or ICD through 

the skin (most common in thin, elderly, or very young 

patients) or for cosmetic reasons (to reduce the obvious 

nature of the device). Another variation is to place the device 

in an abdominal location. This is commonly done in small 

children to avoid discomfort and/or interference with the 

motion of the arm and is of course dependent upon device 

size. This may also be a more practical device location in 

association with epicardial leads. 

     Table 30.2    NASPE/BPEG classifi cations for pacing and defi brillation systems   

 I  II  III  IV 

 Chamber(s) paced  Chamber(s) sensed  Response to sensing  Programmability/rate modulation 

 O = none  O = none  O = none  O = none 

 A = atrium  A = atrium  T = triggered  P = simple programmability 

 V = ventricle  V = ventricle  I = inhibited  M = multiparameter programmability 

 D = dual (A + V)  D = dual (A + V)  D = dual (T + I)  C = communication with programmer 
 R = rate modulation 

  Roman numerals I–IV indicate the position in the coding 
  NASPE  North American Society of Pacing and Electrophysiology,  BPEG  British Pacing and Electrophysiology Group 
 Adapted from Bernstein et al. [ 3 ]  

    Table 30.3    Pacing and timing abbreviations   

  AP =  Atrial pace 

  VP =  Ventricular pace 

  AS =  Atrial sense 

  VS =  Ventricular sense 

  AR =  Atrial refractory event 

  VR =  Ventricular refractory event 

  AEI =  Atrial escape interval—longest allowable interval between ventricular and atrial event (also called VA interval) 

  ARP =  Atrial refractory period 

  AV =  Atrioventricular 

  AV interval =  Longest allowable interval between atrial and ventricular event 

  LR =  Lower rate—slowest pacing rate allowed 

  LR interval =  Longest period of time allowed before delivery of a pacing stimulus 

  MS =  Mode switch 

  PAV =  Paced atrioventricular interval—longest allowable interval between paced atrial beat and paced or sensed ventricular beat 

  PMT =  Pacemaker-mediated tachycardia 

  PVAB =  Postventricular atrial blanking period 

  PVARP =  Postventricular atrial refractory period 

  SAV =  Sensed atrioventricular interval—longest allowable interval between sensed atrial beat and paced or sensed ventricular beat 

  TARP =  Total atrial refractory period (AV + PVARP) 

  UAR =  Upper activity rate (also called maximum sensor-indicated rate) 

  UR =  Upper rate—fastest pacing rate allowed 

  UR interval =  Shortest allowable interval between paced beats or a sensed and paced beat 

  UTR =  Upper tracking rate—fastest rate the ventricles may be paced in 1:1 synchrony with the sensed atrial rate (also called maximum tracking rate) 

  VA interval =  Time between ventricular and atrial event 

  VRP =  Ventricular refractory period 

  VSP =  Ventricular safety pacing 

T.G. Laske et al.
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 In support of the implanted hardware, an external 

 programmer is used to noninvasively telemeter information 

to and from the programmable IPG. This allows the physi-

cian to set/reset parameters within the device and download 

information relating to the status of the patient and the device. 

A complete defi brillation system is shown schematically in 

Fig.  30.1  (pacing systems use a similar confi guration).

   Pacing and defi brillation systems can be implanted using 

several methods. Early systems used leads attached to the 

epicardial surface of the heart, with the IPG or ICD placed in 

the abdomen of the patient (due to their larger sizes). 

Although this technique is still used in certain clinical situa-

tions (i.e., neonates), a transvenous approach for attaching 

the leads to the heart and a pectoral placement of the IPG or 

ICD is far more common. The implantation technique for 

implantable pacing and defi brillation will be described 

to provide a more thorough understanding of the system 

requirements. 

 Following anesthesia and a sterile preparation of the inci-

sion site, typically one of two techniques is used to access 

the venous system for the implantation of transvenous leads. 

Accordingly, venous access is achieved through either a 

 surgical  cutdown  to the cephalic vein (the jugular vein is also 

used, but this is rare) or a transcutaneous needle puncture 

into the subclavian vein. The cutdown involves a careful sur-

gical dissection down to the vessel, placement of a cut 

through the vessel wall, and direct insertion of the lead into 

the vessel lumen. The subclavian puncture uses a needle to 

puncture the vessel, followed by passage of a guidewire 

through the needle. Subsequently, an introduction catheter 

(percutaneous lead introducer) with an internal dilator is 

forced over the wire and into the vein. The dilator is removed, 

leaving the catheter behind. The lead is then inserted through 

the catheter (this  Seldinger Technique  can be viewed in 

online Video   30.6    ). 

 Following insertion into the vein, the lead(s) are advanced 

through the superior vena cava and into the right atrium for 

fi nal placement in the right atrium, right ventricle, and/or the 

coronary sinus/cardiac veins (providing access to the left 

atrium and ventricle). Once positioned properly, the leads are 

secured in the desired location within the heart using either a 

passive or active means of fi xation (see the section on leads). 

Next, an anchoring sleeve is used at the venous entry site 

to secure the lead into the vein and the surrounding tissue. 

This isolates the lead from mechanical forces outside of the 

vein, ensuring that adequate lead length remains within the 

heart to accommodate motion due to activity, respiration, 

and/or heart motion. Following lead implantation, the proxi-

mal terminal ends are connected to the IPG or ICD, which is 

then placed in a subcutaneous or submuscular pocket formed 

in the tissue. The implant site is then sutured closed, thus 

completing the implantation. Chest X-rays of a dual-chamber 

endocardial pacing system are shown in Fig.  30.2 , and addi-

tional radiographic images of several pacing confi gurations 

are found in online JPGs   30.7    –  30.12    .

30.4        Cardiac Pacing 

30.4.1     History 

 Discoveries relating to the identifi cation of the electrophysi-

ological properties of the heart and the ability to induce car-

diac depolarization through artifi cial electrical stimulation 

are relatively recent. Gaskell, an electrophysiologist, coined 

the phrase  heart block  in 1882 and Purkinje fi rst described 

the ventricular conduction system in 1845. Importantly, 

Gaskell also related the presence of a slow ventricular rate to 

disassociation with the atria [ 4 ]. The discovery of the bundle 

of His is attributed to its namesake, Wilhelm His Jr. [ 5 ]. He 

described the presence in the heart of a conduction pathway 

from the atrioventricular node through the cardiac skeleton 

that eventually connected to the ventricles. Tawara later veri-

fi ed the existence of the bundle of His in 1906 [ 6 ]. He is also 

credited with being the fi rst to clearly identify the specialized 

conduction tissues (modifi ed myocytes) that span from the 

  Fig. 30.1    Schematic of a 
typical implantable 
defi brillation system and the 
associated programmer.  ICD  
implantable defi brillation 
device       

 

30 Pacing and Defi brillation

http://dx.doi.org/10.1007/978-3-319-19464-6_30#MOESM_12
http://dx.doi.org/10.1007/978-3-319-19464-6_30#MOESM_7
http://dx.doi.org/10.1007/978-3-319-19464-6_30#MOESM_6


548

atrial septum to the ventricular apex, including the right and 

left bundle branches and Purkinje fi bers. 

 The fi rst known instance of electrical resuscitation of the 

heart was by Lidwell in 1929. Further, Hyman produced the 

fi rst device for emergency treatment of the heart in 1932. 

Paul Zoll performed the fi rst clinical transcutaneous pacing 

in 1952. Importantly for the pacing industry, the fi rst battery- 

powered pacemaker was developed by Earl Bakken and used 

in postsurgical pediatric patients by C. Walton Lillehei in 

1957 at the University of Minnesota (Fig.  30.3 ) [ 4 ,  7 ,  8 ]. 

Also see Chap.   25    .

30.4.2        Artifi cial Electrical Stimulation 

 In addition to the spontaneous contraction that occurs within 

the heart, artifi cial electrical stimulus (cardiac pacing) can be 

used to initiate myocardial contraction. This stimulation, in 

the form of cardiac pacing, is routinely performed as a means 

to manage patients with cardiac arrhythmias and conduction 

abnormalities [ 9 ,  10 ]. Pacing induces myocardial contraction 

through the delivery of an electrical pulse to the patient’s 

heart using an IPG and a cardiac pacing lead. The cardiac 

pacing lead acts as the electrical conduit for both stimulation 

and sensing, thus interfacing with the myocardial tissue. The 

electrical pulse is delivered either in a bipolar mode (involv-

ing cathodal and anodal electrodes on the lead) or in a unipo-

lar mode (with a cathode on the lead and the metallic housing 

of the IPG serving as the anode). 

 To initiate depolarization, an action potential must be cre-

ated on a given volume of myocardium. As was described in 

previous chapters, a normal myocardial cell has a resting 

membrane potential of approximately –90 mV. The resting 

membrane potential is dominated by the concentration of 

potassium (K). A cellular action potential occurs when the 

resting membrane potential is shifted towards a more posi-

tive value (i.e., less negative value) to approximately –60 to 

–70 mV. At this threshold potential, the cell’s voltage-gated 

Na channels open and begin a cascade of events. In artifi cial 

electrical stimulation (pacing), this shift in the resting poten-

tial and subsequent depolarization is produced by the pacing 

system. 

 Two theories describe the mechanism by which artifi cial 

electrical stimulation initiates myocardial depolarization. 

The  Current Density Theory  states that a minimum current 

density (amps/cm 3 ) is required for stimulation of an excitable 

tissue. The  Electric Field Theory  requires that a minimum 

voltage gradient (volts/cm) be produced within the myocar-

dium to initiate depolarization [ 11 ]. These two theories can, 

in part, be considered related, since the passage of current 

through the tissue (Current Density Theory) will induce a 

potential difference across the cell membranes due to the 

limited conductivity of the tissue. Similarly, the creation of a 

potential within the tissue (Electric Field Theory) will also 

induce a current. Regardless of the theoretical  position taken 

  Fig. 30.3    Dr. C. Walton Lillehei with the fi rst battery-powered, wear-
able pacemaker       

  Fig. 30.2    Chest X-rays of an 
endocardial, dual-chamber 
pacing system in a young 
patient (anterior view on the 
 left ; lateral view on the  right ; 
Sainte-Justine Hospital, 
Montreal, QC, Canada used 
with permission). The 
implantable pulse generator 
(IPG or pacemaker) is 
implanted in the left pectoral 
region. The superior lead is 
implanted in the right atrial 
appendage and the inferior 
lead is in the right ventricular 
apex       
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regarding stimulation, the requirement for artifi cial stimulation 

is the shifting of the resting membrane potential from its nor-

mal value (typically –90 mV) towards a more positive value, 

until the depolarization threshold is reached. 

 The impedance associated with charge transfer from an 

IPG to the cardiac tissue is comprised of resistive ( R ) and 

reactive components ( X  C  = capacitive;  X  L  = inductive):

  
Z R X X

2 2 2

= + +( )C L    

The resistive term ( R ) includes the DC resistance associ-

ated with the conductors internal to the lead ( R  C  = cathodic 

conductor;  R  A  = anodic conductor), the cathode–tissue inter-

face ( R  CT ), the anode–tissue interface ( R  AT ), and the tissue 

itself ( R  T ):

  
R R R R R= + + +

C CT T AT
   

The capacitive term ( X  C ) is the sum of the capacitance of 

the cathode–tissue interface ( C  CT ) and the anode–tissue 

interface ( C  AT ).

  
X C C

C CT AT
= +    

The inductance within the conductors and circuit is 

extremely small and this term is typically neglected. Ignoring 

inductance, the resulting equation for lead impedance is:

  Z R X
2 2 2= + C    

Schematic representations of the circuitry for bipolar and 

unipolar pacing systems are shown in Figs.  30.4  and  30.5 . 

In these fi gures, the electric circuit for the delivery of energy 

to the myocardium is described as a simple RC circuit in 

which the IPG acts as the voltage/charge source and the lead 

conductors, electrodes, and cardiac tissue act as the load. 

Figure  30.4  depicts a bipolar pacing circuit in which the 

cathode and anode both reside on the pacing lead. Figure  30.5  

represents the circuitry associated with a unipolar pacing 

system. In this case, the circuit is still bipolar but the anode 

is the metallic housing of the IPG; the term  unipolar  refers to 

the polarity of the lead.

    Typical pacing circuit impedances range from 400 to 

1500 Ω. Approximately 80 % of the total impedance is at the 

tissue interface; as an example, this will result in a 0.8 V drop 

at the tissue interface when a 1.0 V pacing pulse amplitude is 

used. Using the aforementioned impedances (400–1500 Ω), 

  Fig. 30.4    Bipolar pacing 
circuit, including an 
implantable pulse generator 
and a pacing lead. 
Resistances:  R   C   cathodic lead 
conductor,  R   CT   cathode–
tissue interface,  R   T   tissue, 
 R   AT   anode–tissue interface, 
 R   A   anodic lead conductor. 
Capacitances:  C   CT   cathode–
tissue interface,  C   AT   
anode–tissue interface       

  Fig. 30.5    A pacing circuit 
(unipolar type) which 
includes an implantable pulse 
generator and a pacing lead. 
Resistances:  R   C   cathodic lead 
conductor,  R   CT   cathode–
tissue interface,  R   T   tissue, 
 R   AT   anode–tissue interface. 
Capacitances:  C   CT   cathode–
tissue interface,  C   AT   
anode–tissue interface       
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a pacing output of 1.0 V produces currents of 2.5 mA and 

0.67 mA, respectively. 

 To date, the most common pacing stimulation waveform 

used to electrically activate the myocardial tissue is an expo-

nentially decaying square wave. An active recharge is also 

commonly included at the trailing edge of the stimulation 

pulse to reduce the post-pace polarization on the electrodes 

by balancing the charge delivered. The stimulating portion of 

the waveform is characterized by its amplitude (volts) and 

width (milliseconds). A relationship exists between the 

amplitude and pulse width that will be required for depolar-

ization ( pacing ) of the tissue. This relationship, termed a 

 strength-duration curve  is most commonly plotted as shown 

in Fig.  30.6 .

   Terminology relating to the strength-duration curve inclu-

des the rheobase and chronaxie values. Rheobase is the 

threshold voltage at an infi nitely long pulse width, and chro-

naxie is the threshold pulse width at two times the rheobase 

voltage. The output of a clinical IPG is commonly set at 

twice the voltage threshold corresponding at the chronaxie 

pulse width, thus insuring a safety margin [ 11 ].  

30.4.3     Indications for Pacing 

 Pacing and defi brillation systems are designed to maintain 

appropriate cardiac rhythms to maximize the patient’s 

safety and quality of life. With the exception of cases of 

sudden cardiac death where an external defi brillator is 

clearly required, the determination of when to use a pacing 

or implan table defi brillation system can be complex. This 

section will describe the current classifi cation of indications 

for pacing and provide a few practical examples of these 

indications and the decision process associated with choosing 

the appropriate system for a given patient’s condition. 

 The indications for either pacing or defi brillation  therapies 

are commonly classifi ed in the standard ACCF/AHA/HRS 

(American College of Cardiology Foundation/American Heart 

Association/Heart Rhythm Society) format as follows [ 2 ]:

 Class I  Benefi t >> > Risk. Procedure/treatment should be 
performed/administered. 

 Class II  Conditions for which there is confl icting evidence and/
or a divergence of opinion about the usefulness/
effi cacy of a procedure or treatment. 

 Class IIa  Benefi t > > Risk. Additional studies with focused 
objectives needed. It is reasonable to perform 
procedure/administer treatment. 

 Class IIb  Benefi t  >  Risk. Additional studies with broad objectives 
needed; additional registry data would be helpful. 
Procedure/treatment may be considered. 

 Class III  Classifi ed as “No benefi t” (Procedure/test is not 
helpful with no proven treatment benefi t) or “Harm” 
(Procedure/test is associated with excessive cost 
without benefi t or is harmful and the treatment is 
harmful to the patient). 

   For each classifi cation listed above, a Level of Evidence is 

also referenced: Level A—multiple populations evaluated with 

data derived from multiple randomized clinical trials or meta-

analyses; Level B—limited populations evaluated with data 

derived from a single randomized trial or nonrandomized stud-

ies; and Level C—very limited populations evaluated and only 

consensus opinions of experts, case studies, or standards of care. 

 Cardiac pacing can be used for both temporary and perma-

nent management of heart rhythm and function. Although the 

permanent pacing systems are the most well known, there are 

numerous indications for temporary pacing. The most common 

  Fig. 30.6    A typical 
strength- duration curve for 
cardiac pacing. This particular 
curve was obtained using a 
Medtronic model 5076 
bipolar pacing lead positioned 
in the right ventricular ( RV ) 
apex of a canine. In this plot, 
chronaxie and rheobase were 
0.5 ms and 0.4 V, respectively       
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temporary pacing systems utilize transcutaneous wires that 

are stitched directly into the myocardium and connected to an 

external stimulator. The stimulator is usually a small portable 

unit, but it can be a console. Common indications for tempo-

rary pacing include: postsurgical heart block, heart block fol-

lowing an acute myocardial infarction, pacing for post- or 

intra-operative cardiac support, pacing prior to implantation 

of a permanent pacemaker, and/or pacing during a pulse gen-

erator exchange. 

 The primary indication for the implantation of a perma-

nent pacing system (pacemaker and leads) is to chronically 

eliminate the symptoms associated with the inadequate 

 cardiac output due to bradyarrhythmias. Typical causes of 

these bradyarrhythmia are: (1) sinus node dysfunction; 

(2) acquired permanent or temporary atrioventricular block; 

(3) chronic bifascicular or trifascicular block; (4) hyper-

sensitive carotid sinus syndrome; (5) neurocardiogenic in 

 origin; and/or (6) a side effect due to a drug therapy. The 

type of pacing system to be employed is dependent on the 

nature and location of the arrhythmia, the patient’s age, pre-

vious medical/surgical history, as well as additional medical 

conditions. 

 For conditions related to dysfunction of the sinoatrial 

node, an IPG with atrial features is commonly used in com-

bination with a lead placed in (or on) the atrium. When man-

agement of the ventricular rate is required, a device with 

ventricular functionality and a ventricular lead are used. 

When management of the rhythms of both the upper and 

lower chambers of the heart is required, a dual-chamber sys-

tem is implanted. 

 Two clinical situations are outlined below to illustrate 

common indications for pacing, as well as the decision tree 

that is often used to determine the type of pacing system for 

the particular indication. The indications for pacing in a pati-

ent with sinus node dysfunction are found in Table  30.4  [ 2 ] 

and the decision tree in Fig.  30.7  [ 12 ]. The indications for 

pacing in an adult with acquired atrioventricular block are 

found in Table  30.1  and the decision tree in Fig.  30.8  [ 2 ]. 

As an example, a patient with symptomatic chronotropic 

incompetence would have a Class I indication for pacing 

(Table  30.4 ). Since this is related to dysfunction of the sinus 

node, Fig.  30.7  would then be used to determine the type of 

pacing system required. In this situation, a rate response 

 system (a pacing system that responds to patient activity/

exercise) would clearly be desired. If atrioventricular syn-

chrony were also required, a rate-responsive ventricular 

pacemaker would be implanted (mostly commonly a DDDR 

system; see the next section on the standard coding system 

and Table  30.2 ).

30.4.4          NASPE/BPEG Codes 

 In order to describe the function of a pacing system in a 

 standardized manner, the North American Society of Pacing 

and Electrophysiology (NASPE) and British Pacing and 

Electrophysiology Group (BPEG) had developed a standard 

coding system [ 3 ]. This code describes the pacing system’s 

functionality using a multi-letter designation. The fi rst four 

letters are typically used, although this practice is evolving 

as new pacing features and indications are being developed. 

In the four letter code system, the fi rst letter indicates the 

pacing activity (A = atrial pacing, V = ventricular pacing, 

D = dual-chamber pacing, O = no pacing), the second letter 

    Table 30.4    Recommendations for permanent pacing in sinus node dysfunction   

 Class I  Permanent pacemaker implantation is indicated for: 
 1. SND with documented symptomatic bradycardia, including frequent sinus pauses that produce symptoms (Level 

of Evidence: C) 
 2. symptomatic chronotropic incompetence (Level of Evidence: C) 
 3. symptomatic sinus bradycardia that results from required drug therapy for medical conditions (Level of 

Evidence: C) 

 Class IIa  Permanent pacemaker implantation is reasonable for: 
 1. SND with heart rate less than 40 bpm when a clear association between signifi cant symptoms consistent with 

bradycardia and the actual presence of bradycardia has not been documented (Level of Evidence: C) 
 2. syncope of unexplained origin when clinically signifi cant abnormalities of sinus node function are discovered or 

provoked in electrophysiological studies (Level of Evidence: C) 

 Class IIb  Permanent pacemaker implantation may be considered in minimally symptomatic patients with chronic heart rate 
less than 40 bpm while awake (Level of Evidence: C) 

 Class III  Permanent pacemaker implantation is not indicated for: 
 1. SND in asymptomatic patients (Level of Evidence: C) 
 2. SND in patients for whom the symptoms suggestive of bradycardia have been clearly documented to occur in the 

absence of bradycardia (Level of Evidence: C) 
 3. SND with symptomatic bradycardia due to nonessential drug therapy (Level of Evidence: C) 

   SND  sinus node dysfunction 
 Adapted from ACCF/AHA/HRS Guidelines [ 2 ]  
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indicates sensing (A = atrial sensing, V = ventricular sensing, 

D = dual-chamber sensing, O = no sensing), the third letter 

indicates the reaction to a sensed event (I = inhibit pacing, 

T = trigger pacing, D = inhibit and trigger, O = no reaction to 

sensing), and the fourth letter is used to describe unique 

device functionality (R = rate responsive, for example). 

Thus, a VVIR system would pace the ventricles (V---), sense 

ventricular activity (-V--), inhibit or withhold pacing upon 

 detection of a sensed event in the ventricle (--I-), and provide 

rate response to manage chronotropic incompetence (---R). 

See Table  30.2  for a more complete explanation of the  coding 

system.  

  Fig. 30.8    A typical decision 
tree employed for determining 
proper therapy when the 
implantation of a pacemaker 
for atrioventricular ( AV ) block 
is being considered. Adapted 
from ACC/AHA/HRS 
Guidelines [ 12 ]       

  Fig. 30.7    A typical decision 
tree employed for determining 
proper therapy when the 
implantation of a pacemaker 
for sinus node dysfunction is 
being considered.  AV  
atrioventricular. Adapted 
from ACC/AHA/HRS 
Guidelines [ 12 ]       
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30.4.5     Implantable Pulse Generators 

 The IPG is an implantable computer with an integral pulse 

generator and battery. The componentry is typically encased 

within a hermetically sealed stamped titanium housing with 

the battery taking up approximately half of the device vol-

ume. The most common battery chemistry used in modern 

pacemakers is lithium iodide. Device longevity is typically 

8–10 years, but may vary signifi cantly depending on system 

utilization (Fig.  30.9 ). Electrically insulated feedthroughs 

connect the internal circuitry to an external connector block, 

which acts as the interface between the internal circuitry of 

the IPG and the leads. Typically today, the connector block 

consists of a molded polyurethane superstructure which 

houses metallic contacts. The contacts may be simple 

machined blocks or “spring-type” metallic beams. Most con-

nector blocks employ set screws to ensure permanent reten-

tion of the leads and these may also enhance electrical 

contact. A cutaway view of an IPG can be found in Fig.  30.10 , 

and the scheme for connection between the IPG and the 

leads is shown in Fig.  30.11  and online Video   30.13    . In addi-

tion to the standard IS-1 and DF-1 connectors shown in 

Fig.  30.11 , a new standard connection scheme is now available. 

The so-called  DF-4  connector is an in-line quadripolar 

connector that includes electrical connections for both the 

pacing and defi brillation electrode circuits. The new connec-

tor is documented in ISO 30186:2010 (Active implantable 

medical devices—Four-pole connector system for implant-

able cardiac rhythm management devices—Dimensional 

and test requirements).

  Fig. 30.9    Schematic of a lithium iodide battery. This is the most com-
mon chemistry used in modern pacemakers       

  Fig. 30.10    Cutaway view 
of an implantable pulse 
generator (IPG or 
“pacemaker”)       
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30.4.6          Sensing Algorithms 

 In order to assess the need for therapeutic intervention, the 

pacing system must be able to accurately detect and interpret 

the various electrical activities of the heart. The instanta-

neous electrical activity of the heart, or electrogram (EGM), 

is recorded as a differential voltage measured between the 

bipolar electrode pair on the lead (bipolar lead) or between 

the cathode on the lead and the housing of the IPG (unipolar 

lead). This signal is then processed within the IPG and ana-

lyzed by the sensing algorithms. Typically, such signals are 

amplifi ed, fi ltered, and rectifi ed prior to undergoing analyses 

by the device (Figs.  30.12  and  30.13 ). The resulting signals 

are then passed through a level detector to determine if they 

exceed the minimum threshold for detection that was pre-

programmed into the device by the clinician. The sensitivity 

  Fig. 30.12    The electrogram 
amplifi cation and rectifi cation 
scheme that is used in most 
modern implantable pacing 
and defi brillation systems. 
 EGM  electrogram       

(center frequency is 30 -40 Hz)
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  Fig. 30.13    Plot of electrical 
signals (amplitude and 
frequency) frequently 
encountered by pacing and 
defi brillation sensing 
algorithms. A bandpass fi lter 
for preferential detection of 
P-waves and R-waves is 
shown ( parabolic line ). This 
fi lter is designed to “reject” 
myopotentials and T-waves       

  Fig. 30.11    Schematic of the 
implantable pulse generator-
to- lead interface. The IS-1 
connector is the standard 
confi guration for pacing. 
The DF-1 connector is the 
standard confi guration for 
high-voltage defi brillation 
(see Video   30.13    )       
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setting (in mV) determines what is discarded as noise by the 

algorithm and which signals will be detected. An ideal sensi-

tivity setting is one that will reliably detect the depolariza-

tion spike of the chamber (P-wave in the atrium; R-wave in 

the ventricle) while ignoring repolarization and other physi-

ologic and nonphysiologic signals.

    Most rhythm management decisions are based on the heart 

rate detected. The modern IPG continuously measures the 

time from one sensed event to the next, and compares the 

interval to the rates and intervals programmed by the clini-

cian. For example, if two atrial events occur with a separation 

of 1500 ms (1.5 s), the heart rate is 40 beats per minute 

(HR = 60/measured beat-to-beat interval; 60/1.5 = 40 beats per 

minute). In order to understand the logic behind sensing algo-

rithms and pacing timing diagrams, the terminology needs to 

be introduced. Table  30.3  includes the most commonly used 

terms and abbreviations. These terms will be freely used in 

further discussions of the logic behind pacing and defi bri-

llation sensing and therapies without further explanation. 

This table will also provide the reader with the vocabulary 

required for interpreting and understanding current literature 

and publications on the topic. 

 The decision processes and behaviors of the typical pacing 

algorithm are usually described using a timing diagram 

(Fig.  30.14 ). An understanding of this diagram will provide the 

basis for analysis of the behavior of pacing systems and will 

communicate the various parameters that the clinician and 

device manufacturer must be concerned with. The concepts 

associated with pacemaker timing are shown in Fig.  30.14 ; the 

information is presented in an alternate form in Fig.  30.15 .

    The actual behaviors of pacing systems can deviate from 

the ideal for a number of reasons. For example, the pacing 

pulse can be of an inadequate energy to pace the chamber, 

losing capture on one or more beats (Fig.  30.16 ). Another 

undesired situation that commonly arises is oversensing. 

In this case, the device inappropriately identifi es electrical 

activities as an atrial or ventricular event (Fig.  30.17 ). 

Clinically, oversensing is resolved by reprogramming the 

  Fig. 30.14    A typical dual-chamber timing diagram, including subdia-
grams for the atrial and ventricular channels. The sequence of events 
begins with a paced atrial beat (P). This paced beat occurs when the maxi-
mum allowable interval between sensed atrial events is exceeded. For 
example, if the minimum rate is programmed to 60 beats per minute, an 
atrial pace will occur when a 1000 ms interval between sensed events is 
exceeded. Immediately following this pacing pulse, both the atrial and 
ventricular sensing algorithms are blanked. This means that the threshold 
detector ignores all sensed activity. The system is blanked to avoid sens-
ing the resultant atrial depolarization on the atrial channel, and the atrial 
pacing spike and the atrial depolarization on the ventricular channel. 
Concurrently in the atrium, a sensed atrioventricular (SAV) interval 
occurs. This is the longest interval that will be allowed by the device 
without a paced ventricular beat. The SAV is commonly programmed to 
150 ms, and is set to optimize fi lling of the ventricle due to the atrial 

contraction. During a cardiac cycle, if the SAV value is reached (meaning 
an intrinsic ventricular beat does not occur within the programmed inter-
val following the intrinsic or paced atrial beat), a ventricular pacing pulse 
is then delivered. This pacing pulse is again accompanied by blanking in 
both channels to avoid oversensing of the pacing pulse and the resultant 
ventricular depolarization. This interval is referred to as the postventricu-
lar atrial blanking ( PVAB ) period on the atrial channel. Concurrently, the 
postventricular atrial refractory period ( PVARP ) occurs on the atrial chan-
nel in which the device attempts to avoid sensing of retrograde P-waves 
(i.e., atrial contractions conducted through the atrioventricular node in a 
retrograde manner) and the ventricular refractory period ( VRP ) occurs on 
the ventricular channel to avoid oversensing of T-waves. Following these 
intervals, the timing is repeated. If the atrial rate stays above the minimum 
programmed rate (the lower rate) and the SAV is never reached, the 
device will never pace unless inappropriate sensing occurs       
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device to a lower sensitivity. Conversely, if a system is 

undersensing, the sensitivity is increased. Assessment of the 

behavior of the pacing system is vastly simplifi ed through 

the use of marker channels. These are shown below the elec-

trograms in both Figs.  30.16  and  30.17 . The marker channel 

is used to report the overall behavior of the pacing system 

(i.e., documenting how the pacing system interprets the sig-

nals transmitted by the device and/or is sensed), allowing a 

quick assessment of the performance of the algorithms and 

device output levels.

30.4.7         Drug Interactions with Pacing Systems 

 It is important to note that certain drug therapies have been 

reported to impact pacing system performance. Although it 

is rare for antiarrhythmic drugs to signifi cantly affect pacing 

thresholds, they have been found to alter stimulation thresholds 

by inducing changes in the lead-myocardial interfacial con-

ductivity and excitability. Additionally, they can slow the 

intrinsic sinus rate or atrioventricular rate, which then neces-

sitates pacing of the resultant bradycardia or heart block, 

respectively. In general, Class Ia antiarrhythmic drugs can 

increase pacing thresholds at toxic dosages and sotalol and 

amiodarone, Class III antiarrhythmic drugs can increase pac-

ing thresholds while at therapeutic levels; however, due to 

the advent of steroid-coated leads and effi cient pacing 

 systems, these potential interactions are rarely clinically 

signi fi cant [ 13 ,  14 ]. Rate controlling agents such as beta-

blockers, calcium channel blockers, and digoxin decrease 

the sinoatrial node and atrioventricular rates thereby decreas-

ing heart rate and increasing the PR interval, respectively, 

which may increase the need for pacing. A summary of the 

more commonly administered drugs and their impact on 

  Fig. 30.15    Blanking and 
refractory periods. The  top 

trace  represents the 
electrocardiogram. The 
portion of the diagram on the 
left is a situation in which 
both the atrial and ventricular 
leads are pacing. The portion 
on the right is a situation 
where the system is sensing 
intrinsic atrial and ventricular 
activity (i.e., no pacing is 
occurring).  AP  atrial pace, 
 AS  atrial sense,  AV  
atrioventricular,  PVAB  
postventricular atrial blanking 
period,  PVARP  
postventricular atrial 
refractory period,  VP  
ventricular pace,  VS  
ventricular sense       

  Fig. 30.16    An 
electrocardiogram ( above ) 
and pacemaker marker 
channel ( below ) printed from 
a programmer. Note the loss 
of capture on the atrial 
channel (indicated by the 
 arrow ); notice that no P-wave 
follows the pacing pulse       

 

 

T.G. Laske et al.



557

 pacing thresholds, action potentials, and the physiologic 

consequences of their action is found in Tables  30.5  

and  30.6 .

30.4.8         New Indications/Recent Clinical Trials 

 Today, single- and dual-chamber pacing systems have 

become the standard method of treating many bradyarrhyth-

mias. Recent clinical evidence has raised interest in the 

selection of the frequency at which patients are paced and 

the optimal site of stimulation [ 15 ]. It has long been known 

that pacing produces a nonphysiologic contraction pattern, 

but recent research has also indicated that potentially detri-

mental effects may result from long-term pacing [ 16 – 19 ]. 

Currently, alternate choices in ventricular stimulation sites 

are of particular interest due to the presumed physiologic and 

hemodynamic benefi ts. For example, pacing of the bundle of 

His is thought to produce a more physiologic contraction 

pattern, while additional evidence exists that there may also 

be hemodynamic benefi ts associated with right ventricular 

septal and outfl ow tract pacing [ 16 ,  20 – 25 ]. In patients with 

heart failure and associated wide QRS complexes, biventric-

ular pacing has been adopted [ 26 ,  27 ] (see online Video 

  30.14    ). Finally, research in atrial pacing has focused on 

reducing atrial fi brillation, improving methods of pace ter-

minating atrial tachycardias, and/or improving ventricular 

 fi lling and atrial hemodynamics [ 28 – 30 ]. Recent research is 

even investigating the possibility of genetically engineering 

a biologic pacemaker [ 31 ].   

30.5     Cardiac Defi brillation 

 Today, sudden cardiac arrest is one of the most common 

causes of death in developed countries. During 2013, the 

incidence of in-hospital and out-of-hospital cardiac arrest in 

the USA was 209,000 and 359,400, respectively. Sudden car-

diac arrest claims more lives in the USA each year than the 

combination of deaths from Alzheimer’s disease, assault 

with fi rearms, breast cancer, cervical cancer, colorectal 

 cancer, diabetes, HIV, house fi res, motor vehicle accidents, 

prostate cancer, and suicides [ 32 ]. 

 Several studies have identifi ed multiple risk factors for sud-

den cardiac arrest, which include: (1) coronary artery disease; 

(2) heart failure and/or decreased left ventricular ejection frac-

tion; (3) previous events of sudden cardiac arrest; (4) prior 

episodes of ventricular tachycardia; (5) hypertrophic cardio-

myopathies; and/or (6) long QT syndrome [ 33 ]. The combina-

tion of any three of these factors signifi cantly increases the risk 

for sudden cardiac arrest. Ninety percent of sudden deaths 

occur in patients with two or more occlusions in their major 

coronary arteries [ 34 ]. 

30.5.1     History 

 The fi rst documentation of ventricular fi brillation was noted 

in 1850 [ 35 ]. A little over a century later, in 1962, the fi rst 

direct current defi brillator was developed. Ventricular fi bril-

lation began to be recognized as a possible cause of sudden 

death in the 1970s and the fi rst transvenous ICD was 

implanted in the 1990s. Since then, the medical device indus-

try has provided dramatic reductions in ICD size, while 

  Fig. 30.17    An electrocardiogram ( above ) and pacemaker marker channel ( below ) printed from a programmer. Note the ventricular oversensing 
(indicated by the  arrow ); notice that no QRS complex is associated with the detected event       

   Table 30.5    Effect of antiarrhythmic drugs on pacing thresholds   

 Increase at normal 
drug levels 

 Increase at toxic 
drug levels  No increase 

 Flecainide  Quinidine  Lidocaine 

 Propafenone  Procainamide a  

 Amiodarone  Disopyramide 

 Sotalol 

   a Procainamide, a Class Ia antiarrhythmic drug, is metabolized to  N -aceyl-
pro cainamide (NAPA) which has Class III activity  
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simultaneously increasing safety, effi cacy, battery longevity, 

diagnostics, and memory capability. Figure  30.18  shows the 

evolution in the size of one manufacturer’s ICD model.

30.5.2        Tachyarrhythmias 

 The commonly recognized mechanisms that lead to tachyar-

rhythmias (tachycardias and fi brillation) include reentry 

 circuits, triggered activities, and automaticity. Reentry is 

considered as the most common tachyarrhythmia mecha-

nism. It can be described as an electrical loop within the 

myocardium that has a circular, continuous series of depolar-

izations and repolarizations (Fig.  30.19 ). In general, there are 

three requirements for reentry to occur: (1) the presence of 

a substrate, for example, an area of ischemia or scar tissue; 

(2) two parallel pathways which encircle the substrate; and 

(3) one pathway that conducts slowly and one that exhibits 

unidirectional block. An impulse reaching the substrate is 

slowed by the unidirectional block and is allowed to slowly 

conduct down the slow pathway. As the impulse continues to 

move around the substrate, it conducts in a retrograde man-

ner up the fast pathway and the impulse continues to conduct 

in a circular fashion.

   Inappropriate atrial or ventricular tachycardias can be fur-

ther classifi ed as either hemodynamically stable or unstable. 

The level of hemodynamic compromise that occurs is typi-

cally considered to depend on both the rate and the pathway 

of the arrhythmia. In general, atrial tachycardias usually 

result in higher ventricular rates due to conduction through 

the atrioventricular node. As atrial rates increase, the rate 

conducted to the ventricles may or may not be 1:1, since the 

atrioventricular node has inherent limitations in its ability to 

conduct depolarizations. If, however, an abnormal pathway 

exists from the atria to the ventricles, then 1:1 conduction 

may be possible even at very high rates. Nevertheless, a 

patient’s clinical risks are related to the level of hemody-

namic compromise, with the most extreme case being ven-

tricular fi brillation which, if not immediately reversed, most 

often results in death. 

 Triggered activity, or hyperautomaticity, is typically not 

consistently spontaneous and is a less common mechanism. 

Early and delayed after depolarizations seen in phase 3 and 4 

of the action potential are associated with triggered activity. 

Automaticity is defi ned as the ability of the cell to depolarize 

spontaneously at regular intervals. However, in a diseased 

heart, often cells will exhibit abnormal automaticity that 

causes them to depolarize at rates faster than the intrinsic 

nodal rates. 

 Common symptoms observed in patients with tachyar-

rhythmias may include syncopal episodes, palpitations, 

fatigue, and/or dyspnea. Both invasive and noninvasive 

diag nostic tools are available for diagnosing tachyarrhyth-

mias. The typical noninvasive procedures include: (1) a thor-

ough patient interview; (2) blood work; (3) a 12-lead ECG; 

(4) tilt table testing; (5) holter monitoring; (6) exercise stress 

   Table 30.6    Antiarrhythmic drugs, action potential phases, and physiologic consequences   

 Class  Drug  Action potential phase  Physiologic consequence 

 Ia  Quinidine 
 Procainamide 
 Disopyramide 

 0  Decreases automaticity of the sodium channel 
 Slows conduction velocity 
 Prolongs refractory period 

 Ib  Lidocaine 
 Mexiletine 
 Tocainide 
 Phenytoin 

 0  Decreases automaticity of the sodium channel 
 May or may not slow conduction velocity 
 Decreases refractory period 

 Ic  Flecainide 
 Propafenone 
 Encainide 
 Moricizine 

 0  Decreases automaticity of the sodium channel 
 Slows conduction velocity 
 No effect on refractory period 

 II  Propranolol 
 Atenolol 
 Metoprolol 

 SA node  Decreases automaticity of nodal tissue 
 Decreases conduction velocity 
 Increases refractory period 

 III  Bretylium 
 Sotalol 
 Amiodarone 
 Ibutilide 
 Dofetilide 
 Dronedarone 

 3  Increases refractory period 
 No effect on conduction velocity 
 No effect on automaticity 

 IV  Verapamil 
 Diltiazem 

 SA node  Decreases automaticity of nodal tissue 
 Decreases conduction velocity 
 Increases refractory period 

   SA  sinoatrial  
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test; (7) echocardiography; (8) signal average ECG; and/

or (9) SPECT/MuGA. Currently, an electrophysiological 

study using cardiac catheterization and/or insertable cardiac 

monitors is the most commonly used invasive diagnostic 

procedure. 

 Therapeutic interventions to manage tachyarrhythmias 

have a common objective of affecting the behavior of myo-

cardial cells or the conduction of the electrical impulse in the 

diseased tissue. They include attempts to correct the underly-

ing complication such as coronary reperfusion in the pres-

ence of a myocardial infarction, restoration and maintenance 

of normal sinus rhythm with antiarrhythmic drugs, use of 

electrical therapies such as antitachycardia pacing, cardio-

version,  defi brillation, and lastly, ablation performed surgi-

cally or with the assistance of a catheter. The role of medical 

devices in the management of these arrhythmias will become 

clear as device function is described in subsequent text.  

30.5.3     ICD Indications 

 As was the case for the pacing indications previously 

 discussed, the indications for an ICD are also complex. The 

indications by class are shown in Table  30.7  [ 2 ].

  Fig. 30.18    The evolution of the implantable cardioverter defi brillator ( ICD ). Dramatic reductions in size have occurred, with simultaneous 
improvements in longevity, diagnostics, functionality, and memory       

  Fig. 30.19    Reentrant 
circuits.  Panel 

A  = unidirectional block, 
 Panel B  = slow conduction, 
 Panel C  = reentry circuit       
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30.5.4        External Cardiac Defi brillators 

 External defi brillators have become ubiquitous in most 

countries worldwide. In addition to traditional use in hospi-

tals and by paramedics, these systems are now commonly 

found in many schools, public buildings, airplanes, and even 

in homes. As with ICDs, these systems are used to treat sud-

den cardiac death. These systems deliver high-voltage shocks 

(up to 360 joules) directly to the chest of the patient, using 

either patches or paddles. One electrode is typically placed 

in the right pectoral region and the second in the left axilla 

for delivery of this energy (Fig.  30.20 ).

30.5.5        Implantable Cardioverter Defi brillators 

 Similar to a pacemaker, an ICD is a self-contained, implantable 

computer with an integral pulse generator and battery. In addi-

tion to providing pacing therapies for bradyarrhythmia and 

tachyarrhythmia, ICDs also deliver high-energy discharges. 

The major components of an ICD include: (1) a battery; (2) 

electronic circuitry and associated components; (3) high- 

voltage capacitors; (4) high-voltage transformers; (5) a telem-

etry antenna; (6) a reed switch triggered upon application of a 

magnetic fi eld; and (7) a connector block. To date, this compo-

nentry is most commonly housed within a hermetically sealed 

stamped titanium case. Feedthroughs connect the internal 

 circuitry to an external connector block, which acts as the inter-

face between the internal circuitry of the ICD and the leads. 

The connector block is commonly fabricated from a molded 

polyurethane superstructure, which houses metallic contacts 

for interconnection with the leads. The contacts may be simple 

machined blocks or “spring- type” metallic beams. Most 

 conn ector blocks used today have set screws to ensure perma-

nent retention of the leads. A cutaway view of an ICD can be 

found in Fig.  30.21 .

  Fig. 30.20    An external cardiac defi brillator (LIFEPAK ®  1000, Medtronic, 
Inc.)       

  Fig. 30.21    The inner 
workings of a modern 
implantable cardioverter 
defi brillator ( ICD ). A portion 
of the titanium housing has 
been removed to expose the 
typical internal components       
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   Today, most ICDs will use one or two batteries with silver 

lithium vanadium oxide chemistry. A typical full charge of 

this type of battery is 3.2 V. As the ICD battery energy starts 

to deplete, the voltage will follow the path shown in 

Fig.  30.22 , where there are two characteristic plateaus. The 

voltage is provided to the clinician upon device interrogation 

to determine if the battery is at the beginning of life, middle 

of life, elective replacement indicator, or end of life [ 36 ]. 

Each manufacturer and each device will have its own elec-

tive replacement indicator voltage. This value is representa-

tive of the voltage and current drain from the circuitry, and is 

also related to the characteristics of the capacitor used. All 

devices should be replaced before end of life is reached. The 

longevity of such devices depends on the number of thera-

pies delivered, but is typically between 6 and 8 years.

   The primary function of the ICD’s capacitor is the accu-

mulation and storage of an adequate amount of energy to 

shock-terminate a fi brillating heart. As previously men-

tioned, a typical voltage of an ICD battery is 3.2 V, whereas 

the capacitor can store up to 800 V (delivering energy of 

30–35 joules). Periodic conditioning of each capacitor is 

required to maintain charge effi ciency and therefore guaran-

tee short charge times to allow rapid conversion of the 

arrhythmia [ 37 ]. The materials currently used in the capaci-

tors slowly lose effi ciency, especially when they are not used 

for a period of time due to a chemical decay process. This 

process (termed  deformation ) is mitigated by conditioning 

the capacitors (termed  reformation ). Reforming of the capac-

itor should be performed regularly by charging the capacitor 

to its maximum capacity and leaving the charge on it until it 

gradually discharges the energy. Fortunately, reformation 

can be easily programmed at regular intervals in most mod-

ern devices (e.g., every 6 months) without affecting the 

patient.  

30.5.6     Sensing and Detection 

 It is desirable for an ICD to be able to accurately sense 

 ventricular rhythms that vary in amplitude, rate, and/or 

 regularity, in order to distinguish between normal sinus 

rhythm, ventricular tachycardia, ventricular fl utter, ventricu-

lar fi brillation, and/or supraventricular (atrial) arrhythmias 

(see examples in Fig.  30.23 ). Current devices adjust their 

sensitivity on a beat-to-beat basis in order to sense fi ne waves 

of ventricular fi brillation and to avoid oversensing of intrin-

sic T-waves. If an ICD undersenses (misses cardiac activity 

that it was intended to detect), the device may fail to treat a 

ventricular tachycardia, which subsequently may accelerate 

into ventricular fi brillation. If an ICD oversenses, overesti-

mating the cardiac rate, it may deliver inappropriate therapy 

which will lead to patient discomfort or, more seriously, it 

may even induce a tachyarrhythmia.

   The steps involved in sensing and detection are similar to 

those discussed previously for the pacemakers. In fact, 

almost all ICDs on the market today include the pacing algo-

rithms described previously, with additional functionality/

logic for detection and management of tachyarrhythmias. 

Arrhythmia detection typically occurs via the following 

steps: (1) sense the R-wave or P-waves; (2) measure the 

interval or cycle length between consecutive beats; and 

(3) compare the cycle length to prescribed detection zone 

intervals to classify the arrhythmia (Fig.  30.24 ). For the sake 

of simplicity, this chapter will focus on only two detection 

zones—the ventricular fi brillation and ventricular tachycar-

dia zones. A fi brillation zone is commonly programmed to 

detect any interval faster than the interval prescribed by the 

clinician (e.g., 320 ms = 187.5 beats per minute). If a mini-

mum number/percentage of beats is sensed within this inter-

val, the rhythm will be detected as ventricular fi brillation and 

the device will treat the rhythm using the high-energy shock 

amplitudes preprogrammed by the clinician.

   During the process of arrhythmia detection, the device 

counts the number of events in each of the detection zones 

and compares them to prescribed rules in order to classify 

the arrhythmia. Most ICD designs employ two different 

counters when classifying whether an arrhythmia is ventric-

ular fi brillation or a ventricular tachycardia. The ventricular 

fi brillation counter uses a probabilistic approach. Since ven-

tricular fi brillation waves are chaotic and vary in amplitude 

and cycle length, the device will look for a programmed per-

centage of cycle lengths to fall within the fi brillation detec-

tion zone (e.g., 75 %, Fig.  30.25 ); if that criterion is met, the 

device will detect a ventricular fi brillation and deliver the 

appropriate therapy. Ventricular tachycardias, on the other 

hand, usually have regular cycle lengths. A consecutive event 

counter is used which states that a programmed number of 

  Fig. 30.22    A typical example of an implantable cardioverter defi brilla-
tor ( ICD ) depletion curve for a silver vanadium oxide battery. Lithium 
iodide and mercury zinc batteries included for comparative purposes       
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cycle lengths (e.g., 18 out of 18) needs to be within the 

tachycardia detection zone in order to classify the rhythm as 

a ventricular tachycardia. If one cycle length falls out of the 

tachycardia detection zone, the consecutive counter is reset 

to zero and the count begins again. Each ICD has the capabil-

ity to redetect the same arrhythmia if the initial therapy was 

not successful. Redetection criteria will often be more 

aggressive (fewer number of beats sampled) than the initial 

detection criteria to ensure that subsequent therapies can be 

delivered quickly. An example of when the redetection crite-

ria may not be as aggressive is in cases where the patient has 

a long QT interval and is prone to developing Torsades de 

Points which may spontaneously terminate.

   Typical devices available today have the option of pro-

gramming an additional detection zone, which is referred to 

as a  fast ventricular tachycardia  zone. This is a zone that can 

be programmed for those patients with a fast ventricular 

tachycardia who may benefi t from antitachycardia pacing. 

Treating a fast ventricular tachycardia with antitachycardia 

pacing may decrease the number of high-voltage shocks 

delivered, increase the patient’s quality of life, and prolong 

device longevity [ 38 ]. Evidence of the benefi t of this thera-

peutic approach was seen in the PainFREE Rx trial which 

concluded that fast ventricular tachycardias with ventricular 

cycle length less than 320 ms could be terminated by antit-

achycardia pacing 3 out of 4 times with a low incidence 

of acceleration into ventricular fi brillation and syncopal 

 episodes [ 38 ]. If a fast ventricular tachycardia zone is 

 programmed, the device will always ensure that the most 

aggressive therapy is being delivered. For example, if a fast 

ventricular tachycardia is detected, the device will verify that 

no ventricular fi brillation intervals falls within that fast ven-

tricular tachycardia zone before delivering antitachycardia 

pacing. 

 When targeting treatment of ventricular arrhythmias, it is 

important to verify that the arrhythmia is of a ventricular ori-

gin. Therefore, it is common that each manufacturer will 

have a unique algorithm for distinguishing a supraventricu-

lar tachycardia from a ventricular tachycardia. This is very 

important in order to avoid inappropriate shocking of a 

  Fig. 30.23    Examples of recorded tachyarrhythmias and the associated 
device response (refer to the marker channel).  Panel A  = sinus rhythm; 
 Panel B  = spontaneous ventricular tachycardia;  Panel C  = atrial fi brilla-

tion resulting in ventricular fi brillation.  ECG  electrocardiogram,  EGM  
electrogram       
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  Fig. 30.24    Tachyarrhythmia 
detection intervals. The  top 

three traces  represent typical 
electrocardiograms that might 
be encountered by the device. 
The detection zones for 
ventricular fi brillation, 
ventricular tachycardia, and 
sinus rhythm are shown at the 
 bottom . Note that an event 
with a cycle length of 700 ms 
is categorized as sinus 
rhythm, 350 ms as a 
ventricular tachycardia, and 
280 ms as ventricular 
fi brillation.  VF  ventricular 
fi brillation,  VT  ventricular 
tachycardia       

Surface

ECG

Previous 16

Sensed

Intervals

VF Intervals

VT Intervals

1 32

1 2

1 2

3 4 5 6

3 4

7 8 109 11 12

5 6 7 8 9 11 12 13 14 15 16104

  Fig. 30.25    An example of an 
implantable cardioverter 
defi brillator ( ICD ) device 
record including 16 
consecutive beats and their 
classifi cation. Since 12 of 16 
events (75 %) were within the 
ventricular fi brillation 
detection zone, the arrhythmia 
would be classifi ed as 
ventricular fi brillation and 
high-voltage shocks would 
be delivered.  ECG  
electrocardiogram,  VF  
ventricular fi brillation,  VT  
ventricular tachycardia       
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patient with sinus tachycardia due to exercise or an atrial 

arrhythmia (atrial fi brillation or atrial fl utter).  

30.5.7     ICD Therapies 

 ICD therapies are programmed to ensure maximum patient 

safety, while attempting to deliver the lowest energy thera-

pies (least painful and least impact on device longevity) that 

will terminate the arrhythmia. ICD therapies can be tiered, 

such that the device initially delivers low energy which 

is subsequently increased until the desired treatment is 

obtained. A typical delivery order is as follows: antitachycar-

dia pacing (delivering the least amount of energy), followed 

by cardioversion, and fi nally defi brillation. Nevertheless, 

each of these therapies can be programmed to the physician’s 

preference. 

 Antitachycardia pacing is typically used in a clinical 

 situation where one reentrant circuit is repeatedly activating 

the ventricles and causing a rapid, but regular, ventricular 

tachycardia. The goal of the antitachycardia pacing therapy is 

to deliver, via a pacing stimulus, a depolarization wave into 

the area of the excitable gap (an area of repolarized tissue) of 

the reentry circuit. Recall that a reentrant circuit causes the 

majority of tachyarrhythmias. Thus, if a pacing pulse reaches 

the excitable gap before a new wavefront of the reentrant cir-

cuit, the reentrant activity is terminated (Fig.  30.26 ).

   Cardioversion and defi brillation shocks are high-energy 

shocks that are delivered between two or three high-voltage 

electrodes, one of which is typically the ICD itself (i.e., the 

titanium housing acts as an electrode). The goal of these 

shocks is to defi brillate a critical mass of the myocardial cells 

that are depolarizing at a rapid and irregular rate (Figs.  30.27  

and  30.28 ), thus returning the heart to a normal rhythm.

    Cardioversion can be described as a synchronized high- 

voltage shock because the shock needs to be synchronized to 

an R-wave or the shock will not be delivered. Cardioversion 

shocks are used to treat ventricular tachycardias or regular 

fast ventricular tachycardias. Therefore, the shock is deliv-

ered on an R-wave that has been detected in the tachycardia 

detection zone. If the shock would happen to be delivered on 

a T-wave, the underlying arrhythmia could be dangerously 

accelerated into ventricular fi brillation, which is why a 

 cardioversion shock will be aborted if it is not synchronized 

  Fig. 30.26    Antitachycardia 
pacing therapy. A pacing 
stimulus is applied to entrain 
an excitable gap in the 
reentrant circuit. This disrupts 
the reentrant circuit and 
terminates the tachycardia. 
 ATP  antitachycardia pacing       

  Fig. 30.27    Electric fi eld between high-voltage electrodes during a 
shock; note that the implantable cardioverter defi brillator ( ICD ) is func-
tioning as one of the electrodes       
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to an R-wave. The chaotic nature of ventricular fi brillation is 

treated by delivering an asynchronous shock. Both cardio-

version and defi brillation gain their energy from the dis-

charge of the ICD’s high-voltage capacitor. 

 Depending on the manufacturer, each device will offer a 

number of programmable therapies per detection zone, again 

all of which can be programmed to physician preferences. 

Yet, the programming of the defi brillation therapy is typi-

cally based on a specifi c patient’s defi brillation threshold. 

This threshold is defi ned as the minimum amount of energy 

needed to rescue the heart from the fi brillating state (various 

algorithms exist for determining this energy). The physician 

commonly will set the fi rst defi brillation therapy at an 

energy output that is greater than the defi brillation threshold, 

to provide a margin of safety for the patient. A safety margin 

of at least 10 joules greater than the defi brillation threshold is 

common. For example, if a patient’s defi brillation threshold 

has been determined to be 15 joules, the device will be pro-

grammed to deliver its fi rst therapy at 25 joules. Therefore, 

the maximum output of the device needs to be considered 

when assessing an appropriate safety margin. If a device has 

a maximum output of 35 joules and the patient’s  defi brillation 

threshold is 30 joules, there would only be an 5-joule safety 

margin. 

 The relative shape of shock waveforms delivered by the 

ICD has evolved over time. Early systems used a monopha-

sic waveform delivered between a dedicated set of electrodes 

(i.e., delivered with a constant direction of current fl ow or 

polarity). Later, sequential monophasic shocks between 

selected pairs of electrodes were employed, since they were 

found to produce lower defi brillation thresholds in certain 

patients. Modern devices typically use a biphasic shock that 

reverses polarity during the discharge of the capacitors 

(Fig.  30.29 ).

   The development of biphasic waveforms was considered 

as a signifi cant improvement in ICD technology, and they 

have been almost exclusively used since the mid-1980s [ 39 ]. 

The percentage of the drop in voltage, prior to termination of 

the waveform, is the current polarity, also known as  tilt.  Tilt 

is measured from the instant the current starts to fl ow in one 

direction (leading edge) to the time that it ends its fl ow in 

that same direction (trailing edge). A tilt value can be mea-

sured for each direction that the current is fl owing; typical 

tilts are between 50 and 65 % (Fig.  30.30 ).

   As mentioned previously, most modern ICDs also include 

pacemaker functionality. As a fi nal summary of the similari-

ties and differences between IPGs and ICDs, Table  30.8  is 

provided.

  Fig. 30.28    Examples of 
successful defi brillation 
( top electrogram ) and 
cardioversion ( lower 

electrogram ) therapies. 
 VF  ventricular fi brillation, 
 VT  ventricular tachycardia       

  Fig. 30.29    Monophasic and 
biphasic shock waveforms       
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30.5.8        Pharmacologic Considerations 
in the Management 
of Tachyarrhythmias 

 In contrast to the relatively small effect that antiarrhythmic 

drugs typically have on pacing thresholds, the defi brillator 

threshold of an ICD may be signifi cantly altered when 

used in conjunction with antiarrhythmic drug therapies. 

Nevertheless, there are several positive benefi ts that have 

been considered useful in the concomitant use of ICDs and 

antiarrhythmic drugs. For example, antiarrhythmic drugs 

may act to decrease the frequency and duration of sustained 

and nonsustained ventricular tachycardia events that would 

otherwise require a shock from an ICD. In addition, they 

may also slow the rate of the ventricular tachycardia to 

increase the effi cacy of antitachycardia pacing, decreasing 

the need for shock therapy. Lastly and importantly, antiar-

rhythmic agents may lower defi brillation thresholds. 

Therefore, the use of antiarrhythmic drugs with ICDs can 

decrease the frequency and/or amplitude of therapeutic 

shocks, thereby improving patient comfort and prolonging 

battery longevity [ 40 ]. 

 As opposed to the benefi ts explained earlier, there are 

also potentially undesired consequences associated with the 

concurrent use of ICDs and antiarrhythmic drugs [ 13 ]. 

Specifi cally, antiarrhythmic drugs may: (1) alter the detec-

tion of the arrhythmia leading to an increase in the duration 

of a tachyarrhythmia; (2) increase defi brillation thresholds, 

making it more diffi cult to successfully defi brillate the heart; 

(3) slow the rate of the tachyarrhythmia so much that it no 

longer falls within the detection zone for both antitachycar-

dia pacing and shock; and/or (4) increase the width of the 

QRS complex on the EKG, thus causing double counting 

and inappropriate shocks. The typical antiarrhythmic drugs 

that may affect defi brillation thresholds are: (1) Type I 

agents, those with sodium channel blocking activities and 

the membrane stabilization effects; (2) beta-blockers and 

calcium channel antagonists due to their effect on the nodal 

tissues; and (3) Type III agents which may either increase or 

decrease defi brillation thresholds after long-term therapy 

(Table  30.9 ) [ 14 ]. Studies have also revealed that the use of 

illicit drugs, such as cocaine, may increase defi brillation 

thresholds.

   Antiarrhythmic agents can also be proarrhythmic, which 

may even lead to an increased requirement for ICD therapies. 

Predisposing factors to proarrhythmias are: (1) prolonged 

ventricular repolarization (i.e., prolonged QT wave); (2) elec-

trolyte imbalances such as hypomagnesemia or hypo kalemia; 

(3) underlying ventricular arrhythmias; (4) ischemic heart 

disease; and/or (5) poor left ventricular function. One of the 

most dangerous forms of proarrhythmia is considered to be 

Torsades de Pointes or “twisting of the points.” Specifi cally, 

Torsades is a rapid form of polymorphic ventricular tachycar-

dia that is associated with delayed ventricular repolarization. 

It should be noted that both inherited conditions such as 

long QT syndrome and exposure to Type Ia or Type III 

  Fig. 30.30    Determination of 
the percent tilt of a 
defi brillation waveform.  LE  
leading edge,  TE  trailing edge       

   Table 30.8    Comparison of the principal differences between implantable pulse generator (IPG) and implantable 
cardioverter defi brillator (ICD)   

 ICD  IPG 

 Senses intrinsic rhythms, ventricular tachycardia/
ventricular fi brillation, 
and prefers to oversense 

 Senses intrinsic rhythms, and prefers to undersense 

 Paces and shocks when appropriate  Paces when appropriate 

 Saves episode data  Rejects signals that occur at high rates 

 Battery requires high current capability for shocking  Battery optimized for long-term, low current use 

   Table 30.9    Impact of select antiarrhythmic drugs on defi brillation 
thresholds   

 Increase  Mixed effect  Decrease 

 Flecainide  Quinidine  Sotalol 

 Propafenone  Procainamide a   Bretylium 

 Lidocaine  Amiodarone b   Dofetilide 

   a Procainamide, a Class Ia antiarrhythmic drug, is metabolized to 
 N -aceylprocainamide (NAPA) which has Class III activity 
  b Amiodarone decreases defi brillation thresholds initially but increases 
defi brillation thresholds with chronic utilization  
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 antiarrhythmic drugs that prolong the refractory period on the 

cardiac action potential put patients at an increased risk of 

Torsades de Pointes.  

30.5.9     New Indications/Recent Clinical Trials 

 This section will focus on some of the recent clinic trials 

assessing the value of ICD therapy. Clinical trials serve the 

important role of assessing therapeutic safety and effi cacy 

for: (1) determining the validity of current clinical indi-

cations; (2) discovering new indications for use; and/or 

(3) driving reimbursement through identifi cation of clinical 

value. Properly run clinical studies continue to play an 

important role in continuous improvement of patient out-

comes. Yet, an important distinction to make here is that 

there are major differences between primary and secondary 

studies. Specifi cally, primary studies seek to fi nd morbidity 

and mortality benefi t in those patients who have not experi-

enced an event. These studies identify a patient population 

that is considered “at risk” and attempt to determine means 

to treat such patients before they experience an event such as 

myocardial infarction or sudden cardiac arrest. In contrast, 

secondary studies evaluate post-treatment morbidity and 

mortality benefi ts to patient populations that have already 

suffered from an event (e.g., postmyocardial infarction 

patients or patients who have survived sudden cardiac arrest). 

 An example of an important clinical trial associated with 

the identifi cation of the indications for ICD therapy is the 

Multicenter Automatic Defi brillator Implantation Trial 

(MADIT). This trial was instrumental in providing clinical 

evidence for identifying patients who would benefi t from an 

ICD therapy. The clinical hypothesis stated “in patients with 

previous myocardial infarction and left ventricular dysfunction, 

prophylactic therapy with an ICD improves survival versus 

treatment with conventional medical therapy” [ 41 ]. The pri-

mary end point of the study was a reduction in total patient 

mortality, and the secondary end points evaluated mortality-

associated with arrhythmias as well as cost- effectiveness. Of 

196 patients included in the study, there were 39 deaths in 

the conventional therapy arm and 15 deaths in the ICD 

group. The stated conclusions were that, in postmyocardial 

infarction patients at a high risk for ventricular tachycardia, 

prophylactic therapy with an ICD reduced overall mortality 

by 54 % and arrhythmic mortality by 75 % when compared 

with conventional therapy. 

 A follow-up to MADIT was the Multicenter Automatic 

Defi brillator Implantation Trial-II (MADIT-II). The purpose 

of this study was to investigate the effects of prophylactic 

implantation of an ICD on the survival of patients postinfarc-

tion who presented with signifi cant left ventricular dysfunc-

tion (left ventricular ejection fraction ≤30 %). The primary 

conclusion of this study was that prophylactic implantation 

of an ICD in such patients resulted in improved survival and 

decreased mortality by 28 % after 3 years. Importantly, the 

noted benefi ts of this study have changed practice in that 

physicians now routinely implant an ICD in postmyocardial 

infarction patients with left ventricular dysfunction [ 42 ].  

30.5.10    Pacing and Defi brillation Leads 

 Cardiac pacing and defi brillation leads are the electrical con-

duit between the IPG or ICD and the heart. Specifi cally, they 

transmit therapeutic energy to the cardiac tissue and return 

sensed information to the IPG or ICD for diagnostic and 

monitoring purposes. It is noteworthy that such leads must: 

(1) withstand the extremely harsh environment of the inter-

nal human body and its intense foreign body responses; 

(2) permanently span multiple anatomic and physiologic 

 features, e.g., the moving body and heart (Fig.  30.31 ); and 

(3) undergo approximately 400 million heartbeat-induced 

deformations over each 10-year period within the heart (see 

online Video   30.15    ) . 

   Leads can be placed either endocardially or epicardially, 

depending on the patient’s indication, physician preference, 

and/or anatomic considerations. In the case of the endocar-

dial pacing systems (those implanted through the venous 

system to the endocardial surface of the cardiac chambers), 

the lead travels from subcutaneous tissue including muscle 

and fat into the blood stream. These leads then pass through 

the upper vasculature and fi nally are permanently placed 

within the beating heart. Today, the vast majority of pacing 

and defi brillation systems utilize endocardial leads (this lead 

placement  technique can be viewed in online Video   30.6    ). In 

contrast, epicardial leads are attached directly to the surface 

of the heart and are routed through the subcutaneous tissue to 

the ICD or IPG. Epicardial leads are most commonly used in 

pediatric patients and in adults with compromised venous 

accesses to their hearts. Typical implanted confi gurations for 

endocardial single- and dual-chamber pacing systems are 

shown in Fig.  30.32 , endocardial defi brillation systems in 

Fig.  30.33  and online Video   30.16    , and an epicardial defi bril-

lation system with epicardial pacing leads in Fig.  30.34 .

     Modern leads are generally constructed of highly biosta-

ble and biocompatible polymers and metals. Confi gurations 

for the body of the leads (i.e., the portion traveling from the 

IPG or ICD to the distal electrodes) are chosen based on the 

number of circuits required, as well as considerations relat-

ing to size, handling, and manufacturer preferences 

(Fig.  30.35 ). The electrodes for stimulation and sensing are 

designed to provide stable electrical performance acutely 

and chronically.

   In order to provide stability at the cardiac–tissue inter-

face, leads often use a mechanism for fi xation to cardiac tis-

sue and structures. Passive mechanisms for fi xation include 
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  Fig. 30.31    The anatomic 
regions commonly spanned 
by transvenous endocardial 
pacing leads       

  Fig. 30.32    Examples of 
single- and dual-chamber 
endocardial lead 
confi gurations       

  Fig. 30.33    Implanted 
confi gurations for two 
endocardial defi brillation 
systems with pectoral ICD 
placements. The single coil 
system ( left ) delivers the shock 
energy from the right 
ventricular coil to the ICD. The 
dual coil system ( right ) can 
deliver the energy from right 
ventricular coil to the ICD, or 
from the right ventricular coil 
to a superior vena cava coil 
and/or the ICD (see Video 
  30.16    ).  RV  right ventricle,  SVC  
superior vena cava       
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polymeric tines and shaped segments along the length of the 

lead. They are termed  passive  because they do not require an 

active deployment by the clinician. Common active means of 

fi xation include helices, hooks, or barbs. Additionally, some 

epicardial leads require sutures to maintain a stable position. 

Finally, some leads have no fi xation means whatsoever and 

count solely on lead stiffness to maintain locational stability 

(Figs.  30.36 ,  30.37 ,  30.38 , and  30.39 ). To view examples of 

leads placed within the Visible Heart ®  preparation, see the 

following online material: Video   30.17    , Video   30.18    , Video 

  30.19    , Video   30.20    , and Video   30.21    .

      Various electrode confi gurations have been utilized on a 

variety of commercially available leads. As described previ-

ously, unipolar pacing circuits use a lead with a single cath-

odal electrode, with the IPG serving as the anode. Bipolar 

pacing systems use electrodes placed distally on the lead as 

both the cathode and anode. Pacing leads commonly use a 

cylindrical electrode placed along the lead body (ring elec-

trode) as the anode, while defi brillation leads may use a dedi-

cated ring (the so-called  true bipolar  leads) or a defi brillation 

coil as the anode (an  integrated bipolar  lead). Defi brillation 

leads utilize electrodes with large surface areas, which 

allow for the delivery of high-energy shocks within and 

around the heart. Defi brillation leads may be unipolar 

 (defi brillation electrode only) or they may have a combina-

tion of defi brillation electrodes and pacing electrodes. The 

most common defi brillation lead confi gurations used today 

  Fig. 30.34    Implanted 
confi guration of an epicardial 
defi brillation system with an 
abdominal ICD placement. 
The system shown includes 
two unipolar epicardial pacing 
leads for stimulation and 
sensing as well as a pair of 
epicardial defi brillation 
patches       

  Fig. 30.35    Typical constructions used for cardiac pacing and defi bril-
lation leads: (1) the single lumen design ( left ) has a central conductor 
surrounded by a polymeric insulation; (2) the multilumen design ( cen-

ter ) uses an extruded polymer to insulate the conductors from one 
another and from the implanted environment; and (3) the coaxial design 

has conductors embedded within concentric layers of insulation. Today, 
the most commonly used insulation materials are silicones and polyure-
thanes and the conductors are usually coiled or cabled wires. Modern 
lead body diameters range from approximately 4–10 French (one 
French = 1/3 of a millimeter)       

  Fig. 30.36    Endocardial pacing leads: passive fi xation leads (tined) are 
shown on the  left  and  right . An active fi xation lead (extendable, retract-
able helix) is shown in the  center        
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are shown in Figs.  30.38 ,  30.39 , and  30.40 . For examples of 

leads placed within the Visible Heart ®  preparation, see the 

following online material: Video   30.22     and Video   30.23    .

   Typically, the portion of the lead that interfaces with the 

cardiac tissue has been designed to: (1) minimize infl amma-

tory responses; (2) provide low polarizations; (3) provide 

high capacitances and impedances; and/or (4) act as a fi xa-

tion mechanism. This distal electrode is most commonly 

used as the cathode but, in some cases, a similar electrode is 

used as the anode on a separate unipolar lead. To suppress 

infl ammation, most modern electrodes incorporate a system 

for the elution of an anti-infl ammatory agent (e.g., dexa-

methasone sodium phosphate); this helps to manage acute 

changes in the local tissue which will then aid in stabilizing 

pacing and sensing performance. Coatings are also applied to 

many pacing electrodes to produce a large surface area that is 

  Fig. 30.37    Epicardial pacing leads: stab-in active fi xation lead ( top ), 
active fi xation lead with helical fi xation ( middle ), and a hemispherical 
electrode secured by sutures ( bottom )       

  Fig. 30.38    Cardiac 
defi brillation leads. Clockwise 
from upper left: a passive 
fi xation endocardial lead 
(“integrated bipolar”), an 
active fi xation endocardial 
lead (“true bipolar”), an 
endocardial lead with no 
fi xation, and an epicardial 
patch (commonly sewn to the 
pericardium)       

  Fig. 30.39    Pacing leads 
designed for placement in the 
cardiac veins; they are shaped 
to enhance stability. The leads 
shown are primarily used in 
biventricular pacing systems 
for the management of heart 
failure patients with the 
appropriate clinical 
indications       
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highly capacitive (i.e., to reduce battery drain), and have a 

low level of polarization following a pacing pulse (to avoid 

undersensing; Fig.  30.41 ). Interestingly, the size of the pac-

ing cathode has decreased over time, as a means to increase 

the cathode-tissue impedance and increase system effi ciency 

by reducing current drain (Figs.  30.42  and  30.43 ) [ 43 ].

30.5.11          Leadless Pacing 

 Although pacing systems with leads have been utilized since 

the inception of cardiac pacing, recent advances in miniatur-

ization technology and battery chemistry have made it pos-

sible to develop a self-contained pacemaker small enough to 

be implanted entirely within the heart, i.e., while still aiming 

to provide similar battery longevity as in conventional pace-

makers. In general, leadless pacemakers (or transcatheter- 

delivered pacemakers) are self-contained devices designed 

to be implanted within the chambers of the heart directly at 

the site of desired pacing. Further, by eliminating the need 

for a subcutaneous device pocket and insertion of permanent 

leads within the vasculature, some of the complications asso-

ciated with traditional pacing systems can be avoided, 

including pocket infection/erosion/hematoma and lead 

 dislodgement/fracture/infection.  

 To date, leadless pacemakers have been developed 

for both bradycardia and CRT patients. For example, the 

Micra™ Transcatheter Pacing System (Medtronic, Inc., 

Minneapolis, MN, USA; not available for sale, but currently 

under clinical investigation) is a self-contained, percutane-

ously delivered transcatheter pacemaker (VVIR) that is 

designed to be implanted in the right ventricle via femoral 

vein access [ 44 ,  45 ] .  The pacemaker is 0.8 cc, 1.76 g, 

25.9 mm long, and 6.7 mm in diameter and contains a 3-axis 

accelerometer used for rate response pacing (Fig.  30.44 ). 

In addition, the fi xation mechanism consists of four self- 

expanding nitinol tines which are used to anchor the system 

within the right ventricle and to stabilize the pacing electrode 

  Fig. 30.40    Endocardial 
defi brillation leads. Various 
confi gurations are shown, 
including leads with active 
and passive fi xation 
mechanisms, true and 
integrated bipolar pace/sense 
circuits, and/or single and 
dual defi brillation electrodes. 
The designs shown are 
typically placed in the right 
ventricle with the distal 
defi brillation coil within the 
right ventricular chamber and 
the proximal coil located in 
the superior vena cava       

  Fig. 30.41    Common 
electrode coatings for high 
capacitance and low 
polarization. The left panel 
( A ) shows a platinized surface 
at 20,000× and the right panel 
( B ) a titanium nitride (TiN) 
surface at 20,000×       
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  Fig. 30.42    Evolution of 
pacing lead impedances and 
pacing thresholds. Modifi ed 
from Brabec and Laske [ 43 ]       

  Fig. 30.43    Passive fi xation leads with low ( top ; ~400–600 Ω), medium 
( middle ; ~600–800 Ω), and high ( bottom ; ~800–1200 Ω) impedance 
pacing cathodes       

  Fig. 30.44    Micra™ Transcatheter Pacing System (Medtronic, Inc., 
Minneapolis, MN, USA; not available for sale, but currently under 
clinical investigation)       

against viable myocardium. This system can be seen 

implanted in an isolated human heart using direct visualiza-

tion in online Video   30.24    , as published in Eggen et al. [ 44 ] .  

In another recent example, a VVIR leadless pacemaker is imp-

lanted in the right ventricle and attached to the myocardium 

using a helix mechanism (Nanostim, St. Jude Medical, 

St. Paul, MN, USA); this device has shown promise in the 

LEADLESS clinical trial [ 46 ] and in animal studies [ 47 ]. 

These leadless pacemakers are currently restricted to clinical 

investigation in the USA. Lastly, a leadless ultrasound-

based endocardial left ventricular resynchronization system 

(WiCSw-LV system, EBR Systems Inc., Sunnyvale, CA, 

USA) has been developed for heart failure patients [ 48 ]. 

 

  

30 Pacing and Defi brillation

http://dx.doi.org/10.1007/978-3-319-19464-6_30#MOESM_24


574

The WiCSw-LV system is a hybrid system which consists of 

a traditional lead system that stimulates the right atrial and 

right ventricular chambers, and a transmitter/receiver combi-

nation that stimulates the left ventricular endocardium. As 

such, after activation of the right ventricle by the traditional 

system, an ultrasound wave is emitted by a subcutaneous 

transmitter, and the ultrasound energy is converted into pac-

ing energy by a receiver (containing a pacing electrode) 

implanted in the left ventricle which results in left ventricu-

lar stimulation. With these recent developments in pace-

maker technology, we can expect the leadless pacemaker to 

partially eclipse the use of the traditional pacing systems in 

the near future.

30.6         Summary 

 This chapter has reviewed the basic methodologies and 

devices employed to provide pacing and/or defi brillation 

therapy to the patient with specifi c needs. A brief history was 

provided on the use of external electricity to deliver lifesav-

ing therapy to the heart. Although signifi cant progress has 

been made, future developments in materials, electronics, 

and communication systems (e.g., wireless) will allow ever- 

increasing utility and patient value.     
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    Abstract  

  Congestive heart failure (CHF) continues to be a major source of morbidity, mortality, and 

health-care spending in today’s society. In the past 20 years, device-based therapies such as 

implantable cardioverter defi brillators (ICDs), cardiac resynchronization therapy (CRT), 

and left ventricular assist devices have been developed and demonstrated to improve out-

comes in patients with CHF and systolic dysfunction. These therapies treat two of the major 

causes of death associated with CHF, namely sudden cardiac death and pump failure. This 

chapter focuses on the application of CRT for treatment of CHF, with a focus on the thera-

peutic mechanisms, historical development, evolution of the technologies, implant tech-

niques and patient follow-ups, clinical trials, evolving indications, approaches for optimizing 

therapies, and future directions.  
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  Abbreviations 

   6MWD    6-minute hall walk distance   

  AF    Atrial fi brillation   

  AV    Atrioventricular   

  BiV    Biventricular   

  CCS    Clinical composite score   

  CHF    Congestive heart failure   

  CRT    Cardiac resynchronization therapy   

  CS    Coronary sinus   

  EP     Electrophysiology   

  ESV    End-systolic volume   

  ICD    Implantable cardioverter defi brillator   

  ICM    Ischemic cardiomyopathy   
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  IVCD    Interventricular conduction delay   

  LBBB    Left bundle branch block   

  LGE    Late gadolinium enhancement   
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31.1           Introduction 

  Congestive heart failure (CHF)   is a cardiovascular syndrome 

associated with high morbidity, mortality, and major health- 

care expenditures. In general, it can be characterized by 

pump dysfunction, reduced functional capacity, neurohu-

moral imbalance, and/or myocardial remodeling [ 1 ]. The 

prevalence of CHF continues to grow, estimated in 2013, at 

approximately fi ve million people in the USA alone [ 2 ]. As 

the number of patients with CHF grows, expenditures have 

also continued to climb, with estimated associated costs of 

$31 billion in the USA in 2012 [ 2 ]. Pharmacological treat-

ments with beta-blockers, angiotensin-converting enzyme 

inhibitors, and/or angiotensin receptor blockers revolution-

ized therapeutic options in the 1980s and 1990s [ 3 – 7 ]. Also 

in the 1990s, interest in device-based therapies gained 

ground and led to the application of implantable  cardio-

verter   defi brillators (ICDs) and cardiac resynchronization 

therapy (CRT), which helped to reduce mortality and mor-

bidity associated with CHF [ 8 – 12 ]. It should be noted that 

the development of new pacing leads that were able to reliably 

stimulate the left ventricle and new stimulator technologies 

enabled multisite pacemakers that could resynchronize the 

contractions of both ventricles and improve outcomes for 

CHF patients.  

31.2     Development of CRT 

  By the early 1990s, in the decades preceding the develop-

ment of CRT, advances in lead and pacing generator tech-

nologies led to reliable dual-chamber pacing systems. More 

specifi cally, the development of polyurethane leads with 

smaller and more lubricious lead bodies made it easier to 

implant two leads for both right atrial (RA) and right ven-

tricular (RV) pacing [ 13 ]. Advances in tined lead design 

reduced the rate of atrial lead dislodgement from 14 % to less 

than 2 % [ 14 ]. Also noteworthy, lead tips with steroid elution 

reduced the foreign body response at the implant site, reduc-

ing chronic thresholds and the incidence of exit block [ 15 ]. 

Similarly, advances in integrated circuit technologies and 

microprocessor-based pacemakers led to the development of 

implantable pulse generators (IPG) with more sophisticated 

algorithms for novel treatments and monitoring, and the 

development of rate responsive pacemakers improved the 

quality of life and exercise capacity for patients with chrono-

tropic incompetence [ 16 ]. 

 Prior to development of CRT, multisite stimulation in the 

form of biatrial pacing had been proposed as a therapy to 

suppress atrial tachyarrhythmias (AT), by pacing the left 

atrium through the coronary sinus (CS) [ 17 ]. The Model 

2188 CS lead (Medtronic plc, Minneapolis, MN, USA) 

was developed specifi cally for this purpose in collaboration 

with French investigators. In 1994, a patient with dilated 

cardiomyopathy, New York Heart Association (NYHA) 

class 4, QRS durations >150 ms, and  left ventricular ejec-

tion fractions (LVEF)   <35 % was implanted with a 4-cham-

ber pacing system and subsequently experienced incredible 

improvement in symptoms [ 18 ]. The work of this group, as 

well as others, led to the adaptation of technologies for 

left ventricular (LV) stimulation, with associated intense 

research and development to establish CRT as a viable 

CHF therapy.   

31.3     Mechanisms of CRT 

31.3.1        Impact of Left Bundle Branch Block 
and CHF on Ventricular Electrical 
and Mechanical Functions 

 The native conduction system consists of the sinoatrial node, 

specialized atrial conduction fi bers, atrioventricular (AV) 

node, His bundle, and right and left bundle branches which 

terminate in Purkinje fi bers. This system provides rapid, 

orderly depolarization and contraction of the heart. The pres-

ence of  left bundle branch block  (LBBB) is associated with: 

(1) delayed contraction of the left ventricle; (2) reduced ven-

tricular performance; and (3) widening of the QRS complex. 

LBBB typically leads to both interventricular and intraven-

tricular dyssynchrony, with early depolarizations and con-

tractions of the septum followed by delayed contractions of 

the LV free wall via slow cell-to-cell conductions. Overall 

mechanical pump function becomes reduced due to prolon-

gations of isovolumic contractions and relaxations with 

shortening of the diastolic fi lling periods [ 19 ]. These changes 

in systolic and diastolic performance result in reduced 

LVEF. It should be noted that even the mild dyssynchronous 

contraction, illustrated by ventricular pacing within normal 

hearts, leads to differences in regional workload and oxygen 

consumption, with reduced workload near the septum due to 

early contractions against low pressures and stretching of 

remote, inactivated regions [ 20 ,  21 ]. Strain and regional 

work both increase the delayed segments which must con-

tract against a higher afterload (i.e., pressure). Thus asyn-

chronous contractions between ventricular segments with 

differing workload may lead to asymmetric remodeling, with 

thinning of the myocardial wall near early contracting seg-

ments and hypertrophy at the lateral wall [ 22 ]. 

 The prevalence of LBBB has been reported as high as 

25 % in patients with CHF [ 23 ]. LV depolarizations in LBBB 

are heterogeneous and may differ between patients with 

 ischemic cardiomyopathy (ICM)   and  nonischemic cardio-

myopathy (NICM)  . Endocardial mapping in patients with 

LBBB and normal hearts, NICM, or coronary artery disease 

all demonstrated that LV activation occurs after RV activation 
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via transseptal conduction [ 24 ]. All patients had at least one 

septal breakthrough site, with approximately one-third of 

patients having an additional site of early activation. LV acti-

vation times were signifi cantly longer in patients with isch-

emic heart disease, possibly due to the impact of scar or 

slow-conducting tissues.  Noncontact mapping (NCM)   has 

provided further insights into LV conduction variations in 

patients with CHF. For example, Rodriguez et al. described 

two patterns of LV endocardial activation originating from 

the septum in LBBB and CHF: either slow conduction 

through a portion of the left bundle branch with mid-septal or 

apical breakthrough, or breakthrough at the high septum due 

to slow cell-to-cell conduction [ 25 ]. The former pattern 

tended to generate an apical and basal wavefront which met 

in the basal posterior lateral wall, while high septal break-

through generated only one wavefront which spread toward 

the apex. These authors speculated these two patterns may 

also have different hemodynamic implications for the appli-

cation of CRT. Aurrichio et al. also reported these differ-

ences in transseptal activation, but additionally described 

U-shaped conduction patterns caused by functional conduc-

tion blocks (e.g., not anatomical due to scar) in almost all 

CHF patients with LBBB [ 26 ]. Functional blocks were con-

fi rmed by demonstrating that the location of blocks (lateral, 

inferior, or anterior) could be altered by pacing from differ-

ent sites. Patients with QRS durations ≤150 ms had shorter 

transseptal conduction times and more homogenous LV acti-

vations with a site of lateral block, while patients with longer 

QRS durations tended to have an anterior line of block. 

  NCM   has also provided evidence that simultaneous 

 biventricular (BiV) pacing   can have dramatically different 

effects on LV conduction patterns depending on the individ-

ual. In the study by Pratola et al., LV endocardial conduction 

in one patient was almost completely dominated by the 

RV-paced wavefront during BiV pacing, i.e., due to a long 

delay between LV epicardial-paced activations and LV endo-

cardial depolarizations [ 27 ]. In contrast, LV conduction in 

another patient was almost entirely due to the LV pacing, the 

result of long transseptal conduction times. In yet another 

patient, only BiV pacing eliminated the identifi ed U-shaped 

activations and created homogenous LV depolarizations. 

This technique has also been used to demonstrate that LV 

pacing in areas of slow conduction, which are often present 

in patients with ICM, is associated with suboptimal hemody-

namic responses [ 28 ]. Pacing in an area of normal conduc-

tion or preactivating the LV via VV delay can improve 

hemodynamic responses to CRT and reduce total LV activa-

tion times.     

31.3.2     Improvement of Cardiac Function 
with CRT 

   In its simplest conception, CRT can  improve   cardiac perfor-

mance by restoring coordinated contractions between the 

ventricular septum and LV lateral wall. This is most com-

monly achieved by stimulating the RV with a standard endo-

cardial pacing lead and the LV via a transvenous lead placed 

in a coronary vein (Fig.  31.1 ). The addition of an RA lead 

allows control of ventricular stimulation prior to intrinsic, 

delayed conduction during atrial sensing and pacing. The 

immediate hemodynamic impact of CRT can be refl ected in 

signifi cant increases in maximum rate of LV pressure rise 

(LV d P /d t  max ) and systolic blood pressure [ 29 ,  30 ]. These 

changes are accompanied by improvements in systolic and 

diastolic time intervals. In one study, AV optimization with a 

  Fig. 31.1    Illustration of an 
 implanted   CRT system 
with right atrial, right 
ventricular, and left 
ventricular leads. Courtesy 
of Medtronic plc       
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mitral infl ow method and simultaneous BiV pacing was 

shown to signifi cantly increase normalized LV fi lling time 

( p  < 0.001), shorten interventricular mechanical delay 

( p  < 0.001), and shorten isovolumic contraction ( p  < 0.05) in 

patients with CRT compared to controls [ 31 ]. Reduction in 

severity of mitral regurgitation may also occur with CRT due 

to improved coordination of the papillary muscle contrac-

tions, LV synchrony, and hemodynamic closing forces [ 32 –

 35 ]. The benefi cial effects of CRT have also been noted to be 

accompanied by a reduction in sympathetic nerve activity, 

which is frequently elevated in CHF patients. Reduction in 

sympathetic activity after CRT has, in turn, been associated 

with improved peak oxygen consumption (peak VO 2 )  , LVEF, 

LV end-systolic volume index (ESVi), and NYHA class [ 36 , 

 37 ]. Acute improvements are maintained chronically and 

further promote improvements in LV structure and volumes, 

termed   reverse remodeling . In the    MIRACLE study  , it was 

shown that CRT reduced LV volumes, improved LVEF, and 

reduced severity of mitral regurgitation up to 12 months 

postimplant [ 38 ]. These changes were accompanied by 

reduced dyssynchrony, refl ected by increased diastolic fi ll-

ing time, and reduced interventricular mechanical delay.  

31.4         Implantation of CRT 

  Implantation of a CRT system typically involves delivery of 

an RA lead, an RV lead, and an LV lead. The RV lead is typi-

cally positioned fi rst to allow backup pacing if the AV node 

is temporarily blocked during CS cannulation and delivery 

of the LV lead. To date, the RV apex has been the most com-

mon implant site, but other locations such as the RV septum 

are also used. The fi rst step for implanting the LV lead is 

cannulation of the CS. A combination of an outer sheath with 

or without a guidewire may be used, as well as an  electro-

physiology (EP) catheter  . An EP catheter may also be used 

with recording of EGMs for guidance. Once CS access is 

obtained, an occlusive coronary venous angiography may be 

performed by introducing a balloon catheter through the 

delivery sheath, to determine coronary veins suitable for LV 

lead delivery. Venography is often recorded with cine fl uo-

roscopy in one or two views (Fig.  31.2 ). Some implanters 

may only “puff” contrast through the sheath, or not introduce 

contrast at all out of concern for toxicity in patients with poor 

kidney function or to reduce the number of steps in the pro-

cedure [ 39 ]. The LV lead can then be delivered via stylet or 

guidewire to the target vein. Telescoping catheter systems 

consisting of an inner and outer sheath can also be used to 

aid in the delivery of the LV lead with greater support 

(Fig.  31.3 ). These systems may reduce the number of failed 

implants, improve LV lead implant location, and shorten LV 

positioning time [ 40 ]. A lateral or posterolateral vein is often 

  Fig. 31.2    Retrograde  coronary sinus venography   showing multiple 
coronary venous branches. Modifi ed from Merkely et al. [ 166 ], avail-
able under a Creative Commons Attribution license.   http://creativecom-
mons.org/license/by/3.0           

  Fig. 31.3    Illustration of 
 Attain Command ®  coronary 
sinus cannulation catheter  , 
 Attain Select™ II sub-
selection catheter   and  Attain 
Performa ®  LV lead   with 
guidewire. Courtesy of 
Medtronic plc       

 

 

N.A. Grenz and Z. Yang

http://creativecommons.org/license/by/3.0
http://creativecommons.org/license/by/3.0


581

preferred for implant, based on studies that suggest these 

branches are more likely to be benefi cial for CRT therapy 

than anterior positions [ 41 ,  42 ]. Implanters also prefer to 

avoid the apex for permanent LV pacing, as this location has 

been associated with inferior outcomes in studies such as 

MADIT-CRT [ 43 ]. Once a stable position is attained, electri-

cal testing for acceptable pacing capture thresholds and 

 phrenic nerve stimulation (PNS)   is performed. An LV pacing 

capture threshold ≤2.5 V, and a difference (i.e., margin) 

between PNS threshold and LV capture threshold of at least 

3 V, is preferred to avoid complications [ 44 ]. Note that the 

potential for PNS is often tested by pacing at maximum out-

puts (e.g., 10 V). Multiple vectors may be tested to fi nd an 

acceptable confi guration before resorting to repositioning 

the lead, i.e., when such leads have multiple pacing elec-

trodes (see below). The delivery catheter(s) are removed 

after the lead position is deemed acceptable. Removal 

requires slitting the length of the sheath using a slitting tool 

or separating the sheath by hand in the case of peelable cath-

eters. The LV lead thresholds are often retested prior to inser-

tion into the pacing device to ensure that electrical 

performance has not deteriorated during removal of the 

implant tools. If an LV lead cannot be implanted via the 

transvenous approach, a common alternative is to place an 

epicardial lead surgically, if the procedure can be tolerated 

by the patient. 

31.4.1       Left Ventricular Leads 

   Currently, a variety of lead body shapes and electrode con-

fi gurations are available for LV leads. The majority of LV 

leads employ passive fi xation, meaning the lead body shape 

primarily holds the lead in place. Typical shapes include com-

pound cants, sigmoidal S-shapes, spirals, and straight leads 

with tines. Since dislodgement remains a concern for all lead 

systems, LV leads with active fi xation components have also 

been developed. For example, the Attain Starfi x ®  (Model 

4195, Medtronic plc) lead was developed specifi cally to 

address dislodgement by incorporating deployable lobes on 

the lead body (Fig.  31.4 ) [ 45 ]. The lobes are deployed by 

using a tool to push the outer lead body tubing distally and 

forcing the lobes to expand. More recently, the Attain 

Stability ®  (Model 20066, Medtronic plc) lead has been devel-

oped with a side helix for fi xation, and it has demonstrated 

acceptable performance through 12 months in humans 

(Fig.  31.5 ) [ 46 ]. This lead was designed to be  positioned in a 

  Fig. 31.4    Illustration of  Attain StarFix ®  Model 4195 lead   design with 
deployable lobes for fi xation. Courtesy of Medtronic plc       

  Fig. 31.5    Illustration of 
 Attain Stability ®  Model 
20066 lead   design with 
co-radial helix for fi xation. 
Courtesy of Medtronic plc       
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wider range of vein sizes with enhanced extractability if 

required.

     A key characteristic of LV leads is the polarity or number 

of electrodes. Options include unipolar, bipolar, and quad-

ripolar leads (Fig.  31.6 ). Unipolar leads are still commer-

cially available but are less attractive due to limited options 

for programming LV stimulation. Bipolar leads are more 

common and allow three to six stimulation vectors, depend-

ing on the capabilities of the pulse generator. More recently, 

quadripolar LV leads have been developed to further increase 

the number of pacing vectors, to help manage problems such 

as high pacing thresholds, PNS, and/or dislodgement [ 47 ]. In 

contrast to unipolar and bipolar leads, quadripolar leads have 

a newer connector pin which conforms to the ISO 27186:2010 

(E) four-pole connector standard (Fig.  31.7 ). This standard 

was developed to ensure interchangeability of leads and 

devices between manufacturers.  

31.4.2         Complications Associated with CRT 

  Complications related to CRT can be divided into either 

acute or chronic events. Acute complications during implant 

include: (1) CS dissection; (2) high pacing thresholds; (3) 

dislodgement; and (4) stimulation of the phrenic nerve. 

Coronary sinus dissection occurs when the venous wall is 

damaged, and this is often visualized after injection of con-

trast. Common causes for this include the advancement of 

the cannulation catheter, guidewire, lead, or other implant 

tools into diffi cult anatomies. Though dissection rarely 

requires additional treatment intervention, the trauma may 

be extensive enough to prevent LV lead implantation or it 

may be severe enough to require pericardiocentesis to pre-

vent tamponade. Left ventricular lead dislodgement may 

occur during removal of implant tools or it may be due to 

unstable implant positions. PNS may sometimes occur along 

the entire length of the target vein. Therefore, dislodgement, 

high thresholds or inability to capture, and PNS may cause 

implant failure in some cases. 

 Complications related to CRT have declined considerably 

since the therapy was introduced. For example, in one report, 

implant success rates by French investigators improved from 

60 % without dedicated tools in the early years to 98 % by 

the end of the 1990s; this was accompanied by a reduction in 

LV lead dislodgements from 30 to 12 % during the same 

time period [ 48 ]. Other studies have demonstrated a learning 

  Fig. 31.7    Examples of an 
IS4 lead connector ( top ) and 
IS1 connector ( bottom ). 
Courtesy of Medtronic Inc.       

  Fig. 31.6    Example of unipolar (4193 & 4195) and bipolar (4194 & 
4196) LV  leads  . Courtesy of Medtronic Inc.       
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curve for CRT, with greater implant success and lower com-

plication rates occurring as implanting center and operator 

experience increases [ 48 ,  49 ]. Today, implant success rates 

of greater than 95 % are not uncommon with transvenous 

CRT systems, especially when repeated implant attempts are 

considered [ 50 – 52 ]. Yet, it should be noted that the etiology 

of CHF may also impact LV lead implant success. For exam-

ple, Macias et al. found that ICM was the only independent 

predictor of a failed LV lead implant at a preferred empirical 

lateral site [ 52 ]. This may be due to lack of veins secondary 

to scar formation in ICM, since 50 % of ICM patients with a 

failed lateral implant had no target vein in this region; note 

that the inability to deliver the lead to the target vein was the 

most common reason for failed implants in NICM patients. 

Procedure-related complication rates have reduced over 

time, from 24 % of patients in the MIRACLE, MIRACLE 

ICD, and Insync III studies [ 49 ] to approximately 16 % in 

the CARE-HF study [ 50 ]. The need for LV lead reinterven-

tion after implant varies from 5 to 10 % in studies with up to 

1-year follow-up [ 49 ,  51 ,  53 ]. The most frequent cause of 

reintervention is dislodgement in approximately 7–10 % of 

patients; however intractable PNS, high capture thresholds, 

and infections have also been noted. To date, data on coro-

nary vein thrombosis and implant success rates after LV lead 

revision are relatively limited. Yet, Borleffs et al. reported an 

86 % fi rst success LV lead revision rate at a median of 85 

days, and the same branch as the original implant could be 

used in 57 % of the cases [ 51 ]. Additionally, Biffi  et al. 

reported that the original branch could only be used in 33 % 

of patients with the majority of LV lead revisions occurring 

less than 6 months post-implant [ 53 ]. 

 Clinically relevant PNS is observed in approximately 

20 % of patients when the LV lead is placed in a lateral or 

posterolateral position [ 54 ,  55 ]. The rate of PNS varies con-

siderably by anatomical zone of the LV lead implant. A ret-

rospective analysis of over 1000 patients found that a lateral 

lead position was associated with greater than four times the 

risk of PNS than an anterior position, and the apical position 

was associated with greater than six times the risk [ 53 ]. 

Pacing systems with multiple programmable cathode and 

anode combinations provide an effective means to avoid 

high pacing threshold and PNS [ 54 ,  55 ]. Bipolar pacing from 

a closely spaced electrode, recently incorporated into a quad-

ripolar lead design (Fig.  31.8 ), has also been demonstrated to 

avoid PNS by reducing the size of the stimulating electrical 

fi elds. The resulting increases in PNS thresholds with mini-

mal change in LV pacing thresholds thus increases the safety 

margin, and has been demonstrated in both preclinical and 

human studies [ 56 ,  57 ]. For more specifi c information about 

cardiac venous anatomy, see Chap.   8    . 

31.5         Clinical Trials in CRT 

31.5.1     Moderate-to-Severe CHF 

  Multicenter clinical studies of CRT began in the latter half of 

the 1990s. MUSTIC was a multicenter study which enrolled 

67 patients with QRS durations ≥150 ms, LVEFs <35 %, and 

NYHA class III while receiving optimal medical therapy for 

at least 1 month [ 58 ]. The primary endpoint of this single- 

blinded, randomized, crossover study was a  6-minute hall 

walk distance (6MWD)  . Secondary endpoints included qual-

ity of life (QoL), peak oxygen consumption, CHF hospital-

ization, and mortality. Patients underwent a period of inactive 

and active pacing for 3 months each. Distance walked during 

the active phase was 23 % longer than during the inactive 

phase ( p  < 0.001). Quality of life and peak oxygen consump-

tion signifi cantly improved during pacing, and CHF hospi-

talizations were reduced. PATH-CHF was a single-blinded, 

randomized, crossover study that enrolled 42 patients. 

Patients were in NYHA classes III or IV, with QRS durations 

>120 ms and sinus rhythms; the use of chronic univentricular 

or BiV pacing confi guration was determined by invasive 

hemodynamic optimization, using aortic pulse pressure and 

LV d P /d t  max  [ 30 ]. Notably, in patients with BiV therapy, LV 

end-systolic and end-diastolic volumes decreased, NYHA 

class improved, and LVEF increased from 22 ± 7 % to 

26 ± 9 % ( p  = 0.03) [ 59 ]. Around the same time period, larger 

randomized, double-blinded studies were initiated to defi nitively 

  Fig. 31.8     Attain Performa ®  quadripolar LV lead   family. Courtesy of 
Medtronic plc       
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demonstrate the effectiveness of CRT. The Multicenter 

InSync Randomized Clinical Evaluation (MIRACLE) study 

enrolled patients with LVEF ≤35 %, QRS duration ≥130 ms, 

and individuals with moderate-to-severe CHF (NYHA class 

III or IV) [ 8 ]. Patients were randomized to CRT or control 

(no pacing therapy) for 6 months. Patients receiving CRT 

had signifi cantly improved  6MWD  , QoL, time during tread-

mill exercise, and LVEF. CRT also reduced LV end-diastolic 

dimensions and mitral regurgitation. More patients were 

classifi ed as improved (67 % vs. 39 %) by Packer’s clinical 

composite score (CCS) and fewer patients were worsened 

(16 % vs. 27 %) than in the control group ( p  < 0.001). Further, 

CHF-related hospitalizations, as well as a combined end-

point of death or CHF hospitalizations, were also reduced in 

the CRT group. This study led to FDA approval of CRT 

pacemaker (CRT-P) therapy in August 2001. 

 The next progression in the use of this therapy was the 

initiation of trials with combined CRT and defi brillator ther-

apy (CRT-D); these were initiated to determine the additional 

potential benefi ts of CRT in patients indicated for  ICD  . The 

double-blinded CONTACT CD approval study randomized 

490 patients in NYHA classes II–IV, with LVEF ≤35 % and 

QRS duration ≥120 ms, to either CRT-D or ICD therapy 

alone for up to 6 months [ 60 ]. The primary endpoint was a 

composite of all-cause mortality, CHF hospitalization, and 

occurrence of VT/VF requiring ICD therapy. Secondary end-

points included peak levels of VO 2 , 6MWD, relative NYHA 

class, QoL, and echocardiographic changes. There was a 

nonsignifi cant 15 % reduction in the primary endpoint of the 

CRT group ( p  = 0.35). In some patients the NYHA class 

improved prior to CRT because optimal medical therapy was 

instituted for 1 month prior to randomization. In the group 

with NYHA class I–II, there were no signifi cant improve-

ments in any secondary endpoint. In contrast, there were sig-

nifi cant improvements in peak VO 2 ,  6MWD  , NYHA class, 

and QoL in patients in NYHA classes III–IV. Based on this 

study, CRT-D therapy was approved by the FDA in February 

2002 for patients with moderate-to-severe CHF (NYHA 

classes III–IV), LVEF ≤35 %, and QRS duration ≥120 ms. 

 Subsequently, clinical trials with longer study durations 

demonstrated the benefi ts of CRT on mortality. The 

Comparison of Medical Therapy, Pacing, and Defi brillation 

in CHF (COMPANION) trial randomized 1520 patients in 

NYHA classes III–IV, LVEF ≤35 % and QRS duration 

≥120 ms into three groups: optimal medical therapy, CRT-P, 

or CRT-D [ 10 ]. The primary endpoint was time to all-cause 

death or hospitalization, with a secondary endpoint of all- 

cause death. The primary endpoint was reduced in both the 

CRT-P (HR = 0.81,  p  = 0.014) and the CRT-D groups 

(HR = 0.80,  p  = 0.01) with 12 months follow-up. The risk of 

death or hospitalization due to CHF was reduced by 34 % 

with CRT-P ( p  < 0.002) and 40 % with CRT-D ( p  < 0.001). 

CRT-D reduced the risk of all-cause mortality by 36 % 

( p  = 0.003), although the 24 % reduction with CRT-P did not 

reach signifi cance ( p  = 0.06). Next, the Cardiac 

Resynchronization-Heart Failure (CARE-HF) study demon-

strated that CRT alone (CRT-P) reduced the risk of death 

beyond the benefi ts of optimal medical therapy [ 11 ]. In this 

trial, 813 patients in NYHA classes III–IV, LVEF ≤35 %, 

and with QRS duration ≥120 ms were randomized into opti-

mal medical therapy or CRT-P. Patients with QRS intervals 

between 120 and 149 ms were required to meet 2 of 3 

mechanical dyssynchrony criteria for inclusion. The primary 

endpoints were time to all-cause death or unplanned hospi-

talization associated with a major cardiovascular event. With 

a mean follow-up of 29.4 months, 39 % of patients with CRT 

reached the primary endpoint vs. 55 % of patients receiving 

only optimal medical therapy (HR = 0.63,  p  < 0.001). For the 

principal secondary endpoint of death from any cause, the 

rates were 20 % in the CRT group vs. 30 % for those patients 

receiving optimal medical therapy (HR = 0.64,  p  < 0.002). It 

was also noted in this trial that CRT improved interventricu-

lar mechanical delay, LV ESV, mitral regurgitation, LVEF, 

and QoL, which was in agreement with previous studies.   

31.5.2     Mild CHF 

  The next major focus of clinical trials and the expansion for 

indications for CRT was the treatment of patients with milder 

CHF. The Resynchronization Reverses Remodeling in 

Systolic Left Ventricular Dysfunction (REVERSE) trial was 

a double-blinded, randomized study of patients in NYHA 

classes I–II, QRS ≥120 ms, and LVEF ≤40 % [ 61 ]. In this 

trial, 610 patients were implanted and randomized to CRT, 

on or off. The primary endpoint was a CHF CCS, and the 

prospectively powered secondary endpoint was LV ESVi. 

There were no signifi cant differences in the percentage of 

patients categorized as “worsened” between CRT on and 

off over 12 months of follow-up (16 % worsened with CRT 

on vs. 21 % with CRT off,  p  = 0.10). However, patients 

programmed to CRT elicited significant improvements 

in LV ESVi and had longer time to fi rst CHF hospitalization 

(HR = 0.47,  p  = 0.03). The larger Multicenter Automatic 

Defi brillator Implantation Trial with Cardiac Resynchro-

nization Therapy (MADIT-CRT) trial randomized 1820 

patients in NYHA classes I–II, with QRS duration ≥130 ms 

and LVEF ≤30 % in a 3:2 ratio to CRT-D or  ICD   alone [ 62 ]. 

The primary endpoint was a composite of all- cause death or 

nonfatal CHF events. This primary endpoint was reached in 

17.2 % of patients implanted with CRT-D vs. 25.3 % in the 

ICD group, with an average follow-up of 2.4 years 

(HR = 0.66,  p  = 0.001). This was primarily driven by a 41 % 

reduction in risk of CHF events with CRT, which was greater 
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in a prespecifi ed group of patients with QRS ≥150 ms. The 

annual mortality rates in each group were similar at approx-

imately 3 %. Improvements in LV volumes and LVEF, 

from baseline to 1 year, were also signifi cantly greater in the 

CRT group. 

 The double-blinded, Resynchronization–Defi brillation 

for Ambulatory Heart Failure Trial (RAFT) extended these 

results to patients in sinus rhythm or with rate-controlled 

permanent atrial fi brillation (AF) or atrial fl utter [ 63 ]. 

Altogether, 1798 patients in NYHA classes II–III, QRS dura-

tion ≥120 ms, and LVEF ≤30 % were randomized to either 

CRT-D or ICD. The original protocol was later revised to 

enroll only patients in NYHA class II, resulting in a total of 

20 % of patients in NYHA class III. The primary endpoint of 

all-cause death or CHF hospitalization was lower in the 

CRT-D group (33.2 %) than in the  ICD   group (40.3 %). Time 

to fi rst primary endpoint was signifi cantly prolonged with 

CRT-D (HR = 0.75,  p  < 0.001). Both death and CHF hospital-

izations were signifi cantly lower in the CRT-D group, though 

this was associated with approximately twice the number of 

adverse events at 30 days postimplant.   

31.5.3     Mechanical Dyssynchrony, Narrow QRS 
Duration, and AV Block 

     The role of  mechanical dyssynchrony   for improving patient 

 selection   for CRT  remains   controversial. The multicenter, 

nonrandomized Predictors of Response to CRT (PROSPECT) 

study evaluated the ability of 12 echocardiographic indices 

of dyssynchrony to predict CRT responses at 6 months [ 64 ]. 

A positive response was defi ned as an improved CCS, with at 

least a 15 % reduction in LV ESV. These indices provided 

only modest sensitivity and specifi city, and the investigators 

reported large variability in quantifi cation of dyssynchrony. 

Mechanical dyssynchrony has also been used to select CRT 

candidates with a narrow QRS duration ≤120 ms, with lim-

ited success in randomized multicenter studies. The earliest 

of these studies, the Cardiac Resynchronization Therapy in 

Patients with Heart Failure and Narrow QRS (RethinQ) 

study, was a double-blinded, randomized study of patients in 

NYHA class III, LVEF ≤35 %, and QRS duration ≤120 ms 

with evidence of mechanical dyssynchrony [ 65 ]. Tissue 

Doppler imaging (TDI) or M-mode delay between opposite 

cardiac wall segments were used to determine the presence 

of dyssynchrony. The primary endpoint of improved peak 

VO 2  at 6 months was not signifi cantly improved with 

CRT. There were no signifi cant differences in QoL, 6MWD, 

or cardiac structure and function between CRT-on and CRT- 

off, although more patients experienced signifi cant improve-

ment in NYHA class with CRT (54 % vs. 26 %,  p  = 0.006). It 

should be noted that these fi ndings were in contrast to 

smaller, single center studies reporting benefi ts in patients 

with narrow QRS duration [ 66 – 68 ]. The largest study in this 

population, the  Echocardiography Guided Cardiac 

Resynchronization Therapy (EchoCRT) study  , randomized 

809 patients implanted with CRT-D to CRT-D or ICD thera-

pies only [ 69 ]. Patients in NYHA classes III–IV, LVEF 

≤35 %, and QRS duration ≤130 ms with evidence of 

mechanical dyssynchrony (defi ned by TDI or speckle track-

ing radial strain) were enrolled. The primary effi cacy end-

point was all- cause death or CHF hospitalization. This study 

was stopped for futility, with a potential for harm based on 

recommendations from the data and safety monitoring board 

in 2013. The differences in the primary endpoint were not 

different between the CRT and ICD groups (28.7 % vs. 

25.2 %, HR = 1.2,  p  = 0.15). Yet, there was a signifi cantly 

higher rate of death in the CRT group (11.1 % vs. 6.4 %, 

HR = 1.81,  p  = 0.02), with more deaths due to cardiovascular 

causes, and there were no differences at 6 months in NYHA 

class or QoL. This study further reinforced the importance of 

QRS duration over mechanical dyssynchrony as the more 

important determinant of CRT responses. 

 One potential group of patients with CHF and narrow 

QRS durations that may benefi t from CRT are those with AV 

block who then require a high percentage of ventricular 

 pacing. The prospective, double-blinded, randomized 

Biventricular versus Right Ventricular Pacing in CHF 

Patients with AV Block (BLOCK HF) study enrolled patients 

in NYHA classes I–III, LVEF ≤50 %, and a standard class I 

or IIa indication for pacing due to high-degree AV block 

[ 70 ]. In this trial, 691 patients were implanted with CRT-D or 

CRT-P, randomized to CRT or RV pacing, and followed for 

an average of 37 months. The primary endpoint was time to 

event, which included death from any cause, urgent care vis-

its for CHF requiring IV therapy, or ≥15 % increase in LV 

ESV index. It was shown that 55.6 % of patients in the RV 

pacing group met the primary endpoint, signifi cantly more 

than the 45.8 % patients in the CRT group (HR = 0.74). The 

secondary endpoints of death from any cause or urgent care 

CHF visits, death or CHF hospitalization, and CHF hospital-

ization were also signifi cantly reduced with CRT. This trial 

led to an expanded indication in April 2014 for use of CRT 

devices in patients in NYHA classes I–III with AV block and 

LVEF ≤50 % who are expected to require a high percentage 

of ventricular pacing. The Biventricular Pacing for AV Block 

to Prevent Cardiac Desynchronization (BioPace) study is an 

ongoing trial in a similar patient cohort. Approximately 1900 

patients with a class I indications for permanent ventricular 

pacing and high likelihood of ventricular pacing ≥66 %, 

without restriction on LVEF, were randomized and implanted 

with a CRT or RV pacing systems [ 71 ]. The primary end-

points include all-cause mortality and time to fi rst CHF 

hospitalization.       
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31.6     Factors Infl uencing CRT Responses 

31.6.1     QRS Duration, Morphology, and QRS 
to LV EGM Onset (QLV) 

   The relative QRS duration provides powerful prognostic 

value for patients with CHF and is a primary indicator of 

eligibility for CRT. A cut-off of 120 ms for QRS duration 

was established in the initial guidelines, based on random-

ized trials of CRT, although smaller studies suggested that 

patients with a QRS duration <150 ms had limited benefi t 

from CRT [ 30 ]. Evidence obtained from REVERSE, 

MADIT-CRT, and RAFT trials, as well as recent meta- 

analyses, has concluded that patients with QRS durations of 

at least 150 ms derive greater benefi t from CRT. Patients 

with QRS durations <140 ms did not experience signifi cant 

 reverse   remodeling in the REVERSE trial [ 72 ]. Analysis of 

the prespecifi ed subgroup of patients with QRS durations 

<150 ms did not elicit signifi cant reductions in death or CHF 

in the MADIT-CRT [ 62 ] or RAFT [ 63 ] trials. Similarly, 

meta-analyses of COMPANION, CARE-HF, RAFT, 

MADIT-CRT, and REVERSE concluded that CRT did not 

reduce clinical events in patients with QRS durations 

<150 ms [ 73 ]. Analysis of almost 15,000 patients in the 

Medicare  ICD   registry, implanted between 2005 and 2006, 

identifi ed that patients with QRS durations >150 ms had sig-

nifi cantly lower mortality and combined mortality or CHF 

hospitalizations at both 1 and 3 years after CRT [ 74 ]. A pro-

spective 10-year observational registry study demonstrated 

that mortality after CRT benefi ts were similar between 

patients with QRS durations of 120–149 ms and those of 

150–199 ms, with signifi cantly increased mortality in 

patients with QRS durations of 200 ms and greater [ 75 ]. This 

fi nding is not inconsistent with studies concluding that 

patients with QRS durations of 150 ms and greater benefi t 

more with CRT, since CRT may offset the greater mortality 

rate associated with increasing QRS durations. 

 Recent studies have also concluded that patients with 

LBBB are more likely to respond to CRT than those with right 

bundle branch block (RBBB) or nonspecifi c interventricular 

conduction delays (IVCDs). This is somewhat intuitive, since 

correction of delayed lateral wall contraction with early acti-

vation of the septum in LBBB is the hallmark of CRT. An 

LBBB morphology was the only baseline ECG characteristic 

that was signifi cantly associated with improved clinical com-

posite score (CCS) and reverse remodeling in a sub-study of 

PROSPECT [ 76 ]. CRT reduced the risk of CHF hospitaliza-

tion or death by 53 %, relative to ICD in patients with LBBB 

in MADIT-CRT, with no signifi cant reduction in patients with 

non-LBBB morphology [ 77 ]. It should be noted that similar 

fi ndings were found in the RAFT trial [ 63 ]. Meta-analyses of 

COMPANION, CARE-HF, MADIT-CRT, and RAFT data 

have demonstrated greater benefi ts in reduction of mortality 

and morbidity in patients with LBBB vs. IVCD or RBBB 

[ 78 ]. Analyses of the Medicare ICD registry also revealed that 

patients with RBBB had signifi cantly greater mortality than 

those with LBBB after adjusting for baseline covariates [ 74 ]. 

Recently, Adelstein et al. also reported that patients with 

RBBB elicited less  reverse   remodeling, lower improvement in 

NYHA at 6 months, and had lower survival and fewer trans-

plants or LVADs than patients with LBBB [ 79 ]. 

 Left ventricular lead placement at a site of latest electrical 

delay, measured by local EGM, is also associated with an 

increased probability of a positive response to CRT 

(Fig.  31.9 ). Some of the earliest evidence supporting this 

concept was demonstrated in the PATH-CHF-II study, where 

the difference in LV conduction delay between the free wall and 

anterior coronary veins was correlated with the difference in 
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  Fig. 31.9    QLV electrical 
 delay   ( a ) and QRS  duration 
measurement  . Modifi ed from 
Fatemi et al. [ 167 ], available 
under a Creative Commons 
Attribution license.   http://
creativecommons.org/license/
by/2.0           
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improved LV d P /d t  max  while pacing within each vein [ 41 ]. 

Another study found that both RV to LV conduction and 

QLV (i.e., QRS onset to LV EGM) correlated with improved 

LV d P /d t  max  during optimized BiV pacing; yet no clear cut-

off was identifi ed to predict acute hemodynamic response 

[ 80 ]. Normalizing the QLV by QRS duration, termed LV 

lead electrical delay (LVLED), was also shown to correlate 

with Doppler-derived d P /d t  values, and an LVLED greater 

than or equal to 50 % was associated with signifi cantly 

greater reductions in all-cause death or CHF hospitalization 

at 12 months follow-up in patients with ICM or NICM [ 81 ]. 

The same group of investigators later showed that LVLED 

was similarly associated with improved outcomes in patients 

with apically placed LV leads. An LVLED of at least 50 % 

with an apical LV lead placement was associated with greater 

freedom of all-cause deaths, CHF hospitalizations, and need 

for transplant at 2 years (81 % vs. 30 %,  p  = 0.007), as well as 

greater reductions in LV ESV and increased LVEF [ 82 ]. 

Similarly, Gold et al. also found that longer QLVs were asso-

ciated with improvements in reverse remodeling and QoL in 

a subanalysis of SMART-AV [ 83 ]. A QLV of 120–195 ms 

was associated with 3.2 times greater odds of  reverse   remod-

eling compared to a QLV <70 ms, via multivariate analysis. 

However, the ability of QLV-guided LV lead placement to 

improve outcomes after CRT remains to be tested in pro-

spective, randomized studies.  

31.6.2        LV Lead Position, Scar, and Mechanical 
Dyssynchrony 

    Left ventricular lead position has been recognized as an 

important determinant for response to CRT since the initial 

development of this therapy. Initially, acute studies demon-

strated greater improvements in hemodynamics during LV 

free wall pacing than during anterior stimulation, thus pro-

viding the basis of empirical targeting of lateral or postero-

lateral veins [ 41 ]. In this series of studies, pacing anterior 

locations actually decreased LV d P /d t  max  and pulse pressures 

below baseline levels in approximately one-third of patients. 

However, a lateral position cannot be assumed to provide the 

maximal benefi t for all patients. For example, Dekker et al. 

demonstrated that even though pacing the mid-lateral or 

basal LV segments corresponded to the best hemodynamic 

function during surgical epicardial mapping in the majority 

of patients, these regions corresponded to the worst function 

in other patients [ 42 ]. Expanding on these fi ndings, Gold 

et al. tested multiple pacing locations within a lateral or ante-

rior vein to determine the impact of activating different sites 

within a vein [ 84 ]. They observed large individual variations 

in the hemodynamic responses between apical and basal 

regions, with no signifi cant differences between both regions 

on average. Additional acute studies investigating the bene-

fi ts of LV endocardial pacing have confi rmed that the loca-

tion of the optimal pacing site varies signifi cantly between 

patients, supporting a strategy of individualized LV lead 

placement to maximize the benefi t of CRT [ 85 ,  86 ]. 

 Retrospective analyses of large clinical studies have pro-

vided additional insights as to the role of anatomical LV lead 

positions on chronic outcomes after CRT. Multiple studies 

have concluded that a more apical LV lead position carries a 

negative prognosis, while the role of circumferential lead 

position is less certain. An apical lead position was associ-

ated with signifi cantly increased risk for CHF hospitaliza-

tions or death after adjusting for clinical covariates in 

MADIT-CRT [ 43 ]. Similar impacts of apical LV lead posi-

tions on CHF hospitalization and death were demonstrated 

in other retrospective single center and multicenter studies 

[ 87 – 89 ]. Apical lead placement has also been associated 

with lower levels of subsequent reverse remodeling and a 

smaller improvement in the patient’s assessed NYHA class 

[ 87 ,  88 ]. Anterior LV lead positions have traditionally been 

avoided, but data on the impact of circumferential position 

on chronic outcomes after CRT are confl icting. For example, 

in one assessment there were no signifi cant differences in 

outcome between lateral, anterior, and posterior lead posi-

tions in MADIT-CRT [ 43 ]. Changes in  6MWD  , QoL, and 

percentage of patients with improved NYHA class were sim-

ilar between lead positions in COMPANION [ 90 ]. Similarly, 

there were no differences in all-cause mortality or CHF hos-

pitalizations, though risk of all-cause mortality or all-cause 

hospitalizations was not signifi cantly reduced in patients 

with posterior leads. In contrast, two retrospective analyses 

found that lateral lead positions were associated with lower 

incidence of death or fi rst hospitalizations [ 87 ] and two to 

three times less risk for a non-response, death, or necessary 

transplant [ 91 ].    

31.6.2.1       Role of Baseline Mechanical Dyssynchrony, 

Scar, and Implications for LV Lead Position 

    Corrections of AV,  interventricular     , and  intraventricular   dys-

synchrony are believed to be the major mechanisms of action 

for improved cardiac function with CRT. Numerous studies 

have concluded that the presence of baseline dyssynchrony 

improves the likelihood of a patient’s CRT response. For 

example, an interventricular mechanical delay of at least 

40 ms was an independent predictor of response in a sub- 

analysis of the CARE-HF trial [ 92 ]. Though the PROSPECT 

study reported a relatively weak ability of echocardiographic 

measures of dyssynchrony to predict outcomes after CRT, 

subsequent analyses concluded that patients who experi-

enced improvement in both CCS and  reverse   remodeling had 

greater baseline dyssynchrony [ 93 ]. Furthermore, a recent 

study utilizing speckle tracking radial strain showed that a 

lack of baseline radial strain was associated with worse free-

dom from death, transplant, or LVAD [ 94 ]. Cardiac magnetic 
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resonance imaging (MRI) and single-photon emission com-

puted tomography (SPECT) are also useful for the quantifi -

cation of mechanical dyssynchrony, tissue viability and 

scar (Fig.  31.10 ) [ 95 ,  96 ]. 

 CHF etiology and scar size also impact the probability 

and extent of a positive CRT response. Though patients with 

NICM and ICM may receive benefi ts from CRT, the magni-

tude of response tends to be reduced in the ICM patients. 

After 6 months of CRT in the MIRACLE study, LV volumes 

were signifi cantly reduced in both groups, but magnitudes 

were almost twice as large in the NICM group [ 38 ]. These 

differences remained signifi cant after adjusting for covari-

ates. Reverse remodeling was also lower in patients with 

ICM in the MADIT-CRT and REVERSE studies [ 72 ,  97 ]. 

However, the primary endpoint of all-cause death or nonfatal 

CHF events was not signifi cantly different between patients 

with ICM and NICM in MADIT-CRT [ 62 ]. A longitudinal 

database study, as well as analyses of the Medicare  ICD   reg-

istry identifi ed that ICM patients had signifi cantly higher 

mortality than NICM patients after receiving CRT-D [ 74 , 

 98 ]. This apparent difference in survival may refl ect the 

worsening prognoses for ICM observed in studies of patients 

without CRT [ 99 – 101 ]. The presence of scar in patients with 

ICM may limit the effectiveness of CRT, especially if the LV 

lead is placed in the scar or if there is a limited amount of 

myocardium recruitable by pacing. The location of a myo-

cardial scar also appears to be a critical factor. A transmural 

scar, defi ned as scar >50 % of the LV wall thickness on late 

gadolinium enhancement (LGE) MRI, is associated with 

reduced effi cacy of CRT. A posterolateral transmural scar 

was associated with nonresponse and a lack of improvement 

in mechanical dyssynchrony after CRT [ 102 ]. In one report, 

Chalil et al. observed that a posterolateral scar measured by 

LGE MRI was the strongest predictor of CV death or CHF 

hospitalizations after CRT (HR = 3.06,  p  < 0.0001) [ 103 ]. A 

lack of anteroseptal or posterolateral scars accompanied by 

septal-to-lateral dyssynchrony on MRI was signifi cantly 

associated with improved CCS in another study [ 104 ]. 

Similarly, patients with LV leads positioned at transmural 

scars experienced no improvement in LVEF, ESV, QoL, and 

6MWD after CRT [ 105 ], and pacing on scar was associated 

with higher mortality and morbidity [ 103 ]. In contrast, 

patients with LV leads positioned outside of scarred regions 

by MRI guidance had reduced risk of death and CHF hospi-

talization compared to leads positioned inside scar [ 106 ]. 

High scar burden (i.e., the percentage of LV mass comprised 

of scar) is also associated with reduced CRT response. 

Numerous studies have demonstrated that increased scar 

burden measured by LGE MRI or by low amplitude echocar-

diographic speckle tracking strain is associated with less 

 reverse   remodeling after CRT [ 95 ,  107 – 109 ]. A scar burden 

of 15 % or less by LGE MRI was reported to predict clinical 

response with an 85 % sensitivity and 90 % specifi city [ 110 ]. 

Adelstein et al. found that patients with ICM and low scar 

burden had survival free of death, transplant, or LVAD simi-

lar to patients with NICM [ 111 ]. Patients with ICM and high 

scar burden in that study had signifi cantly reduced survival 

and lack of improvements as assessed by echocardiographic 

function.

   While mechanical dyssynchrony, scar burden, and LV 

lead position appear to infl uence the effectiveness of CRT 

therapy separately, additional studies have further high-

lighted their relative importance by considering these fac-

tors simultaneously. An acute hemodynamic study in an 

animal model of LBBB demonstrated that the maximal 

improvement in pump function was similar in ICM and 

NICM at the optimal LV site and AV delay, although the 

optimal LV pacing site varied depending on scar location in 

the ICM animals and hemodynamics were more sensitive to 

AV delay than in animals with NICM.  [ 112 ]. Wong et al. 

found that dyssynchrony at the LV pacing site was not pre-

dictive of reduction in LV ESV, while LGE-MRI scar at the 

LV and RV lead sites was associated with volumetric nonre-

sponse [ 113 ]. Another study concluded that LV lead placement 

  Fig. 31.10    Inward radial motion timing fused with myocardial scar from late gadolinium enhancement on cardiac  magnetic resonance imaging  . 
Modifi ed from Foley et al. [ 168 ], available under a Creative Commons Attribution license.   http://creativecommons.org/license/by/2.0           
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at a late contracting segment with normal amplitude identifi ed 

by speckle tracking echo, but not baseline dyssynchrony, 

predicted a reduction in LV ESV of at least 15 % [ 114 ]. 

Retrospective analysis of 389 patients with ICM and speckle 

tracking radial strain revealed that LV lead placement 

remote from the latest contracting segments (HR = 2.086, 

 p  = 0.001) or scar (HR = 2.913,  p  < 0.001) was associated 

with higher all-cause mortality on multivariate analysis with 

a small but statistically signifi cant benefi t of baseline dys-

synchrony (HR = 0.995,  p  = 0.001) [ 115 ]. The prospective, 

randomized, double-blinded, controlled TARGET and 

STARTER studies investigated the impact of echocardio-

graphic speckle tracking radial strain guided LV lead place-

ment on CRT outcomes [ 116 ,  117 ]. LV lead placement in the 

echo-guided arm was targeted to a delayed contracting seg-

ment with either explicit or implicit avoidance of low ampli-

tude or abnormal strain, while standard of care implant was 

performed in the control group. The echo-guided group in 

TARGET had superior volumetric responses (70 % vs. 

50 %,  p  = 0.031). Higher proportions of patients improved at 

least 1 NYHA class (83 % vs. 65 %,  p  = 0.003), and they 

demonstrated lower rates of all-cause mortality and CHF 

hospitalizations. Similarly, the echo-guided group in 

STARTER had higher freedom from fi rst CHF hospitaliza-

tions or death (HR = 0.48,  p  = 0.0006), and elicited greater 

 reverse   remodeling. Placement of the LV leads on or adja-

cent to the latest contracting segments, regardless of ran-

domization, was associated with improved event-free 

survival (HR = 0.40,  p  = 0.002). In summary, these studies 

suggest avoidance of scar tissue at the LV pacing site while 

targeting a latest contracting site is a viable strategy to 

improve the probability of benefi t after CRT (Fig.  31.11 ).   

31.6.3         AV and VV Optimization 

    Individualized programming of the AV and VV intervals is 

not typically performed in most patients in normal clinical 

practice, and it has been primarily reserved for nonre-

sponders [ 118 ]. A survey of investigators in the FREEDOM 

trial found that echocardiography was the most common 

method used for optimization, yet almost 20 % of respon-

dents never performed optimization. Mullens et al. described 

a multidisciplinary approach to managing non-responders to 

CRT at the Cleveland Clinic [ 119 ]. The most common factor 

contributing to suboptimal CRT was impaired fi lling due to 

inappropriate AV delay settings in 47 % of patients. In con-

trast to general clinical practice, the majority of major clini-

cal CRT trials required AV optimization, often using the 

Doppler mitral infl ow technique to maximize fi lling [ 8 ,  11 ]. 

The value of individualized tailoring of the AV and VV inter-

vals is somewhat diffi cult to ascertain, due to the different 

methods used for verifying optimization and also variable 

criteria used to characterize CRT response [ 120 – 125 ]. Single 

point-in-time device optimization algorithms based on anal-

yses of conduction properties from EGMs have demon-

strated limited value over fi xed programming or standard of 

care in the general population of patients receiving CRT. The 

FREEDOM trial randomized 1647 patients to empiric pro-

gramming, which could have included one-time optimiza-

tion, or the QuickOpt™ algorithm (St. Jude Medical, St. 

Paul, MN, USA), a programmer-based feature which pro-

vides recommended AV and VV delays based on EGM mea-

surements [ 126 ]. Patients were followed for 12 months, with 

repeated optimizations in the QuickOpt™ group every 3 

months. There were no signifi cant differences between 

groups in the primary endpoint of the number of patients 

with improved CCS. Only 32 % of the patients in the empiric 

programming group were echo-optimized, highlighting the 

lack of AV and VV optimizations in clinical practice. The 

SMART-AV trial randomized 980 patients to echo-optimized 

AV delay, a fi xed delay of 120 ms, or an AV optimization 

with the EGM-based SmartDelay ®  feature (Boston Scientifi c, 

Natick, MA, USA) [ 127 ]. After 6 months of pacing, there 

was no signifi cant difference in the primary endpoint of 

reduction in ESV between groups. Additionally, changes in 

NYHA class, QoL, 6MWD, LV EDV, and LVEF were also 

not signifi cantly different. The investigators concluded that 

while the routine use of AV optimization techniques studied 

in the trial did not translate to improved outcomes, optimiza-

tion may still provide benefi t to individual non-responders. 

In contrast to EGM-based methods, an optimization algo-

rithm based on the  Peak Endocardial Acceleration (PEA) 

  Fig. 31.11    Changes in  stroke volume with AV delay  . The optimal 
setting is indicated by the peak of the curve. Modifi ed from Molenaar 
et al. [ 169 ], available under a Creative Commons Attribution license. 
  http://creativecommons.org/license/by/2.0           
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sensor   (SonR ® , Sorin CRM SAS, Clamart, France) contained 

in the RV or RA lead has been developed. The PEA sensor 

measures mechanical vibrations associated with cardiac con-

traction [ 128 ]. This algorithm provides manual AV and VV 

intervals via the programmer with weekly automatic AV 

interval optimizations. The randomized, single-blinded 

CLEAR pilot study randomized 238 patients to SonR ®  or 

standard of care optimization [ 129 ]. The primary endpoint at 

1 year—the percentage of patients defi ned as improved by a 

composite of all-cause death, CHF hospitalizations, NYHA 

class change, and QoL—were all signifi cantly higher in the 

PEA group (76 % vs. 62 %,  p  = 0.0285). This difference was 

mainly driven by an unblinded assessment of the given 

patient’s NYHA class. The results of this study are being 

confi rmed in the randomized, double-blinded RESPOND- 

CRT study [ 130 ].  AdaptivCRT™ (aCRT)  , a fully automated 

and ambulatory AV and VV optimization algorithm based on 

EGM conduction measurements, has recently been devel-

oped (Medtronic plc). This algorithm measures AV conduc-

tion every minute and provides LV-only pacing synchronized 

to RV conduction when AV conduction is normal. In cases of 

long AV conduction, the algorithm provides AV and VV 

optimized BiV pacing. The double-blinded Adaptive CRT 

study randomized 522 patients to the aCRT algorithm or 

mandatory AV and VV echo optimization in 2:1 ratio [ 131 ]. 

Noninferiority of AdaptivCRT™ to echo at 6 months was 

achieved for the three primary endpoints, which included the 

number of patients with improved CCS. Further analyses of 

this trial data demonstrated an absolute 12 % improvement 

in CCS in the AdaptivCRT™ study arm over historical con-

trols by propensity score analysis [ 132 ]. Another retrospec-

tive analysis of this same study found that AdaptivCRT™ in 

patients with normal AV conduction was associated with 

lower risk of death or CHF hospitalizations than in the echo- 

optimized control group (HR = 0.52,  p  = 0.044) [ 133 ]. The 

percentage of patients with improved CCS was also higher in 

the AdaptivCRT™ group at 6 months (81 % vs. 69 %, 

 p  = 0.041). The potential superiority of the aCRT algorithm 

over standard of care CRT in patients with normal AV con-

duction and LBBB is being prospectively studied in the 

AdaptResponse trial.     

31.6.4     Atrial Arrhythmias, AF, and Percentage 
of Biventricular Pacing 

       Atrial fi brillation (AF) can eliminate some of the benefi ts of 

improved fi lling with CRT by eliminating AV synchrony, as 

well as by reducing the ability to provide consistent BiV cap-

ture and effective CRT due to fast rates and irregular AV 

nodal conduction. The prevalence of AF increases with 

NYHA class, with rates <10 % in NYHA class I and increas-

ing to approximately 50 % in NYHA class IV [ 134 ]. In the 

2009 European CRT survey, 23 % of patients receiving CRT 

were reported to be in AF [ 135 ]. 

 Patients with AF have been underrepresented in trials of 

CRT, prompting interest in how the benefi ts of CRT in AF 

may differ from patients in sinus rhythm. A meta-analysis by 

Upadhyay et al. of 1164 patients from 5 studies concluded 

that patients in both AF and sinus rhythm benefi ted from 

CRT, though patients in AF seemed to benefi t less [ 136 ]. 

Importantly, there were no signifi cant differences between 

groups in mortality or change in NYHA classes at 1 year. 

However, patients in sinus rhythm elicited signifi cantly 

greater improvements in both  6MWD   and QoL. A larger, 

more recent meta-analyses of 7495 patients from 33 observa-

tional trials included 25.5 % patients with AF [ 137 ]; patients 

with AF had higher all-cause mortality (10.8 %/year vs. 

7.1 %/year,  p  = 0.015) and higher risk of nonresponse (34.5 % 

vs. 26.7 %,  p  = 0.001). Similar to the analysis by Upadhyay 

et al., AF was associated with smaller improvements in 

6MWD, QoL, and ESV but with no differences in 

LVEF. These analyses also identifi ed that AV junctional 

ablations were associated with lower risk of non-response 

(RR = 0.40,  p  < 0.001). Two studies also found a mortality 

benefi t of AV junctional ablation, likely due to increased 

delivery of BiV pacing in patients with competing intrinsic 

conduction during AF [ 138 ,  139 ]. 

 Ensuring a high percentage of BiV pacing is a main deter-

minant of improved mortality and CHF hospitalization with 

CRT. Koplan et al. found that the greatest benefi ts in terms of 

mortality and CHF hospitalization were associated with BiV 

pacing more than 92 % of the time [ 140 ]. They also found a 

signifi cant interaction between history of atrial arrhythmias 

and percent BiV pacing. An analysis of almost 37,000 

patients from the LATITUDE Patient Management System 

(Boston Scientifi c) found that the greatest benefi t of reduced 

mortality was found in patients with greater than 98 % pac-

ing, emphasizing that the goal for BiV pacing should be as 

close to 100 % as possible [ 141 ]. Recognition and resolution 

of low percent BiV pacing remains challenging. A holter 

monitoring study of 19 patients with permanent AF found 

that only 47 % had effective BiV pacing, defi ned as greater 

than 90 % fully paced beats [ 142 ]. In the remaining 10 

patients, 16 % ± 5 % beats were fusion and 24 ± 9 % were 

pseudo-fusion (i.e., pacing with no evidence of capture). 

Additionally, device diagnostics may be useful in determin-

ing reasons for loss of BiV pacing. In an analysis of almost 

81,000 patients enrolled in the CareLink Network (Medtronic 

plc), device-diagnosed AT/AF was the most frequent identi-

fi able cause of reduced BiV pacing [ 143 ]. The contribution 

of AT/AF was more pronounced in patients with BiV pacing 

<90 %. Management of patients with permanent or persistent 

AF and intact AV conductions to ensure a high percentage 

BiV pacing remains challenging. Patients with permanent, 

persistent, and paroxysmal AF defi ned by device diagnostics 
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had a prevalence of 8 % each in a remote monitored group of 

almost 55,000 patients [ 144 ]. In terms of percent BiV pac-

ing, 69 % of patients diagnosed with permanent AF and 

62 % with persistent AF had BiV pacing <98 %. Using 

 multivariate analysis, patients with AF had higher mortality 

than patients with little or no AF after adjusting for factors 

including BiV pacing (HR = 1.28,  p  < 0.001 for permanent 

AF; HR = 1.51,  p  < 0.001 for persistent). Similarly, mortality 

was higher in patients with BiV pacing 90–98 % (HR = 1.20, 

 p  < 0.001) and <90 % (HR = 1.32,  p  < 0.001) compared to 

patients with BiV pacing >98 %. 

 These fi ndings highlight the potential benefi ts of improv-

ing the overall percentage of BiV pacing in patients with fre-

quent AT/AF. In patients whose AV conduction cannot be 

pharmacologically controlled and have a low percentage of 

BiV pacing, the 2013 ESC guidelines recommend that AV 

junctional ablation should be performed [ 145 ]. The largest 

comparison of CRT in patients with AF and AV junctional 

blocks ( n  = 443), AF with rate-slowing drugs ( n  = 895) and 

patients in sinus rhythm ( n  = 6046) was reported from the 

prospective, multicenter, observational CERTRIFY registry 

[ 146 ]. In this study, there was no signifi cant difference in all- 

cause or cardiac mortality between patients in sinus rhythm 

and those with AF and AV junctional block. In contrast, mor-

tality was signifi cantly higher in patients receiving rate- 

slowing drugs with AF, both before and after these 

multivariate analysis (HR = 1.52,  p  < 0.001 for total mortal-

ity; HR = 1.57,  p  < 0.001 for cardiac mortality). These fi nd-

ings were in agreement with the meta-analysis of 768 patients 

from 7 trials that evaluated differences in CRT outcomes 

between AV junctional block and rate control [ 147 ]. AV 

junctional block was associated with signifi cantly reduced 

all-cause mortality (RR = 0.42), cardiovascular mortality 

(RR = 0.44), and NYHA class reduction (RR = −0.52).         

31.7     Future Directions 

 Future developments in CRT technology will likely focus on 

improved systems for delivering CRT pacing and new 

implant techniques. Advances in pacing multiple LV sites, 

LV endocardial pacing, leadless technologies, and image 

guidance for lead placement (e.g. fusion of functional imag-

ing and anatomy) will likely play roles for improving the 

benefi ts of CRT and reducing complications. Early data on 

multisite LV pacing suggested that pacing two LV sites in 

different veins could improve acute hemodynamics more 

than pacing either site alone [ 148 ]. Only a handful of studies 

have investigated the chronic benefi ts of CRT with two LV 

pacing leads (i.e. “TriV pacing”), in part due to the technical 

complexity of implanting two LV leads and adapting the 

leads to IPGs which are not designed for the additional LV 

lead. A small, nonrandomized single center study demon-

strated that such systems could be implanted with an approx-

imately 87 % success rate and reported a 96 % response rate 

in 27 patients at 3 months [ 149 ]. The results from the pro-

spective, randomized, single-blinded, crossover TRIP-HF 

study in 26 patients did not meet the primary endpoint after 

3 months of pacing, but reduction in LV ESV was signifi -

cantly greater with TriV pacing [ 150 ]. This approach is being 

further studied in the prospective, randomized, single center, 

single-blinded TRUST-CRT study [ 151 ]. The development 

of quadripolar LV leads has opened the possibility of pacing 

more than one LV site via a single lead. At present, it is 

unclear if pacing two LV sites along a quadripolar LV lead is 

superior to an optimized, single LV site [ 152 ,  153 ]. A study 

in patients with TriV pacing concluded that pacing multiple 

LV sites signifi cantly improved hemodynamics more than 

the best single site, but not when pacing the best single LV 

site at an optimized AV interval [ 154 ] .  Currently, the relative 

safety and effi cacy of multisite LV pacing with a quadripolar 

LV lead is being studied in the MPP IDE study. 

 LV endocardial pacing has been suggested as an alterna-

tive implant approach in CRT nonresponders or patients with 

failed coronary sinus implants. Various implant techniques 

have been described to introduce a lead inside the LV includ-

ing (1) an atrial transseptal puncture [ 155 ], (2) a ventricular 

transseptal puncture [ 156 ], and (3) a transapical puncture 

[ 157 ]. Acute preclinical and clinical studies of ICM and 

NICM suggest that LV endocardial pacing improves hemo-

dynamics more than epicardial pacing [ 85 ,  86 ,  158 ,  159 ]. 

These superior hemodynamic responses may be due to a 

more physiological endocardial to epicardial conduction 

activation, as well as greater access to LV pacing sites and 

faster  endocardial   conduction with a smaller path length 

[ 160 ]. Anticoagulation is considered mandatory for LV 

endocardial pacing  since   the  major    risk   associated  with   this 

 lead   placement  technique   is the  risk   of  thromboembolism   

due  to   the  presence   of a  lead   in the systemic circulation. 

Further, required  lead   extractions and potential  interactions   

of the  lead   with cardiac structures (such as the mitral valve 

apparatus) are additional concerns. Recently, the safety and 

effi cacy of a totally superior atrial transseptal approach using 

a defl ectable catheter system and RF puncture wire was 

reported [ 161 ]. Future advancements in  pacing   technology 

 miniaturization   and leadless pacing devices may help over-

come some of these issues. For  example  , a small 0.05 cc 

ultrasound  powered   leadless electrode and pacing system 

(WiCS ® -LV, EBR Systems Inc., Sunnyvale, CA, USA) is 

 currently   undergoing  clinical   study in the SELECT-LV trial. 

The receiver electrode is  designed   to endothelialize and min-

imize the risk of thromboembolism. 

 New techniques of integrating  functional   and  anatomic   

imaging during CRT implantation are also being explored. 

Preprocedural targeting and implantation at the latest 

contracting regions, identifi ed from 3D transesophageal 
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echocardiography with fusion of rotational CS anatomy, was 

highly successful (>90 %) and associated with a 90 % clini-

cal response and an 80 % echocardiographic response [ 162 ]. 

This approach has also been used to guide implantation of 

two LV leads to separate late activated regions with associ-

ated improvements in clinical symptoms and reduced dys-

synchrony [ 163 ]. Intraoperative technologies using 

fl uoroscopy or electroanatomical mapping systems com-

bined with preprocedural imaging are also being explored. 

Feasibility of delivering an LV lead to a site free from scar, 

determined by LGE-MRI, while navigating on a virtual 

venogram from electroanatomical mapping has been 

described [ 164 ]. Fusion of preprocedural anatomy from CT 

or MRI with live fl uoroscopy has also been developed to 

improve targeted LV lead placement, including in those 

patients with previously failed implants [ 165 ].  

31.8     Summary 

 This chapter discussed the application of CRT for the treat-

ment of CHF, highlighting various technologies and implant 

techniques along with clinical trial fi ndings. Furthermore, 

future directions were proposed in the arena of CRT.     
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    Abstract  

  In general, the methodologies for cardiac electrical mapping entail registration of the elec-

trical activation sequences of the heart by recording extracellular electrograms. The initial 

use of cardiac mapping was primarily to better understand the normal electrical excitations 

of the heart. However, the focus in mapping over time has shifted to the study of mecha-

nisms and substrates underlying various arrhythmias; these techniques have been employed 

to aid in the guidance of curative surgical and/or catheter ablation procedures. More recently, 

the advent and continued development of high-resolution mapping technologies have con-

siderably enhanced our understanding of rapid, complex, and/or transient arrhythmias that 

typically cannot be suffi ciently characterized with more conventional methodologies. For 

example, the ability to visualize endocardial structures during electrophysiology proce-

dures has greatly advanced the understanding of complex cardiac arrhythmias in relation to 

their underlying anatomy. In addition, such technologies provide powerful tools in the sub-

sequent treatment of cardiac patients, particularly with the promise of accurately pinpoint-

ing the source of arrhythmias and thereby providing possible curative treatments. This 

chapter will summarize the most recent developments in catheter navigation and three- 

dimensional arrhythmia mapping technologies including both intracardiac and noninvasive 

approaches.  

  Keywords  

  Activation maps   •   Body surface potential mapping   •   Cardiac mapping   •   Continuous map-

ping   •   Electroanatomic mapping   •   Endocardial mapping   •   Epicardial mapping   •   Isopotential 

maps   •   Noninvasive mapping   •   Sequential mapping  

32.1         Introduction and Background 

 The fi rst recorded electrocardiogram (ECG) detailing the 

structure of atrioventricular conduction was made by Tawara 

nearly a hundred years ago [ 1 ]. Soon thereafter, Mayer was 

the fi rst to observe rhythmical pulsations in ring-like prepa-

rations of the muscular tissue of a jellyfi sh (Scyphomedusa 

Cassiopeia) [ 2 ,  3 ]. In similar ring-like preparations of the 

tortoise heart, Mines was able to initiate circulating excita-

tion by employing electrical stimulation [ 4 ]. Shortly thereaf-

ter, Lewis and Rothschild described the excitatory process in 

a canine heart [ 5 ], and after a delay due to the events of 

World War I, Lewis next reported the fi rst real  mapping  
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experiment in 1920 [ 6 ]. These groundbreaking studies were 

the fi rst attempts to illustrate and document electrical reentry 

in an intact heart, and these results have greatly infl uenced 

those who have continued to perform mapping studies. 

Hence, the fi eld of   cardiac electrical mapping    was estab-

lished. Soon afterwards, the idea of mapping arrhythmic 

activation encompassed an ever larger number of studies, 

including the early pioneering work of Barker et al., who 

performed mapping of the fi rst intact human heart in 1930 

[ 7 ]. Many research groups have continued along this line of 

investigation, leading to several major discoveries in cardiac 

function as well as in the development of numerous systems 

to record such electrical activities in detail. One representa-

tive approach is the so-called  body surface potential map-

ping   [ 8 ], in which an array of electrodes is used to record and 

visualize the electrical potentials over the body surface. 

Much of the research performed to date has focused primar-

ily on the mechanisms and substrates underlying various 

arrhythmias, and cardiac mapping has been employed to aid 

in the guidance of curative surgical and catheter ablation 

procedures [ 9 – 14 ]. More recently, the advent and continued 

development of high-resolution mapping technology has 

considerably enhanced our understanding of rapid, complex, 

and/or transient arrhythmias that cannot be suffi ciently char-

acterized with more conventional methodologies.  

32.2     Conventional Methodologies 

 Currently, approximately ten million Americans annually 

are affl icted with cardiac arrhythmias (both ventricular and 

atrial), yet only a small percentage of these patients are 

expected to have  electrophysiological (EP) mapping proce-

dures  . It is generally accepted that cardiac electrical mapping 

is critical in understanding the pathophysiological mecha-

nisms that underlie arrhythmias, as well as the mechanisms 

that control their initiation and sustenance. Furthermore, car-

diac mapping is commonly used for evaluating the effect of 

pharmacological therapies and directing surgical and/or 

catheter ablation procedures in the clinical EP laboratory. 

 Mapping of the depolarization and repolarization electri-

cal processes is considered critical for the selection of opti-

mal therapeutic procedures. In particular, mapping of 

potential distribution and its evolution in time is required for 

precisely determining activation patterns, locating specifi c 

arrhythmogenic sites, and identifying anatomical areas of 

abnormal activity and/or slow conduction. 

 In short, the purpose of such advanced clinical cardiac 

mapping techniques is to better characterize and localize 

arrhythmogenic structures, and this can be accomplished by 

a variety of different methods. Thus,  cardiac mapping  is a 

broad term that encompasses many applications such as 

body surface potential maps (BSPMs),  epicardial mapping  , 

or  endocardial mapping  , as well as approaches including 

activation maps and/or isopotential maps. Such applications 

can be clinically applied via either invasive or noninvasive 

approaches. Nevertheless, there are many fundamental simi-

larities in all of these techniques. 

 Currently, the gold standard is the clinical  EP   study, which 

is primarily used to: (1) determine the source of cardiac 

arrhythmias; (2) support the management of treatment 

through pharmacological means; and/or (3) support non-

pharmacologic interventions such as implantable pacemak-

ers, defi brillators, and/or ablation therapies (see also Chap.   28    ). 

More specifi cally, these methods are also used to assess the 

timing and propagation of cardiac electrical activities involv-

ing the 12-lead ECG and/or recordings of electrical activa-

tion sequences termed   extracellular electrograms   . These 

signals are obtained by using multiple intravascular elec-

trode catheters positioned at various locations within the 

heart. The technique of catheter-based  mapping   not only per-

mits a better understanding of the underlying mechanisms of 

various arrhythmias, but also serves as the basis for most of 

the emerging concepts for treatment, namely ablative tech-

niques. Subsequently, the need for more invasive arrhythmia 

surgery (e.g., maze procedures) has signifi cantly decreased 

as a result of advances in (and increased use of) these par-

ticular catheter-based endocardial mapping and ablation 

methodologies [ 15 ]. 

 Nevertheless, the EP study is not without  limitations.   The 

electrophysiologist can only record electrical activity from 

electrodes located on the surface of the catheter, which must 

be in contact with the chamber wall. Such electrode areas 

(mm in diameter) are relatively small in comparison to the 

heart’s total surface area. Thus, to adequately obtain com-

plete global electrical activation patterns, it often dictates the 

placement of one or more catheters at multiple locations 

within the chamber of interest. As a consequence, this pro-

cess requires a considerable amount of time, thus leading to 

extensive use of fl uoroscopy and exposing the medical staff 

and patients to undesirable levels of ionizing radiation [ 16 ]. 

 Secondly, and perhaps more importantly, fl uoroscopy 

does not suffi ciently provide for the visualization of the com-

plex 3D cardiac anatomy and soft  tissue   characteristics of a 

heart’s chambers (Fig.  32.1 ). As a direct result, the expedient 

and reproducible localization of sites of interest is often poor. 

More specifi cally, this inability to precisely relate EP infor-

mation to a specifi c spatial location in the heart limits con-

ventional techniques for employing ablation catheters for 

treatment of complex cardiac arrhythmias. Lastly, such tech-

niques for mapping electrical potential activities from mul-

tiple sites do so sequentially over several cardiac cycles, 

without accounting for likely beat-to-beat variability in acti-

vation patterns. Despite these known limitations, electro-

physiologists still use these conventional techniques as the 

“gold standard” for validation purposes.
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32.3        Recent Developments 

 In an effort to overcome the limitations associated with 

conventional EP mapping techniques, considerable 

advances have been made with both invasive and noninva-

sive imaging of cardiac electrical activity. More specifi -

cally, several high- resolution mapping technologies have 

been developed that can function in a complementary role 

to conventional mapping techniques, or they can be used 

independently. Moreover, it is now possible to integrate 

these techniques with imaging modalities such as magnetic 

resonance imaging, computed tomography, and real-time 

3D ultrasound. These techniques can broadly be catego-

rized into two primary technologies, each possessing 

unique advantages and disadvantages:  sequential mapping  

and  continuous mapping . 

 There are two distinct technologies that primarily comprise 

the fi rst category ( sequential mapping systems  ) including 

electroanatomical mapping systems such as the  CARTO3 ®  

System   (Biosense Webster, Diamond Bar, CA, USA), the 

 EnSite Velocity™ System   (St. Jude Medical, St. Paul, MN, 

USA), and the  LocaLisa ®  system   (Medtronic, Inc., 

Minneapolis, MN, USA). Common to each system is the 

capability to collect 3D locations as well as their respective 

electrogram recordings in the target cardiac chamber, to create 

an accurate picture of the heart’s electrical sequence. A third 

mapping system that is ultrasound-based (Real-Time Position 

Management System, Boston Scientifi c Corporation, Natick, 

MA, USA) was previously marketed but is not readily available, 

and will therefore not be described in this review. 

   Continuous mapping  systems   represent the second major 

mapping technology category, and typically consist of either 

basket or  noncontact catheter mapping (NCM)  . Such sys-

tems allow for the recording of global data so that the rhythm 

can be characterized with a minimal number of cardiac beats. 

In general, basket catheter mapping technologies necessitate 

electrode contact with the chamber’s walls in order to obtain 

suffi ciently accurate reconstructed electrograms, whereas 

 NCM   simply needs to be placed in the blood pool of the 

chamber of interest. Yet, both methodologies overcome 

some of the limitations of fl uoroscopy by allowing for the 

creation of accurate 3D intracardiac maps, hence providing 

new and unique insights on the specifi c diagnosis and treat-

ment of complex arrhythmias. Examples of this technology 

category include the  EnSite™ Array™ noncontact mapping 

catheter and system   (St. Jude Medical) and the  Rhythmia 

mapping system   (Boston Scientifi c Corporation). 

 Recently, exciting advancements have been made in the 

fi eld of noninvasive imaging such that cardiac electrical 

activities are spatially represented over the 3D space of the 

heart. He and coworkers have pioneered the development of 

3D cardiac electrical activity from bioelectric recordings [ 17 –

 19 ]. The goal of such cardiac electrical imaging, also known 

as the   inverse problem  of electrocardiography  , is to noninva-

sively image and visualize the electrical activity of the heart 

from BSPMs. Due to the high temporal resolution inherent in 

these bioelectric measurements, the availability of bioelectric 

source imaging modalities provides much needed high tem-

poral resolution in mapping functional status of the heart and, 

in turn, aids clinical diagnosis and treatment. In a series of 

studies, He and colleagues have developed data-driven 3D 

cardiac electrical imaging techniques that are based upon the 

fundamental biophysics of cardiac activation, to image acti-

vation sequences throughout the heart [ 20 ]; they further vali-

dated such an imaging approach in animal models using 

intracardiac mapping [ 21 – 24 ]. These rigorously conducted 

experiments demonstrate the ability to map transmural car-

diac activation throughout the entire heart from noninvasive 

BSPMs. CardioInsight, Inc. has developed a revolutionary 

noninvasive electrocardiographic mapping platform 

(ECVUE™   , Cleveland, OH, USA) that gathers information 

about the heart using a proprietary, multi-sensor electrode 

“vest” placed upon the patient’s body. The system combines 

this electrical information with images from the patient’s CT 

scan, to provide 3D maps of the electrical activity of the heart. 

Unlike conventional catheter-based mapping methods, the 

ECVUE system is noninvasive and provides a view of the 

entire heart’s electrical activity during a single beat. 

  Fig. 32.1    Image illustrating fl uoroscopy’s poor soft tissue contrast       
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32.3.1     Sequential Mapping Systems 

32.3.1.1     Electroanatomical Mapping Technologies 

   Principally,  electroanatomical mapping   (EAM)    refers to  the 

  integration of spatial data and temporal electrical data col-

lected by catheters in contact with either the endocardial or 

epicardial surfaces of the heart. One such technology utilizes 

ultra-low magnetic fi eld technology in order to localize the 

relative positions of mapping catheters in space and then to 

reconstruct 3D maps and activation sequences of the cham-

ber of interest [ 25 – 27 ]. In short, the CARTO3 ®     system uses 

one reference catheter (RefStar™), one mapping catheter 

(NaviStar™), and a pad that transmits three ultra-low mag-

netic fi elds (Fig.  32.2 ). Further, the amplifi ers for the system 

are separate pieces of equipment that extract the information 

from the catheters and location pad, and then these data are 

sent to the workstation.

   More specifi cally, three ultra-low magnetic fi elds are gen-

erated by coils in the locator pad positioned under the 

patient’s bed. These ultra-low fi elds are detected by sensors 

in the distal tips of the mapping catheters, which are then 

positioned into the heart chamber(s) to be mapped under 

fl uoroscopic guidance. Information within the magnetic 

fi elds such as amplitude, frequency, and phase of the fi eld is 

subsequently used to determine the instantaneous spatial 3D 

position ( x ,  y , and  z  axes) and temporal characteristics (pitch, 

yaw, and roll) of the catheter’s distal tip location within a 

chamber. Catheters are then strategically placed at major 

anatomical landmarks (i.e., superior and inferior vena cava, 

tricuspid valve annulus, coronary sinus ostium, crista termi-

nalis, and His bundle for a right atrium map) to serve as ref-

erence points for the subsequently derived electroanatomic 

map. Recordings of the 3D locations of the catheter tips (via 

a triangulation calculation) and correlating local electrical 

information from a multitude of points within the chamber 

are then sequentially recorded and used to reconstruct a 3D 

representation of the chamber. 

 After completion of the 3D reconstruction of the cham-

ber’s endocardial geometry, the timing of unipolar and 

bipolar electrogram signals, related to the fi ducial point of 

the reference electrogram, allows for collection and display 

of activation times on the map in relation to the location of 

the catheter in the heart. To create the activation map, 

reconstructed locations on the map are typically color-

coded, with red and purple representing the regions of ear-

liest and latest electrical activation, respectively, and 

yellow and green showing the intermediate activated areas. 

Local activation times are then represented on a normal 

color scale sequence, where red is the earliest signal and 

purple is the latest recorded signal in reference to the cho-

sen fi ducial point. As a result, the sequential recording of 

different points by dragging the catheter along the endocar-

dial walls of the chamber provides real-time, color-coded 

3D activation maps. 

 A relative voltage map displaying the peak-to-peak ampli-

tude of the electrogram sampled at each site may also be 

produced and superimposed on the reconstructed chamber. 

Using custom software, all maps can be shown in single or 

multiple views concurrently, with the capability to be rotated 

in virtually any direction. As described, a second catheter 

equipped with a sensor in its distal tip is also positioned in 

the chamber of interest, and is used to identify small changes 

in the mapping catheter’s relative position that may have 

been caused by respiration and/or patient movement. 

Movement of the patient relative to the coils is continuously 

monitored by the system and the operator is notifi ed to the 

need for repositioning, if the system detects relative motions 

beyond a set threshold. The most recent version (CARTO-3) 

allows the position of non-proprietary diagnostic catheters to 

be displayed on the system. For each specifi c magnetic loca-

tion in space, the CARTO-3 system ®    registers the corre-

sponding electrical current pattern emitted by the magnetic 

sensor-equipped mapping catheter. The position of conven-

tional catheters can then be determined based on the detec-

tion of the current pattern emitted from each intracardiac 

electrode on the diagnostic catheter. However, it is still not 

  Fig. 32.2     CARTO ®  sequential mapping system   (Biosense Webster, 

Inc.). Image from   www.biosensewebster.com           
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possible to process electrical information from these cathe-

ters for display on the virtual geometry. 

 Such EAM has experienced relatively widespread clinical 

use, and has also been utilized for the study of a variety of 

cardiac arrhythmias including: atrial fi brillation [ 28 ], atrial 

fl utter [ 29 – 32 ], ventricular tachycardia [ 33 ,  34 ], and atrial 

tachycardia [ 35 ,  36 ]. One of the primary reasons for the suc-

cess of this method lies in its capability to return an ablation 

catheter to any endocardial location on a previous map of the 

chamber without relying on fl uoroscopy, i.e., with in vivo 

validation studies demonstrating that the location of the cath-

eter can be determined with a high degree of accuracy using 

the system with mean distance error <1 mm. In most cases, 

the ablation catheter and mapping catheter are one and the 

same. This enables potential ablation target sites to be ana-

lyzed and treated in a single procedure, and provides the 

ability to precisely register the location of individual and/or 

linear lesions. 

 The reconstruction process using such a system can be 

generated in real time; however, due to the fact that this 

approach must sequentially acquire points, the process can 

be somewhat time-consuming [ 36 ,  37 ]; timing is governed 

by the number of points collected. Nevertheless, in practical 

use, the amount of the time required to reconstruct a cham-

ber’s geometry relies on the comfort level of the physician 

manipulating the catheter and the knowledge of the individ-

ual participating at the workstation. It should be noted that 

other potential limitations associated with EAM include the 

inability to simultaneously acquire maps of different heart 

rhythms [ 37 ], as well as the potential for inaccurate mapping 

due to movement of the patient and/or catheter. As a direct 

result, an unstable rhythm may prove too complicated to 

delineate and, therefore, may not be a primary indication for 

this technology.    

32.3.1.2     LocaLisa ®  Technologies 

   Although no longer commercially available,    the fi rst tech-

nology developed for real-time 3D localization of intracar-

diac catheter electrodes within the chambers of the heart 

worked on the principle that when an electrical current is 

externally applied through the thorax, a voltage drop occurs 

across the internal organs, including the heart. This particu-

lar voltage drop can then be recorded via standard catheter 

electrodes and subsequently used to determine electrode 

positions within a given 3D space. 

 Using similar physical properties, the LocaLisa ®     system 

(Fig.  32.3 ) delivers an external electrical fi eld that is detected 

via standard catheter electrodes. This is achieved by sensing 

impedance changes between the catheter and reference 

points. Analogous to the Frank lead system, the electric fi eld 

is applied in three orthogonal directions ( x ,  y , and  z ) with 

different frequencies (~30 kHz) via three applied skin elec-

trode pairs. This system then records the voltage potentials 

detected by the catheter’s electrodes within the three electric 

fi elds, thus allowing for a defi ned coordinate system to be 

created.

   These voltage potentials are next translated into a mea-

sure of distance relative to a fi xed reference catheter, giving 

the user a 3D representation of the catheter location within 

the heart’s chamber. Important catheter locations are subse-

quently recorded and represented as color-coded spots on a 

3D grid, a process that requires a skilled operator’s interpre-

tation (Fig.  32.4 ). Individual catheter locations can be saved, 

annotated, and revisited later in the procedure.

   Due to the fact that the system displays real-time elec-

trode movements, catheter movements due to cardiac and 

respiratory cycles are similar to those observed with fl uoros-

copy. In initial human validation studies, the LocaLisa ®  sys-

tem was described to provide clinically feasible and accurate 

catheter locations within the heart [ 38 ]. Developers of the 

system reported successful use in over 250 complex ablation 

procedures for both ventricular and supraventricular tachyar-

rhythmias. The novel capabilities of this system included: (1) 

its ability to use any general catheter to collect data; (2) rela-

tive improvements in the visualization of catheters in 3D 

  Fig. 32.3    The LocaLisa ®  mapping  system   (Medtronic, Inc.). Image 

courtesy of Medtronic, Inc.       
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space; and (3) a broad clinical applicability. Finally, this 

methodology could be applied with complex catheter designs 

such as multielectrode catheters, irrigated electrode cathe-

ters, and/or basket catheters [ 39 – 41 ].     

32.3.2     Continuous Mapping Systems 

32.3.2.1    Basket Catheter Mapping Technologies 

   In general, the limited mapping resolution of  conventional 

  catheters may be greatly overcome via the use of a multielec-

trode basket  catheter  . Initial efforts to place multiple elec-

trodes on a single mapping catheter were limited by electrode 

size. As such, basket catheter mapping was developed in the 

1990s, and typical catheters contain 32–64 nickel, titanium, 

or platinum electrodes that are 1–2 mm long and 1 mm in 

diameter (Fig.  32.5 ) [ 41 ,  42 ]. Depending on the basket cath-

eter shape and radius, the interelectrode distance can vary 

between 3 and 10 mm. Regardless, the accuracy in recon-

struction of the chamber’s geometry and electrical activity 

created by the basket system relies on: (1) the number of 

splines on the basket; (2) the number of electrodes on each 

spline; and (3) the percentage of those electrodes which 

achieve adequate contact with the endocardial surface. These 

multielectrode mapping catheters facilitate the creation of 

high-density maps, i.e., through the simultaneous collection 

  Fig. 32.4    Screen shot of LocaLisa ® ’s mapping software (Medtronic, Inc.). Image courtesy of Medtronic, Inc.       

  Fig. 32.5     Constellation ®  multielectrode basket catheter   (Boston 

Scientifi c, Inc.)       
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of data from closely spaced electrodes. It should be noted 

that, due to specifi c anatomic features of the chambers that 

do not allow complete endocardial coverage by the basket 

catheter electrodes, the quality of contact of all the electrodes 

with the endocardium cannot be ensured, and thus it is com-

mon that some anatomic regions cannot be adequately 

mapped.

   The initial use of basket catheters was reported in a num-

ber of animal studies which were aimed at characterizing 

either atrial [ 41 ] and/or ventricular arrhythmias [ 42 ]. More 

specifi cally, Triedman et al. [ 43 ] reported studies in which 

they utilized a Webster-Jenkins catheter (Cordis Webster, 

Inc., Baldwin Park, CA, USA) and a 5-spoke fl exible ellip-

soid with 25 bipolar electrode pairs for the mapping of right 

ventricular activation patterns. Data were obtained from 

catheters placed into the right atria and ventricles of juvenile 

sheep which were eliciting either normal sinus rhythm or 

acute and chronic pathological sequelae [ 43 ]. They con-

cluded that employing a basket catheter had the potential to 

provide rapid, nearly real-time, activation sequence maps 

which improved their understanding of the mechanisms of 

complex reentrant tachyarrhythmias. Subsequently, Schalij 

et al., [ 44 ] reported on the fi rst application of a basket cath-

eter and resultant animation programs in 20 human patients 

with ventricular tachycardia. They reported that percutane-

ous endocardial mapping with basket catheters was feasible, 

of clinical value, and reasonably safe. Since then, basket 

catheter mapping has been employed in the study of numer-

ous cardiac arrhythmias in various human populations 

[ 45 – 47 ]. 

 Most recently, a novel multielectrode catheter and its inte-

grated mapping system (Rhythmia mapping system, Boston 

Scientifi c) have been commercialized. The multielectrode 

mapping  catheter   (IntellaMap Orion™) has an 8 Fr profi le 

and is equipped with a mechanism for bidirectional tip 

defl ection. At the tip, there are 64 electrodes distributed on 

eight splines with an interelectrode spacing of 2.5 mm 

(Fig.  32.6 ). Electrodes can be used in either bipolar or unipo-

lar confi gurations. The catheter is part of an integrated EAM 

system, which also includes an electronic patient interface 

unit and a computer workstation that is used to run the map-

ping software. Advanced front-end technology fi lters and 

collects high quality signals with low noise, and its open 

architecture allows the operator the freedom to choose and 

visualize most ablation or diagnostic tools. Further, the sys-

tem’s dynamic review capabilities allow the user to quickly 

review and edit data points; it also offers automated annota-

tion to help minimize the time required to manually annotate 

data collected. The position of the multielectrode array is 

tracked utilizing a combination of magnetic and electrical 

fi eld information. Initial preclinical feasibility was reported, 

demonstrating that the multielectrode catheter was capable 

of producing high-resolution electroanatomical maps of the 

right atrium and the left ventricle in animal models [ 48 ,  49 ]. 

Average map acquisition times for the catheter (with contin-

uous data collection) ranged from 5.2 to 9.5 min and these 

maps contained an average of 2753–3566 points.

   Yet another technology has been commercialized that 

includes a 64 electrode basket (Topera, Inc., Menlo Park, 

CA, USA). The  Topera 3D mapping system   consists of the 

FDA cleared and CE marked  RhythmView™ workstation   

and FIRMap™ panoramic contact- mapping   tool, which are 

used in combination for the identifi cation and localization of 

the sustaining mechanisms of cardiac arrhythmias such as 

atrial fi brillation, atrial fl utter, atrial tachycardia, and/or ven-

tricular tachycardia. The RhythmView workstation provides 

a graphical display of the right and left atrial electrical activi-

ties to assist in the diagnoses of arrhythmias and also to facil-

itate patient-specifi c atrial fi brillation treatment decisions. 

The FIRMap panoramic contact-mapping tool has been used 

to capture electrical potentials from the endocardium, which 

can then be used in conjunction with RhythmView to create 

activation maps to aid in the diagnosis of complex cardiac 

arrhythmias. The diagnostic tool (“basket”) consists of 64 

evenly spaced electrodes distributed among 8 splines. Images 

of both the RhythmView workstation and the FIRMap cath-

  Fig. 32.6    Rhythmia mapping system’s  IntellaMap Orion™ high reso-

lution mapping catheter   (Boston Scientifi c, Inc.). Image from   http://

www.bostonscientific.com/en-US/products/capital-equipment--

mapping- and-navigation/rhythmia-mapping-system/redefi ned.html           
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eter are shown in Fig.  32.7 . To date, several reports have 

been recently published highlighting the clinical utility of 

this system [ 50 – 54 ].

   It should be noted that there are limitations associated 

with basket catheter mapping. First, the use of a basket cath-

eter that is too large or small compared with the relative 

dimensions of the chamber of interest will result in poor 

quality of electrograms in terms of morphology, stability, 

and relation with the given anatomic structures. Second, it 

has been cited that the relative movement between the beat-

ing heart and the electrodes can be detrimental to the electri-

cal reconstruction process or may even cause irritation of the 

myocardium. Lastly, due to product size constraints, the bas-

ket catheter approach does not have the ability to map areas 

of the atrial appendage or pulmonary veins, which play 

major roles in the sustenance of atrial fi brillation.    

32.3.2.2    Noncontact Mapping Technologies 

   Recently, NCM  approaches   have been more widely used in 

 the   clinical diagnosis and ablative treatment of complex car-

diac arrhythmias, as described by Schilling et al. [ 12 ,  55 ,  56 ]. 

More specifi cally, the  EnSite™ Array™ noncontact map-

ping catheter  , used in combination with EnSite™ Velocity 

system (St. Jude Medical) introduced by Taccardi et al. [ 57 ], 

is comprised of a catheter-mounted, infl atable multielectrode 

array, a reference patch electrode, amplifi ers, and a worksta-

tion (Fig.  32.8 ). The  EnSite NavX technology   is an open 

platform that is compatible with catheters from most manu-

facturers and can simultaneously display up to 12 catheters 

and 64 electrodes.

   Specifi cally, this system’s  EnGuide ®  locator technology   

utilizes a single-use 9 Fr, 110 cm transvenous  multielectrode 

array catheter   (Fig.  32.9 ) consisting primarily of: (1) a poly-

amide insulated wire braid with 64 laser-etched unipolar 

electrodes; (2) a 7.5 mL infl atable polyurethane balloon; and 

(3) distal and proximal E1 and E2 ring electrodes. 

Additionally positioned on the proximal end of the catheter 

is a handle and cable connector that allows the physician to 

deploy a balloon in the chamber of interest, providing the 

electrical connection from the array to the patient interface 

unit of the system.

   Typically, the multielectrode array is inserted transve-

nously into the patient’s chamber of interest over a standard 

0.032″ guidewire. Once positioned within a given chamber, 

the multielectrode array wire braid is mechanically expanded 

and the balloon is infl ated using a 50/50 contrast-saline solu-

tion. Next, a second catheter, termed the   roving  catheter  , is 

introduced into the same chamber of interest. Following con-

nection to the breakout box, the system’s EnGuide ®  technol-

ogy emits a low 5.68 kHz signal via the tip of the roving 

catheter that is detected by the E1 and E2 ring electrodes on 

the multielectrode array catheter. Subsequently, by determi-

nation of the locator signal angles and strengths, the system 

is able to compute the 3D relationship of the tip of the roving 

catheter to that of the multielectrode array catheter ring elec-

trodes. In order to reconstruct the 3D  virtual  endocardium of 

the chamber, the roving catheter continues to emit the 

5.68 kHz signal as it is moved around the chamber by drag-

ging the tip around the endocardial wall’s contour. 

 A convex-hull algorithm is then utilized to omit the previ-

ously collected points that are inferior to the facets created 

during the collection process, so that the system essentially 

stores only the most distant points visited by the roving cath-

eter (i.e., those from the endocardial surface during diastole). 

  Fig. 32.7     RhythmView™ workstation   and the 

 FIRMap™ catheter  . Image from   http://www.

toperamedical.com/patients/solution/           
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The  roving catheter   is used to locate the major anatomical 

locations associated with fl uoroscopic imaging, and these 

anatomical landmarks are subsequently labeled on the recon-

structed geometry to provide a frame of reference for the 

physician. 

 Once the geometry reconstruction is complete, the multi-

electrode array is used to detect and record the far-fi eld intra-

cavitary electrical potentials from the surrounding 

myocardium by employing an approximation method based 

on algorithms developed for inverse problems [ 58 ]. To fur-

ther explain, the potentials in this fi eld are typically lower in 

amplitude and frequency than the source potentials of the 

endocardium itself. Therefore, to improve accuracy and sta-

bility in reconstruction, a technique is used based on an 

  Fig. 32.8    EnSite™ NavX™ navigation and 

visualization technology (St. Jude Medical, Inc.)       

  Fig. 32.9     Multielectrode array 

catheter   (St. Jude Medical, Inc.)       
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inverse solution to Laplace’s equation by use of a boundary 

element method so that the resulting signals are used to 

reconstruct and display >3300  virtual  electrograms. 

 After establishment of the chamber’s voltage fi eld, car-

diac activation can be displayed as computed  virtual  electro-

grams or as  isopotential maps . More specifi cally, these 

resulting  isopotential maps   are dynamic representations of 

the propagation of the electrical wavefront. As such, the 

electrophysiological information is visually represented by 

color coding that describes voltage, ranging from red (repre-

senting regions of depolarized myocardium) to purple (rep-

resenting regions electrically neutral) (Fig.  32.10a ). 

Additionally, the system allows for the creation of a static 

representation of the electrical propagations via   isochronal 

maps    (Fig.  32.10b ). Consequently, the color-coded EP infor-

mation is representative of the time required to activate dif-

ferent regions of the chamber. In cases where ablation is 

employed, the EnGuide ®  technology aids in navigating RF 

catheters to the appropriate site with an accuracy of  + 1 mm.

   The  EnSite™ NavX™ EAM system   is functionally very 

similar to the CARTO EAM but utilizes externally applied 

high frequency electric fi elds from cutaneous patches to 

determine catheter locations rather than magnetic sensors 

within the catheter tip. It requires three pairs of skin patches, 

one for each of  x ,  y , and  z -axes, thus creating a 3D coordinate 

system. Therefore, the NavX™ system can, in theory, be used 

to perform EP studies and catheter ablation procedures with a 

very low amount of fl uoroscopy, which has been recently 

demonstrated with the introduction of the  MediGuide™ sys-

tem   (St. Jude Medical) [ 59 ]. The MediGuide system is a visu-

alization and navigation system that can display the relative 

positions and orientations of MediGuide Enabled™ devices 

(equipped with a MediGuide sensor) on both live and prere-

corded fl uoroscopy in real time. With the NavX™ software 

system, it is also possible to import a 3D reconstruction of 

anatomy taken from a high- resolution computed tomographic 

scan performed prior to the procedure; this is then synchro-

nized to the images so that 3D images and maps can be 

manipulated simultaneously [ 60 ]. 

 NCM has been utilized and validated in several clinical 

settings such as the evaluation and treatment of atrial fl utter, 

atrial fi brillation [ 61 – 63 ], and/or ventricular tachycardia 

[ 64 ]. In such cases, this system has been used to aid in the 

identifi cation of critical regions of slow conduction, to iden-

tify and then precisely return catheters to areas of interest in 

the chamber, and to subsequently visualize ablation lesion 

lines that have been created. Therefore, this system permits 

for the detailed reconstruction of global and local cardiac 

electrical events in a timely fashion within the EP lab. Most 

importantly, the system allows for a great deal of data to be 

recorded within the short duration of only one to two heart-

beats, thus allowing the physician to adequately evaluate the 

origination, maintenance, and termination of nonsustained 

complex cardiac arrhythmias, pathways of reentrant activ-

ity, and/or electrical changes that may occur on a beat-to-

beat basis. 

 Despite the vast number of advantages associated with 

NCM mapping, there are several current limitations worth 

noting. The NavX system has the disadvantage of not being 

able to specifi cally defi ne the positions of given electrode ( x , 

 y,  and  z  coordinates). Yet, the orientation of the catheter tip 

(pitch, roll and yaw) is not directly measured but can be par-

tially inferred by determining the location of multiple elec-

trodes along the path of a catheter. Background noise can 

greatly affect the quality of the recordings; this commonly 

originates from the surrounding environment or from the 

amplifi er circuitry due to electrical fl uctuations. In order to 

obtain optimally reconstructed electrograms, it has been doc-

umented that the distance from the area mapped to the mul-

tielectrode array should be less than 40 mm [ 55 ,  56 ,  65 ]; 

beyond this distance, there is an overall decrease in accuracy 

of the reconstructed electrograms. Additionally, the accuracy 

of the NavX system is adversely affected by heterogeneity in 

the electrical fi elds within the chest (i.e., different structures 

within the thoracic cavity have different electrical proper-

ties), which will reduce the accuracy of 3D localizations. 

NCM is only able to reconstruct the electrical activity on the 

endocardial surface of a given chamber, thus it is unable to 

  Fig. 32.10    Swine left ventricular 

( a )  isopotential activation map   

and ( b )  isochronal activation map         
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identify subendocardial activation characteristics which may 

play a critical role in the successful identifi cation of various 

arrhythmias and, hence, the subsequent therapy employed. 

The dimensions of the multielectrode array when in full pro-

fi le are 1.8 × 4.6 cm 2 , which can restrict mapping catheter 

manipulation when placed in particular areas of the heart, 

such as right and left atrial appendages. Lastly, despite sev-

eral software updates, the system is still complex and quite 

expensive.      

32.4     Noninvasive Cardiac Mapping 

  Signifi cant and  innovative   advancements have been made in 

the noninvasive imaging of cardiac electrical activity. 

Ongoing research in this area is aimed at improving our 

overall understanding of the mechanisms of cardiac function 

and dysfunction, in turn, aiding clinical diagnosis and man-

agement of cardiac diseases. Employing such an approach 

allows clinicians the opportunity to precisely localize the 

arrhythmic substrate and study mechanisms prior to the 

intervention by solving the so-called  inverse problem . As a 

result, one can quickly focus therapy at the primary source of 

the arrhythmia and subsequently decrease the need for a 

lengthy EP procedure and, importantly, minimize fl uoros-

copy exposure to the patient and clinical staff. 

 The investigation of the epicardial potential inverse solu-

tion has garnered interest since the 1970s [ 66 ]. Recently the 

epicardial potential inverse solution has demonstrated the 

ability to reconstruct epicardial potentials in in vivo humans 

[ 67 ]. In addition, heart surface activation mapping, where 

activation maps over both the epicardial and endocardial sur-

faces are estimated from BSPMs, has been investigated [ 68 ]. 

 Quite recently, He and coworkers proposed and devel-

oped the  3D cardiac electrical imaging (3DCEI) approach   

for noninvasively imaging 3D cardiac electrical activity 

employing BSPMs [ 17 – 20 ,  69 ]. In this 3D approach, cardiac 

electrical activity is estimated and visualized over the 3D 

myocardium by solving a linear or nonlinear inverse prob-

lem. This  3DCEI approach   has been rigorously validated 

using 3D intracardiac mapping in rabbit [ 21 ,  70 ] ,  swine [ 71 ], 

and canine models [ 22 ,  24 ]. 

 The validation study of the 3DCEI in the swine model 

[ 71 ] is reviewed below, as the swine represents perhaps the 

most similar model to humans. In brief, a heart-excitation 

model and heart-torso volume conductor model were con-

structed based on preoperative MRI scans and prior physio-

logical knowledge of the swine heart. The MR images were 

segmented to obtain detailed cardiac geometry and the 

cellular- automaton heart model. The entire heart excitation 

process could be simulated and the corresponding BSPMs 

were calculated by employing a boundary element method. 

A preliminary classifi cation system was also employed to 

initialize the parameters of the heart-excitation model, and 

then model parameters were iteratively adjusted in an attempt 

to minimize any dissimilarity between the measured and 

heart-model-generated BSPMs until the convergent criteria 

were satisfi ed. In this swine validation study, we employed 

site-specifi c pacing and, for each pacing site, both the 3D 

location of the initiation site for electrical activation and the 

corresponding activation sequence throughout the ventricles 

were noninvasively estimated using the above procedure. In 

total, data from 5 right ventricular and 5 left ventricular pac-

ing sites from control and heart failure animals were col-

lected and, subsequently, sequences of 100 paced beats were 

analyzed. It was demonstrated that the averaged localized 

error of the right and left ventricular sites was 7.3 ± 1.8 mm 

( n  = 50) and 7.0 ± 2.2 mm ( n  = 50), respectively. The global 

3D activation sequences throughout the ventricular myocar-

dium were also derived. The endocardial activation sequences 

as a subset of the estimated 3D activation sequences were 

fi rst compared with those reconstructed from simultaneously 

obtained data collected using an NCM system in order to 

validate the procedure. Figure  32.11  shows an example of 

the 3D activation sequence estimated from acquired BSPMs 

which were induced by ventricular pacing in a healthy ani-

mal. In addition to the heart-excitation-model-based 

approach [ 18 ,  19 ,  71 ], He and co-workers recently developed 

a data-driven imaging approach [ 20 ] and validated it in a 

series of animal studies [ 21 – 24 ], including pacing and ven-

tricular tachycardia in healthy animals and animals with 

heart failure. These promising results suggest that the 3DCEI 

approach may, in the near future, provide a useful tool for 

both  basic   cardiovascular research and the clinical diagnosis 

and management of arrhythmias.

   The  ECVUE system   (CardioInsight) is another noninva-

sive electrocardiographic mapping system under evaluation. 

The ECVUE system is built on the foundation of the 

 Electrocardiographic Imaging (ECGI) technology  . The 

ECGI approach was developed to reconstruct potentials of 

the epicardial cardiac surface to provide proximity to the 

heart’s electrical sources and therefore have much improved 

resolution than the body surface potentials they are derived 

from (Fig.  32.12 ). ECVUE is considered as the fi rst mapping 

system to combine electrical data from the body surface with 

heart-torso anatomy from a CT scan, to then calculate the 3D 

images of the electrical activity of a patient’s heart. 

Importantly, due to the noninvasive nature of the system, it 

enables advanced cardiac mapping to be utilized outside the 

existing confi nes of the EP lab.

   The physics of ECGI  technology   is based on a property 

that the electric fi elds generated by the beating heart within 

the passively conducting torso volume can be represented by 

the relationship:  φ  T  =  Aφ  E , where epicardial potentials ( φ  E ) 
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must be calculated from body surface potentials ( φ  T ) via a 

matrix ( A ) that approximates the electrical relationship 

between the surface of the body and the epicardial surface of 

the heart. A detailed description of these methodologies, as 

well as validation and practical considerations are included 

in various sources [ 72 – 78 ]. 

 The  ECVUE system   is comprised of a single-use dispos-

able 252 electrode vest, an amplifi er system, and a worksta-

tion for advanced data analyses and visualizations 

(Fig.  32.13 ). The vest was designed to accommodate a vari-

ety of torso shapes and sizes [ 79 ]. The system received its 

CE mark in 2011 and has been used in over 1000 clinical 

cases for mapping either atrial tachycardia or fi brillation 

and thus in support of patients undergoing cardiac resyn-

chronization procedures. To date, the system has been used 

particularly in patients with intermittent, unstable, tran-

sient, and polymorphic arrhythmias, and also in cases 

where the attributes of the system in providing single beat, 

dual chamber (bi-atrial or biventricular) global mapping 

information was perceived as a distinct clinical advantage. 

The aggregate clinical success or performance use of the 

ECVUE (compared to an EP study) approach ranged from 

85 to 100 % for a given chamber or region of interest within 

the cardiac chamber. Further, it is considered that use of the 

ECVUE system has specifi c advantages in patients with: 

(1) complex arrhythmias, including polymorphic arrhyth-

mias; (2) complicated congenital cardiac anatomies; and/or 

(3) fi brillatory arrhythmias. It has been reported that the 

noninvasive mapping information provided by the ECVUE 

system was especially useful in facilitating EP diagnoses 

with lower amounts of catheter manipulation; recent litera-

ture relating to the use of the system is included in other 

sources [ 80 ,  81 ]. 

32.5        Future Directions 

 The mapping technologies developed and employed to date 

have revolutionized the clinical EP laboratory, and their use has 

led to numerous novel insights into the mechanisms underlying 

all types of arrhythmias. Relative to the multicatheter approach, 

such technologies have improved resolution, 3D spatial local-

ization, and/or rapid acquisition of the detailed characteristics 

of cardiac activation in both normal and diseased hearts. In 

general, these technologies employ novel computational 

approaches to accurately determine the 3D location of mapping 

catheters and anatomic-specifi c local electrograms. Acquired 

data of the relative intracardiac catheter position and recorded 

intracardiac electrograms are commonly used by such tech-

nologies to reconstruct, in real time, a representation of the 3D 

geometry of the cardiac chamber of interest. 

 Nevertheless, to date, such mapping systems are rela-

tively expensive and generally not required for the diagnosis 

of more common clinical arrhythmias such as atrioventricu-

lar nodal reentry, accessory pathway mediated tachycardia 

(Wolff–Parkinson–White syndrome and concealed path-

ways), or typical atrial fl utter. Furthermore, it should be 

noted that other emerging technologies, such as intracardiac 

echocardiography, and the incorporation of high-resolution 

imaging modality datasets (such as CT or MRI) are consid-

ered useful adjuncts for more precise and rapid catheter posi-

tioning, perhaps even providing more reproducible catheter 

positioning towards specifi c intracardiac structures that are 

more diffi cult to identify for mapping or ablation. Yet, the 

mechanistic contribution of the newer cardiac mapping sys-

tems to treat various arrhythmias is likely to be well substan-

tiated. Despite the theoretical clinical advantages highlighted 

by the technologies discussed in this chapter, further 

  Fig. 32.11    Example of a 3D 

activation sequence imaged from 

noninvasive body surface 

potential maps in a control swine, 

following left ventricular pacing. 

Modifi ed from [ 71 ]       
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  Fig. 32.12    Block diagram of the ECGI  procedure  . ( a ) Instrumentation 

setup, ( b ) Computed tomography slices showing heart contours ( red ) 

and body-surface electrodes ( shiny dots ), ( c ) Meshed heart-torso geom-

etry, ( d ) Sample ECG signals obtained from mapping system, ( e ) 

Spatial representation of body surface potentials, ( f ) ECGI software 

package (CADIS), ( g ) Examples of non-invasive ECGI images, includ-

ing epicardial potentials, electrograms, and isochrones       
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 prospective human clinical trials will ultimately need to be 

performed to provide validation of optimal clinical utility.     
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    Abstract  

  This chapter describes the history and techniques of cardiopulmonary bypass, a process that 

effectually excludes the heart from the general circulation and leaves it empty so that it can 

accommodate open cardiac surgical intervention. Since its fi rst implementation, cardiopul-

monary bypass has improved signifi cantly to become a very highly sophisticated, but reli-

ably performed procedure. The near future promises even more improvements because 

research and innovations continue to make cardiac operations safer and more effi cient. 

 With the advent of coronary bypass in the late 1960s and early 1970s, surgeons became 

increasingly interested in fi nding ways to protect the heart during the period of global isch-

emia via infusion of cold perfusates into the coronary circulation (i.e., cardioplegia). 

Therefore, this chapter further details the advantages and disadvantages of various cardio-

plegia solutions which have been developed at several separate institutions, including extra-

cellular- and intracellular-type solutions.  
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33.1         Cardiopulmonary Bypass 

   Extracorporeal circulation       and   cardiopulmonary bypass    are 

synonymous terms denoting a method by which the blood 

that usually returns directly to the heart is temporarily 

drained from superior and inferior vena cavae. The blood is 

diverted into a reservoir where it is oxygenated and subse-

quently returned to the patient’s arterial circulation. This 

process effectually excludes the heart from the general circu-

lation and leaves it empty so that it can accommodate  surgi-

cal   intervention (Fig.  33.1 ).

   The breakthrough technologies that fi rst allowed this type 

of   open-heart  operation   were developed by two separate 

centers in the USA in the early 1950s. Importantly, Lillehei 

and Varco [ 1 ] at the University of Minnesota developed a 

 cross-circulation technique  . This technique utilized a human 

donor (usually the parents of a child undergoing cardiac sur-

gery) who, in essence, functioned as an extracorporeal pump 

for the patient’s circulatory system. This type of extracorpo-

real circulation also allowed the blood to be drained from the 

child’s vena cava so that the surgical procedure could be per-

formed within the empty heart. The subsequent development 

of the  heart–lung machine   by Gibbon [ 2 ] was considered 

revolutionary in that it eliminated the need for a support 

donor (a second patient). Gibbon’s system has been improved 

since the mid-1950s and has gradually evolved into the stan-

dardized, but very complex and sophisticated machine it is 

today. The  bubble oxygenator   developed by DeWald and 

Lillehei in 1955 was additive technology that also aided in 

the advancement of this fi eld (see also Chap.   25    ). 

http://dx.doi.org/10.1007/978-3-319-19464-6_25
mailto:gloor@umn.edu


616

 The basic components of an extracorporeal  circuit   

include: (1) a reservoir into which the patient’s blood is 

diverted; (2) an oxygenator that replaces the function of the 

lungs; and (3) a pump that propels the oxygenated blood 

back into the patient’s arterial circulation. In this manner, the 

machine bypasses both the heart and the lungs while main-

taining the function of other organs during surgical interven-

tions within the heart. 

 A solid understanding of cardiopulmonary bypass and 

ways to control the patient’s physiology is just as important 

as effi cient and meticulous techniques to achieve the best 

outcomes in cardiac surgery. Today, dedicated perfusionists 

work closely with the surgical team to ensure that bypass 

runs properly; they rely on detailed communication from the 

operative fi eld. This chapter details the components of car-

diopulmonary bypass. 

33.1.1     Venous Drainage 

   The  venous   blood that  is   normally delivered to the right 

atrium is commonly diverted to the heart–lung machine, 

either by cannulating the veins themselves or by cannulating 

the right atrial chamber. Surgery performed in or through the 

right atrial chamber requires that both the right atrium and 

right ventricle be empty. To do so, cannulas are typically 

placed directly into the superior and inferior vena cavae. 

Constricting tourniquets are then placed around the vein over 

the cannulas, and thus blood is diverted into the heart–lung 

machine (Fig.  33.1 ). This  constitutes    total cardiopulmonary 

bypass . 

 Cannulation of the superior vena cava (SVC)    is normally 

performed by placing a purse string suture either directly in 

the SVC or in the right atrium. The cannula is advanced 

either directly into the SVC or indirectly through the right 

atrium. It should be noted that direct cannulation of the SVC 

generally provides more room for any work that may need to 

be done inside the right atrium. Conversely, for large ascend-

ing aortic aneurysms it may be necessary to advance the can-

nula indirectly through the atrium. 

 Cannulation of the inferior vena proceeds through purse 

strings placed on the inferior portion of the right atrium. By 

placing tourniquets around both cannulas and snaring down 

on them, the surgeon establishes total cardiopulmonary 

  Fig. 33.1     Total cardiopulmonary 

bypass   showing the venous 

cannulas in the superior and 

inferior vena cavae with 

constrictions placed around the 

respective veins. The venous 

blood is draining to the 

oxygenator and is propelled by 

the pump into the distal 

ascending aorta to maintain 

perfusion of the entire body. A 

cross-clamp is applied to the 

ascending aorta, and all chambers 

of the heart therefore are 

excluded from the perfusion 

system. Note that modern day 

systems often place the pump 

ahead of the oxygenator such that 

blood from the reservoir is 

actively pumped through the 

oxygenator.  Ao  aorta,  RA  right 

atrium,  V  ventricle       
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bypass. The only fl ow that enters the right atrium is that from 

the coronary sinus, i.e., until the aorta is clamped. With the 

aorta cross-clamped and no fl ow entering the aortic root and 

coronary arteries, the surgeon can work inside the atrium in 

a completely bloodless fi eld. Typically, access to the left 

atrium is obtained by opening the fossa ovalis. A bloodless 

fi eld here allows insertion of the retrograde coronary artery 

catheter directly into the coronary sinus for direct cardiople-

gia, as discussed later. 

 A modifi cation of this type of bypass can be used when 

the cardiac chambers are not surgically entered, such as in 

coronary bypass operations involving procedures on the sur-

face of the heart. In such cases, a double-staged cannula is 

placed with the tip of the cannula in the inferior vena cava 

and the side drainage holes positioned at the level of the right 

atrium. Coronary bypass surgery does not involve direct 

vision of the inside of the cardiac chambers so there is no 

need to constrict the superior or inferior vena cava. This con-

fi guration is often referred to as   full cardiopulmonary bypass    

rather than total cardiopulmonary bypass. When coronary 

bypass operations are undertaken simultaneously with car-

diac valve repairs or replacements, total cardiopulmonary 

bypass is typically implemented. 

 If venous drainage is not optimal, then two critical issues 

may result: (1) the heart may become distended with warm 

systemic blood, resulting in persistent myocardial activity or 

undue strain on the myocardium leading to injury; and (2) 

venous congestion may result in hepatic impairment. Thus, 

adequate venous drainage must be ensured prior to proceed-

ing with these types of operations.    

33.1.2     Arterial Return 

   Once the blood has  been    oxygenated   in the heart–lung 

machine, it is returned to the patient’s general circulation via 

cannulas placed directly in the arterial system (Fig.  33.1 ). 

The most common method involves the placement of a can-

nula in the highest portion of the ascending aorta below or at 

the origin of the innominate artery. This is typically the fi rst 

cannula that is inserted. The aorta must be free of calcifi c 

disease in order to cannulate it without increased risk of 

  Fig. 33.2    Left heart  bypass   

showing a cannula inserted in the 

left atrium draining 

approximately half of the cardiac 

output into the oxygenator 

through the pump, and reinfusing 

it in the distal aorta for perfusion 

of the abdominal organs. The 

excluded portion is only the 

descending thoracic aorta 

(between clamps). The left heart 

continues to beat and pumps half 

of the cardiac output to the head 

and upper organs. The graft is 

shown in the position in which it 

will be implanted after the 

aneurysm is resected.  Ao  aorta, 

 LA  left atrium,  PA  pulmonary 

artery       
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stroke. The axillary artery is the next best alternative in the 

setting of calcifi c aortic disease and/or for cases requiring 

circulatory arrest for replacement of all or parts of the aortic 

arch [ 3 ]. 

 Depending on the type of surgery, other sites are also 

used, including cannulation of the femoral artery in the groin 

and infusion of the arterial system in a retrograde manner. 

This is useful for minimally invasive heart surgery in younger 

patients without calcifi c disease in whom the thoracic inci-

sion does not allow exposure to the ascending aorta. Yet, if 

calcifi c disease is present the retrograde fl ow can shower 

plaque up toward the carotids with increased risk of stroke. 

 Once the arterial cannula is secured and both the forward 

fl ow and venous drainage are adequate, the ascending aorta 

is cross-clamped. At this point no systemic blood enters the 

coronary artery circulation. The heart is, therefore, totally 

excluded from the circulation. Thus the heart needs to be 

protected by using one of a number of methods to infuse 

cardioplegic solutions (see Sect.  33.2 ). Any blood remaining 

in the operative fi eld is removed via cardiotomy suction lines 

which are used to aspirate it back to the heart–lung machine, 

where it reenters the bypass circulation with the rest of the 

removed blood. 

 In some operations involving the descending thoracic 

aorta, total cardiopulmonary bypass is not necessary. For 

example, if the portion of the aorta that needs to be isolated 

lies between the left carotid artery and the diaphragm, only 

part of the total blood volume needs to be removed, and par-

tial bypass can be implemented (Fig.  33.2 ). The blood is 

removed by the heart–lung machine via a cannula inserted 

into either the left atrium or left superior pulmonary vein. 

Then, the blood is infused back into the descending thoracic 

aorta beyond the level of distal aortic cross-clamp. Doing so 

allows the heart to continue to beat normally and helps main-

tain the viability of the proximal organs (head, neck, and 

arms), while the rest of the lower body is perfused and thus 

maintained by the pump. This technique is called  left heart  

  bypass    because it involves only removal of blood and decom-

pression of the left-side cardiac chambers. As shown in 

Fig.  33.2 , after a descending thoracic aorta aneurysm opera-

tion is completed, the bypass is discontinued. The clamps 

which were placed to occlude the aorta in the arch and the 

descending portion are removed. The normal physiological 

perfusion of the body (which was interrupted during surgery 

without ever stopping the heartbeat) is thus reestablished.

   After an operation applying full or total cardiopulmonary 

bypass and cardiac arrest, the aortic clamp is released, allow-

ing the general circulation to reperfuse the coronary arteries 

and to rewarm the heart. After the air is expelled from the 

cardiac chambers, the heart often elicits ventricular fi brilla-

tion. Such fi brillation normally requires cardioversion with 

an electric shock administered directly to the heart by 

employing paddles that deliver currents that vary from 20 to 

30 W/s. The patient is then ventilated using the endotracheal 

tube connected to the anesthesia machine, which reinfl ates 

the lungs. After the normal sinus rhythm of the heart is rees-

tablished, the patient is gradually weaned off the extracorpo-

real circulation until the heart takes over full function. At this 

point the heart–lung machine is stopped, and all cannulas are 

removed and access areas closed 

 In some complex surgical cases involving the aortic arch, 

separate independent perfusion of the arch vessels may 

require implementation, that is, in addition to the perfusion 

of the lower part of the body through the cannula inserted in 

the femoral artery. This is most commonly seen in situations 

where the arch and descending aorta are bypassed simulta-

neously. The perfusionist must monitor two separate infu-

sions to regulate pressures and make certain that a balance 

and suffi cient perfusion is achieved in both the upper and 

the lower areas of the patient’s body. With the advent of 

staged aortic procedures such as the “elephant trunk proce-

dure” and hybrid stent grafting, it is less common to deal 

with such an extensive amount of aortic replacement in a 

single setting [ 4 ]. 

 Another specialized bypass method that needs description 

is the  deep    hypothermia     and    total circulatory arrest  tech-

nique  . This type of total cardiopulmonary bypass requires 

decreasing body temperature to very low levels (15°–25 °C); 

this is typically accomplished using heat exchangers installed 

in the heart–lung machine circuits. Circulation is stopped 

altogether when the proper temperature is reached, and the 

heart is emptied for several minutes with the entire volume 

of the patient’s blood remaining in the reservoir of the heart–

lung machine. The pump is then stopped and the arterial per-

fusion ceases. The venous return line, however, is left open 

to continue emptying the patient’s blood volume completely 

into the reservoir of the heart–lung machine. 

 This technique is used in special cases to allow repair of 

very complicated conditions. The period of total circulatory 

arrest induced during deep hypothermia is usually less than 

45 min [ 5 ,  6 ]. This time restriction is to insure that the patient 

does not suffer neurological deterioration or central nervous 

system damage during such global ischemia. In general, 

cooling alone is suffi cient for circulatory arrest times less 

than 20 min. However, since the time required to perform the 

aortic arch repair can be unpredictable, most surgeons will 

utilize some sort of brain perfusion strategy.  Retrograde 

brain perfusion   is commonly used for periods of 30–45 min. 

It requires the arterial outfl ow from the pump to be con-

nected to the SVC cannula either directly or through a sepa-

rate circuit. By snaring the SVC, oxygenated blood is 

delivered up the vena cava to perfuse the brain in a retrograde 

fashion. The fl ow rates are typically 300–500 mL/min and 

the central venous pressure is kept no higher than 35 mmHg. 

  Antegrade brain perfusion   is more typically used for planned 

circulatory arrest periods ranging 45–90 min. In this mode of 
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perfusion, the axillary artery graft is used to deliver oxygen-

ated blood up the carotids once the innominate artery is snared; 

typical fl ow rates vary between 500 and 1000 mL/min. 

The patient should have some evaluation of the brain vessels 

beforehand to ensure a complete  Circle of Willis , an anastomotic 

system of arteries that sits at the base of the brain. 

 As soon as the repair is completed, normal cardiopulmo-

nary bypass is reestablished. The patient is gradually 

rewarmed to a normal core temperature of 37 °C prior to 

removal from extracorporeal circulation. The use  of   deep 

hypothermia always requires careful evaluation by the surgi-

cal team. In such clinical cases, the danger of inducing neu-

rological damage must be weighed against the benefi ts of 

correcting a major cardiac anomaly. Conversely, the long- 

term quality of the arch repair should not be compromised by 

concerns over circulatory arrest, especially with proper 

usage of selective brain perfusion techniques. 

 It is important to note that aortic cannulation can have 

important consequences (pitfalls) associated with it. The 

patient must be completely anticoagulated before instituting 

fl ow through the cannula. If there is calcifi c disease, cannu-

lating or clamping the aorta has been associated with 

increased incidences of stroke or distal embolic events. 

Finally, during aortic cannulation, there is commonly a 

1–2 % incidence of aortic dissection related to a tear caused 

by the cannula. If such a condition is suspected due to high 

line pressures or enlargement of the ascending aorta, the fl ow 

through the cannula should be immediately stopped; a trans-

esophageal echo can be used to confi rm the diagnosis, and 

then an alternative cannulation strategy should be identifi ed. 

This situation often requires circulatory arrest to repair the 

tear.    

33.1.3     Anticoagulation 

  To prevent the formation  of   clots during cardiopulmonary 

procedures, both within the body and within the extracorpo-

real heart–lung machine, it is necessary to anticoagulate the 

patient’s blood. The most common agent used for such anti-

coagulation is heparin. It is commonly administered intrave-

nously before cannulation at a dose of 300 units/kg. There 

are two types of  heparin  : (1) the lung beef type which is 

extracted from a bovine source; and (2) the porcine mucosal 

type which is from a swine source. Since the mid-1980s, the 

porcine mucosal heparin has been preferred because it is less 

likely to lead to thrombocytopenia and/or the production of 

heparin antibodies in the patient, a condition known as HIT 

syndrome [ 7 ]. 

 A small percentage of patients have experienced  heparin- 

induced thrombocytopenia (HIT)   from prior heparin expo-

sure. They have antibodies to heparin molecules which 

attack heparin-platelet aggregates and this, in turn, depletes 

their platelet pool to dangerously low levels. 

 The effectiveness of anticoagulation therapy requires 

testing, usually by measuring the  activated clotting time 

(ACT)   of the patient’s blood. These test results are expressed 

in seconds, with normal values ranging between 100 and 

120 s. Heparinization is deemed adequate for cardiopulmo-

nary bypass when the ACT runs above 400 s. Typically, the 

anticoagulant effects induced during such surgeries must be 

reversed postoperatively. Still today,  porotamine sulfate   is 

the drug of choice to neutralize the effects of the heparin and 

allow the patient to elicit normal clotting values. Yet, this 

drug is a macromolecule compound that may produce pul-

monary vasoconstriction and severe hypotension [ 8 ,  9 ], par-

ticularly in diabetic patients. Nevertheless, such side effects 

are rare and, in most patients, this drug can be used safely, as 

it neutralizes the effects of heparin. Naturally, the amount of 

protamine necessary to achieve neutralization depends on 

the amount and timing of therapeutic heparin administered. 

Initially, a test dose is given; if no reaction occurs, protamine 

is then administered in the appropriate amounts. Its effects 

are monitored by measuring ACTs until they return to a nor-

mal range. It should be noted that if any reaction or side-

effects occur, additional treatments are commonly employed, 

such as the administration of epinephrine, calcium, steroids, 

or fl uids [ 9 ]. 

 Occasionally patients cannot be given heparin because 

they have developed heparin antibodies from previous expo-

sure. Other anticoagulant agents are studied and occasionally 

used in such cases, including hirudin (Lepirudin) [ 10 ], a 

potent anticoagulant that is extracted from leaches and lam-

preys. Other drugs include the  heparinoids   [ 11 ] like Orgaran 

(Org10172, Organon Company, West Orange, NJ, USA), for 

which a different monitoring protocol is implemented. 

Unfortunately, to date, no drug has been identifi ed that can 

reverse the effects of  Orgaran  , thus it must be metabolized by 

the human body. For such patients bleeding is a constant, and 

often very diffi cult, postoperative complication.  Bivalrudin   

(Angiomax) is currently the most commonly used agent for 

cardiac surgery in patients with HIT [ 12 ]. 

 If the cardiopulmonary bypass takes an extended time, 

coagulopathies often pose complications. In such cases, the 

body, primarily the liver, is unable to produce the appropriate 

clotting factors to reverse the anticoagulation status. Other 

factors that can contribute to coagulopathies include isch-

emia of the abdominal organs, particularly if necrosis occurs 

in the liver cells and/or in the intestine. Bleeding, therefore, 

can be a very serious and diffi cult complication to treat; in 

such patients, the administration of multiple coagulation fac-

tors, platelets, and cryoprecipitates may be required.   

33.1.4     Temperatures of Perfusion 

   Since their inception, cardiopulmonary bypass  and    extracor-

poreal   circulation have been implemented using some degree 
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of hypothermia. Lowering core body temperature decreases 

the overall oxygen demands of body tissues, and a more 

desirable protective state during pulseless circulation is pro-

vided by the heart–lung machine. 

 Several degrees of clinical hypothermia are commonly 

identifi able relative to extracorporeal circulation interven-

tions.   Normothermia    indicates that core body temperature is 

between 35.5° and 37 °C [ 13 ],   mild hypothermia    is between 

32° and 35 °C, and   moderate hypothermia    is between 24° and 

32 °C. An important distinction must be made between mild 

and moderate hypothermia. If the heart is perfused at mild 

levels (above 31 °C), the heart will continue to beat although 

at slower rates. Therefore, this mild level of hypothermia 

allows surgical correction of some congenital anomalies 

without arresting the heart. An additional level of hypother-

mia used occasionally is   deep     or    profound hypothermia   , 

which usually brings the body temperature below 20 °C. 

 Currently, most open-cardiac operative procedures are con-

ducted under conditions somewhere between moderate and 

mild hypothermia. Some centers routinely use moderate hypo-

thermia, while others employ normothermia [ 14 ,  15 ]. One rea-

son to maintain normothermic perfusion is to avoid 

coagulopathies that may develop when body temperature is 

lowered to the moderate levels, and thus allow for normal func-

tion of the body’s enzyme systems. Normothermic tempera-

tures also enable the kidneys to respond better to diuretics. 

 Several reports have indicated the relative safety of nor-

mothermic perfusion [ 13 – 19 ], but an equal number have 

suggested complications with this modality [ 20 ,  21 ]. As a 

result, the spontaneous drifting to mild hypothermic levels is 

generally preferred. Deep  or    profound hypothermia is   asso-

ciated with the implementation of total circulatory arrest as 

mentioned before. With this level of hypothermia, body tem-

perature is lowered to between 15° and 18 °C. Such opera-

tions are usually prolonged given the time it takes to cool the 

body to those levels before surgery and also by the required 

time to rewarm it afterwards. The goal of systemic cooling is 

not so much to decrease metabolic demands in the peripheral 

organs, but rather to drop the temperature of collateral arte-

rial fl ow that reaches the heart such as the bronchial arteries. 

If one stays normothermic and has diffi culty maintaining 

cardiac arrest, it is likely that the warm bronchial artery fl ow 

is making its way through the pulmonary arteries or veins 

and warming the inside of the heart.    

33.1.5     Perfusion Pressures 

   Under normal physiological conditions, the heart provides a 

pulsatile pressure and fl ow. The systolic pressure depends on 

the ventricular function. The  diastolic   pressure in normal 

states is primarily regulated by the blood volume and the 

vascular tonus (the degree of constriction experienced by 

venous vessels relative to their maximally dilated states). 

During  cardiopulmonary bypass  , the heart–lung machine 

facilitates pulseless perfusion; there is no systolic or diastolic 

pressure, but rather one steady mean pressure throughout the 

arterial circulatory system. Therefore, this pressure should 

be high enough to provide adequate blood oxygen to all 

organs of the body, particularly the brain and kidneys. Since 

the patient is typically hypothermic, the oxygen require-

ments are lower; the perfusion pressure is usually maintained 

around 70 mm of mercury Hg. Occasionally, specifi cally in 

patients with severe obstructive carotid disease, a higher per-

fusion pressure is recommended to ensure proper perfusion 

of the brain. Nevertheless, this recommendation is somewhat 

debated because the brain is known to have its own regula-

tory system to maintain low resistance near obstructed areas 

[ 15 ,  17 ]. A useful rule of thumb is to keep the mean arterial 

pressure close to the patient’s decade of life (i.e., 74 years 

old = 70 mmHg, 86 years old = 80 mmHg). 

 During cardiopulmonary bypass, if the patient shows 

decreased vascular tonus (despite adequate volume of fl uid), 

vasoconstrictors are routinely used; a typical therapy is a 

bolus or drips of neosynephrine [ 13 ]. A decreased vascular 

tonus is common in septic patients with bacterial endocardi-

tis, for whom an emergency operation sometimes is neces-

sary to replace the affected valve and reverse the profound 

heart failure. Remember that the perfusion pressure is a 

product of the cardiopulmonary fl ow and resistance. If the 

fl ow has been optimized (ideal fl ow = 2.4 × body surface 

area) then the resistance needs to be increased to meet the 

desired perfusion pressure. Markers of end organ perfusion 

during bypass include: urine output, mixed venous satura-

tion, lactic acid, and base defi cit.    

33.1.6     Hemodilution 

   Up to a certain level,  hemodilution    can   be a desirable side 

effect of cardiopulmonary bypass. Lowering the hematocrit 

prevents  clumping  of the red cells or  sludging , thereby pro-

viding better circulation at the capillary level; viscosity of 

the circulating blood is decreased, on the other hand, to also 

ensure that oxygen is adequately delivered to the body’s tis-

sues during cardiopulmonary bypass.  Hematocrit   levels are 

monitored and maintained at a minimum between 22 and 

26 %. Toward the end of the bypass operation, typically the 

perfusionist deliberately removes some of the fl uid from the 

patient’s circulation to hemoconcentrate the blood toward 

more normal hematocrit levels [ 22 ,  23 ]; this rises to above 

30 % by the time the patient is removed from cardiopulmo-

nary bypass. Subsequent diuresis and/or removal of red 

blood cells (RBC) will further aid in reestablishing the 

hematocrit to normal levels. 
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 Transfusion of  RBC   is sometimes necessary if the hema-

tocrit cannot be maintained above 22 %. Risk factors for a 

low hematocrit on bypass include: (1) the female gender; 

(2) older age; (3) lower body mass index; (4) a high New York 

Heart Association class and combined valve and coronary 

bypass procedures; and/or (5) anemia, the strongest risk fac-

tor [ 24 ]. 

 It is important to note that there are multiple problems 

associated  with   RBC transfusion including: (1) increased 

renal dysfunction; (2) arrhythmias and infections; and, (3) 

increased long-term mortality [ 24 ]. Interestingly, anemia  and 

  RBC transfusions for the bypass patient have additive 

adverse effects [ 25 ]. Therefore, every effort should be made 

to prevent severe anemia without transfusion, including: (1) 

use of smaller bypass circuits and less priming volumes; (2) 

proper preoperative hemoglobin optimization; (3) increasing 

RBC transfusion thresholds; (4) retrograde autologous prim-

ing; and (5) meticulous hemostasis [ 26 ]. 

  Pulseless perfusion  , as provided by the heart–lung 

machine, and hemodilution will both invariably lead to a 

transfer of fl uid across the capillary walls into the third space 

(interstitial). Therefore, all patients develop, to some degree, 

peripheral third spacing or edema, which often develops 

within the fi rst 24–72 h after bypass. This usually manifests 

as pulmonary edema, pleural effusions, atrial fi brillation, and 

lower extremity edema. This is why patients often require 

diuresis on day 2–4 following bypass. In an attempt to avoid 

edema, plasma expanders (such as albumin, hetastarch, dex-

tran, and mannitol) are usually added to the priming solution 

of the heart–lung machine.    

33.1.7     Heart–Lung Machine Basics 

   The  basic    components   and sequence of modern day heart–

lung machines are as follows: venous drainage (vacuum 

assist)  reservoir  perfusion pump  oxygenator (with 

heat exchanger)  arterial line fi lters  aorta. The reservoir 

of the cardiopulmonary bypass machine is important for 

proper drainage and emptying of the heart. Without the res-

ervoir, the blood in the human body and the blood in the 

machine would be in a constant equilibrium of roughly 1:1. 

With the reservoir, approximately 100 mL to 2 L of volume 

can be housed outside of the body during perfusion. This 

negative volume balance drains the human venous capaci-

tance system and leaves the heart fl at and empty. An empty 

heart does little work and consumes minimal oxygen. This is 

different than the modern day extracorporeal membrane 

oxygenator circuits which do not have a reservoir and do not 

allow decompression of the ailing heart. 

 Although the classic heart–lung machine used gravity to 

drain the venous blood into the reservoir, modern machines 

like the Performer CPB (Medtronic, Inc., Minneapolis, MN, 

USA) (Fig.  33.3 ) employ an active vacuum in a very small 

system that reduces the need for large volumes in the reser-

voir [ 27 ,  28 ]. The Performer  CPB   is smaller in size and can 

be placed closer to the operating table, saving tubing length, 

and it accommodates to any position. In addition, the tubing 

used for the heart–lung machine where the blood circulates 

has undergone signifi cant improvement with the use of 

Carmeda [ 29 ,  30 ], which is a bioactive surface with which 

the inner side of the tubing is coated.  Carmeda   is bonded to 

the wall tubing, mimicking the human endovascular endo-

thelium to reduce coagulation and infl ammatory responses 

of the patient’s body, due to the blood-material surface inter-

action. The  Performer CPB machine   displayed in Fig.  33.3  

incorporates multiple safety features consisting of alarm sen-

sors for air bubbles, debris, pressure changes, and tempera-

tures, making its use practically fool proof for protection of 

the patient.

   In addition, the newer centrifugal pumps (Fig.  33.3 ), like 

the  Bio-Medicus   and the Performance CPB (both from 

Medtronic, Inc.), offer a distinct advantage over the older 

roller-type pumps such as the standard DeBakey type. More 

specifi cally, the roller pumps use occlusive pressure to pro-

pel the blood within the tubing, and can cause damage to the 

RBC and dislodge debris from the tubing material. In con-

trast, the newer centrifugal pumps minimize trauma to the 

RBC because the motion required to move the blood does 

not constrict the tubing. Although the bubble oxygenator has 

been used for many years, it has been largely supplanted by 

the membrane oxygenator. The  membrane oxygenator   is 

associated with less trauma to RBC and is less likely to pro-

duce micro-bubbles that might pass into the patient’s arterial 

system and cause air embolism. 

 As the blood is oxygenated, it passes through heat 

exchangers that cool or rewarm it as necessary for a given 

stage of the operation. Typically, one heat exchanger pro-

vides temperature control for systemic perfusion to the 

patient’s body, whereas a second exchanger controls the tem-

perature within the cardioplegia line. In most current sys-

tems, the temperature within each circuit is separately 

controlled by a central regulatory unit. The blood is then fi l-

tered which helps prevent microembolization when it is 

returned to the patient’s arterial system. In addition, two suc-

tion lines are employed to aspirate any blood from the opera-

tive fi eld, thus recovering and returning the blood to the 

reservoir where it is oxygenated before being pumped back 

into the patient’s arterial system. 

 Importantly, the perfusionist needs to monitor the general 

circulation fl ow, electrolyte parameters, anticoagulation 

parameters, and the ultrafi ltration system (which extracts fl uids 

from the patient’s arterial system to avoid over hydration). 

The perfusionist is also responsible for maintaining the 

proper pressures within each circuit and monitoring the tempera-

ture of the cardioplegic solution that will be used to protect 
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the heart during the period of its exclusion from general circu-

lation. Normally, at 15- to 20-min intervals, the perfusionist 

apprises the surgeon of the elapsed time of perfusion and 

reinfuses the heart as necessary to maintain a temperature 

within the appropriate range (below 15 °C). The perfusionist 

also remains in direct communication with the anesthesiolo-

gist to coordinate administration of any drugs or any other 

action necessary to maintain the balance of the patient’s 

other organ systems. Finally, at the end of cardiopulmonary 

bypass, the perfusionist administers protamine in an amount 

suffi cient to neutralize the effects of the heparin, thus return-

ing the patient’s coagulation system to normal function. 

 At the conclusion of the surgery, cardiopulmonary bypass 

is discontinued and the patient’s heart resumes systemic 

blood circulation. A small volume of blood often remains in 

the pump and needs to be reinfused into the patient. This 

remaining blood is sometimes reinfused directly from the 

reservoir or it may be concentrated and reinfused later.    

33.1.8     Heart–Lung Machine Priming 

 Before cardiopulmonary bypass is undertaken, the  heart–

lung machine   needs to be primed.    For an adult patient, a typi-

  Fig. 33.3    Performer  CPB   

cardiopulmonary bypass machine 

manufactured by Medtronic, Inc. 

(Minneapolis, MN, USA) shows 

a smaller size adjustable to any 

position. Attached to the machine 

is the Resting Heart Device 

which eliminates most of the 

large size reservoirs. It contains 

the fi lters and monitoring 

devices. All tubing is coated with 

Carmeda (see description in the 

text)       
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cal 1500 mL of priming fl uid is primarily a basic crystalloid 

solution.  Plasmalite   is the preferred crystalloid solution to 

which albumin or hetastarch (about 500 mL for a normal 

sized patient) is typically added. Doing so helps maintain 

osmolality and volume in the intravascular space, and helps 

prevent peripheral third spacing and edema. Red cell sludg-

ing usually is prevented within the system by the addition of 

extra heparin, however with the new systems like the 

Performer CPB, this is no longer required. In the pediatric 

patient, ideally one should have much less volume than what 

is required in adults. In such cases, the so-called  Resting 

Heart System   provided by Medtronic, Inc. (Fig.  33.4 ) can be 

integrated into the regular Performer CPB system to signifi -

cantly reduce the entire volume needed for priming the 

pump. This integrated unit also provides for an automatic 

venous air removal and integrated air removal from the car-

dioplegic system. As mentioned before, at the end of the per-

fusion the blood is hemoconcentrated to normal levels by 

eliminating the extra fl uid from the circulation; all the air is 

eliminated as well.

33.1.9        Hemodynamics 

   As cardiopulmonary bypass is implemented,    the patient’s 

blood pressure usually drops briefl y  as   the blood is diverted 

from the heart to the heart–lung machine. This drop is pre-

cipitated by the cold (ambient) temperature of the fl uid, that 

was used to prime the machine and which the heart–lung 

machine has now introduced into the patient’s aorta. It also 

results from the emptying of blood from the heart. This drop 

should last no more than a minute or two, i.e., before the 

proper pressure and fl ow is reestablished. The surgeon 

should not continue with the procedure unless s/he is confi -

dent that forward fl ow and drainage are optimized. In gen-

eral, it is preferable to maintain a systemic pressure of 

approximately 70 mmHg and fl ows between 1500 and 

2500 mL-m 2  of body surface area throughout the entire sur-

gical procedure (ideally 2.4 × body surface area). If the sys-

temic pressure tends to sag, which can happen because of the 

various factors (e.g., loss of vascular tonus), the anesthesi-

ologist and perfusionist must coordinate administration of 

vasoconstrictor agents (such as neosynepherine). If the pres-

sure is too high, vasodilators are administered and/or the rate 

of perfusion is decreased to restore safe pressures. 

 Importantly, venous pressure and oxygen saturations 

should be monitored very carefully throughout any bypass 

procedure. An altered venous pressure is one of the most 

important indicators that a potential obstruction in the venous 

return has occurred, either at the level of the venous cannula 

or within the superior or inferior vena cava. Such obstruc-

tions will often lead to major procedural complications if 

they are not monitored and immediately corrected. Typically 

the perfusionist reports any concern to the surgeon so that s/

he can check whether any obstruction may exist. During car-

diopulmonary bypass, the venous pressure should usually be 

near zero and saturation above 70 % because all the blood is 

completely diverted into the heart–lung machine. Once the 

  Fig. 33.4    Close-up image of the 

 Resting Heart System   showing 

the small reservoir in the center. 

The centrifugal pump is shown at 

the bottom. The rest are fi lters 

provided with alarm systems for 

air venting       
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pressures are equilibrated, the temperatures must be main-

tained at the level of hypothermia that the surgeon has 

chosen. 

 Elevated central venous pressures and pulmonary artery 

pressures suggest poor drainage, as does a heart that is dis-

tending. Markers of end organ perfusion during bypass 

include: urine output, mixed venous saturation, lactic acid, 

and/or base defi cit. Acidosis, low urine output, and decreased 

mixed venous saturation suggest poor oxygen delivery to the 

tissues. 

 The written records for the cardiopulmonary bypass are nor-

mally called   pump records   . They must contain all pertinent 

information including: (1) pressures; (2) fl ows; (3) tempera-

tures; (4) medications; (5) periods of ischemia; and (6) begin-

ning and end times. These records provide important information 

and trends that add to our understanding of cardiopulmonary 

bypass. Precise monitoring during cardiopulmonary bypass is 

extremely important especially in patients with compromised 

renal function (i.e., those who cannot produce urine to remove 

extra fl uid from their own systems). In such patients, the most 

important electrolyte to monitor is potassium which, after any 

major operation, usually rises above the normal level of 4.0–

4.5 mEq/L. Potassium must be very strictly monitored to pre-

vent associated severe bradycardia and/or cardiac arrest. A 

dialysis system can be used during cardiopulmonary bypass, if 

necessary, to prevent such serious complications. Even in large 

medical centers, patients who are normally on dialysis rarely 

receive potassium during cardiopulmonary bypass. 

 In general, after weaning from cardiopulmonary bypass, 

most patients will display various degrees of bradycardia, 

usually due to the persistent effect of large amounts of 

β-blockers administered preoperatively or because of large 

amounts of cardioplegia solution. Few patients will elicit 

heart beats greater than 80 beats/min when taken off cardio-

pulmonary bypass. Most patients are commonly provided 

with a temporary pacemaker system postoperatively. This 

consists of wires placed on the surface of the heart (external 

leads) and connected to an external pacemaker unit (much 

like the fi rst wearable pacemaker developed by Earl Bakken 

in 1958, see Chap.   25    ). Based on many years of research and 

experience, the optimal post cardiopulmonary heart rate has 

been determined as 70–90 beats/min in an adult; atrial pac-

ing is set at that rate, with appropriate ventricular sensing. 

Such pacing is usually necessary for only 24–48 h which, in 

general, provides higher cardiac output and signifi cantly 

improved hemodynamics, and allows the patient to eliminate 

the extra water that is usually third spaced during such an 

operation. Ventricular leads are routinely implanted in all 

patients as a very simple and safe prophylactic lifesaving 

measure [ 31 ]. This practice is highly advisable during the 

postoperative period because serious problems such as com-

plete heart block are frequently unpredictable regardless of 

the patient’s age or general health. If serious problems occur, 

there is no substitute for the ability to pace the ventricle 

immediately. Once the acute recovery period is over and the 

patient is stable (typically 5 days after surgery), the tempo-

rary pacemaker wires can usually be removed. In rare cases 

when heart block or severe bradycardia occurs, a permanent 

pacemaker system may be necessary to implant. See Chap.   30     

for more details.    

33.1.10     Weaning from Cardiopulmonary 
Bypass 

  In order to discontinue cardiopulmonary bypass the patient 

needs to be warm (37 °C) with a perfusing heart rhythm and 

good ventilation. These are the most important elements for 

 weaning   from bypass. However, there are several other 

important details that can be summed up in a simple pneu-

monic suggested by Lars Svensson from Cleveland Clinic 

[ 32 ]. The pneumonic is as follows:

   A—Anastomosis (check all surgical bleeding sites)  

  B—Beat of the heart, Breathing (defi brillate if needed, place 

pacing wires, suction out the pleural spaces to allow 

proper ventilation, slowly ventilate the heart watching for 

any tethered bypass grafts)  

  C—Circulation (forward fl ow and drainage; fi ll up the heart 

with volume and allow it to eject)  

  D—Degrees (normothermia 37 °C); Deair (have the root 

vent on and check the echo to ensure that the heart has 

been adequately deaired)  

  E—Electrolytes (potassium is the main factor; some add cal-

cium to optimize contraction); Echo (confi rm function, 

valves, air)  

  F—Flows (start coming down on the bypass fl ows toward 

about 2 L/min and reassess blood pressure, heart disten-

tion, and contractility)  

  G—Gasses (ensure that blood gasses are normalizing)  

  H—Hypertension/Hypotension (treat any swings in blood 

pressure with the appropriate agents)  

  I—Ionotropes (select appropriate ionotropes, i.e., epineph-

rine for longer pump runs or sluggish heart, vasopressors 

for systemic vasoplegia)—ideal pressure for coming off 

bypass is 70 mmHg.  

  J—Juices (ensure adequate urine output and potassium. If 

urine is sluggish and K +  is high, then you may need to 

dialyze the patient to wean from bypass)       
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33.2      Cardioplegia 

 In the 1950s, the consensus among cardiac surgeons was that 

the results of the surgical methods were satisfactory [ 33 ]. Yet, 

numerous reports described low cardiac output syndromes 

occurring after surgical correction of congenital anomalies 

[ 34 ]. Unfortunately, at that time no defi nite connection was 

provided between the lack of proper myocardial protection 

during surgery and the potential for postoperative cardiac 

dysfunction and/or high mortality rates. Not until the advent 

of coronary bypass in the late 1960s and early 1970s were 

intraoperative myocardial infarctions or deaths clearly attrib-

uted to poor protection of the myocardium [ 35 ,  36 ]. At that 

time, several reports also noted that the levels of cardiac 

enzymes after surgery were signifi cantly elevated, indicating 

that additional myocardial damage had occurred even during 

the operation [ 36 ]. As a result, surgeons of that era showed an 

increasing interest in attempting to protect the heart during 

the period of global ischemia (aortic cross-clamping) via 

infusion of cold perfusates into the coronary circulation. Cold 

infusion of any solution into the heart separate from the total 

body perfusion is one of the methods known collectively as 

  cardioplegia   . After continued demonstration of its effective-

ness, the use of hypothermic cardioplegia became quite wide-

spread. In order to implement the use of cardioplegia, the 

general circulation to the coronary arteries must be inter-

rupted. This is achieved by placing a vascular clamp across 

the aorta just above the coronary arteries; in this manner, as 

the heart is excluded from the general circulation, the infu-

sion of cardioplegic solution is done in the aortic root enter-

ing in the coronary circulation to achieve a rapid and complete 

stoppage of the cardiac activity. Other modes of inducing ces-

sation of cardiac activity employ chemical additions to per-

fusates or shocking the heart with electrical stimuli. 

 Yet, today many issues still need to be investigated con-

cerning optimizing cardioplegic methodologies, such as: (1) 

what type of solution to use; (2) how much solution to inject; 

(3) how often to reinfuse these solutions; (4) how long to 

extend global ischemia safely using cardioplegia approaches; 

(5) how well a specifi c solution protects the energy reserves 

of the myocardium; and/or (6) the optimal route of delivery to 

ensure proper distribution to the right and left ventricles. As 

mentioned above, operative settings requiring the injection of 

cardioplegia involve aortic cross-clamping and coronary 

infusion (Fig.  33.5 ) of usually a cold chemical solution [ 37 –

 41 ]. Some cardiac surgeons prefer to inject warm [ 42 ,  43 ] or 

tepid [ 44 ] solutions that have been mixed with chemical com-

ponents (e.g., high potassium concentrations). However, nor-

mal warm myocardial cells require uninterrupted coronary 

perfusion. The principles of applying  cardioplegia   are aimed 

at: (1) conserving energy through the rapid induction of dia-

stolic arrest; (2) slowing the metabolic demands and degen-

erative processes that inevitably follow global myocardial 

ischemia; (3) preventing unfavorable ischemic changes; and 

(4) preventing myocardial edema through adequate venting, 

drainage, and osmolality of the protective solutions. Extensive 

research over the past 30+ years has provided several formu-

lations of chemical components, with or without cooling, to 

obtain these goals. Interestingly, the relative use of these solu-

tions still varies widely, likely because they have been inde-

pendently developed at several separate institutions.

33.2.1       Types of Solutions 

    Crystalloid solutions      generally can be divided into two cat-

egories based on their approximate formulation—extracel-

lular or intracellular.  Extracellular   solutions contain calcium 

and sodium, the primary determinants for transcellular cal-

cium exchange. Cardioplegic cardiac arrest can still be 

  Fig. 33.5     Antegrade cardioplegia   ( ANTE ). The ascending aorta is 

cross-clamped and cardioplegia is infused into the root of the aorta. The 

solution runs through the coronary arterial system and leaves the heart 

via the coronary sinus in the right atrium. At the upper right corner is an 

irrigating catheter that provides continuous topical hypothermia. This 

solution is removed by the suction line at the lower left ( clear arrows ). 

 T  temperature probe positioned in interventricular septum for monitor-

ing purposes       
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achieved by extracellular solutions containing only moderate 

amounts of potassium or magnesium.  Cold blood cardiople-

gia solution   [ 39 – 45 ], the most commonly used throughout 

North America, is considered an extracellular ionic formula. 

The principle advantage to extracellular-type solutions is 

that they make it simpler to control equilibration characteris-

tics within the ischemic myocardial tissue. Because no cal-

cium or sodium variant exists in the extracellular fl uid, 

subsequent replacement is easily achieved without any major 

reequilibration with the intracellular fl uid. The disadvantage 

 of   extracellular solutions is that they are more easily washed 

out by noncoronary fl ow, but this effect can be counteracted 

by adding calcium channel blockers or procaine. Cardioplegic 

solutions that mimic intracellular ionic concentrations usu-

ally contain no sodium or calcium. Their advantage, at least 

in theory, is that their lack of sodium or calcium generates a 

large osmolar space which is available for other potentially 

protective components. In turn, this allows the solution to 

contain a high concentration of glucose, dextrose, mannitol, 

or histidine without eliciting excessive hyper-osmolarity. 

Another advantage of  intercellular  -type solutions is that their 

minimal or reduced levels of extracellular calcium will limit 

contraction or restrict ischemia-induced calcium entry. The 

primary disadvantage of such solutions is that the lack of 

sodium and calcium may, under extreme conditions, predis-

pose the heart to elicit the so-called   calcium paradox   . 

Another disadvantage is the potentially complex pattern of 

subsequent reequilibration then required. As Hearse et al. 

[ 46 ] pointed out, low-volume infusion of intracellular solu-

tions offers good protection, intermediate volumes offer only 

marginal protection, and high volumes may actually exacer-

bate injury to the myocardium. 

 Each of the described  crystalloid cardioplegic solutions   is 

considered to contain several components that have been 

“proven” by various researchers to provide enhanced protec-

tion. For example, in one study published by Hearse et al. 

[ 37 ], the effects of changing the composition of the simple 

cardioplegic solution when used during a 30-min period of 

ischemia were compared. It was shown that, at the end of a 

period of ischemia when no cardioplegia was used, the per-

centage of ventricular function recovery was practically nil, 

only about 3 %. However, if potassium was added, the recov-

ery increased to about 30 %. Furthermore, if both potassium 

and magnesium were added, the recovery was even better 

(up to 68 %). And if potassium, magnesium, and adenosine 

triphosphate were used in combination, the recovery reached 

86 %. Finally, if a combination of potassium, magnesium, 

adenosine triphosphate, creatine phosphate, and procaine 

was used, the recovery peaked at a dramatic 93 %. 

 After using crystalloid cardioplegia alone for several 

years, it was considered whether mixing cold blood with the 

crystalloid solution would offer better protection than the 

crystalloid alone; it was suggested that the ability of the 

blood to carry oxygen to the tissues and its buffering capac-

ity particularly if the period of ischemia was more than 

90 min and, in such cases, the ventricular function was less 

than normal. Although the idea of protecting the heart with 

blood cardioplegia originated in the early 1950s with Ebert 

et al. [ 47 ], it was not until 20 years later when it was reintro-

duced by Buckberg and associates [ 39 ,  43 ,  45 ,  48 ,  49 ] that it 

became popular among most surgeons in the USA and 

throughout the world to use cold blood cardioplegia. 

Nevertheless, controversy persists regarding the “optimal” 

formulation to protect and prevent damage to the heart. The 

following solutions are some of the most commonly used for 

such procedures today .   

33.2.2     St. Thomas II Solution 

 The formulation for  the   St. Thomas II solution (Plegisol: 

Abbott Laboratories, Abbott Park, IL, USA) originated with 

the published research  of   Hearse, Braimbridge, Stuart, and 

Jynge [ 37 ,  46 ,  50 ,  51 ] from the St. Thomas Hospital in 

London. The basic vehicle was Ringers solution to which 

potassium chloride, procaine, and magnesium were added 

(Table  33.1 ).

   St. Thomas II solution is an extracellular-type formula-

tion. It is used extensively as an isolated clear cardioplegic 

solution and also as the base mix for the cold blood cardiople-

gic solution proposed by Buckberg et al. It is usually injected 

into the root of the aorta at temperatures between 4° and 6 °C 

(Fig.  33.5 ), depending on the surgeon’s preference with an 

initial volume of about 1000 mL for a 70 kg adult, followed 

by 100 mL infusions intermittently every 15–20 min. This 

method has long been combined with or without topical 

hypothermia to maintain the heart’s temperature below 

15 °C. The size of the catheter used for its infusion and the 

pressure for injection are discussed in Sect.  33.2.8 .  

   Table 33.1    Composition of  St. Thomas II solution     

 Sodium chloride  120 mmol/L 

 Potassium  16 mmol/L 

 Sodium bicarbonate  10 mmol/L 

 Calcium  1.2 mmol/L 

 Magnesium  16 mmol/L 

 Procaine  1 mmol/L 

 Osmolality  280 mOsm/kg H 2 O 

 Oncotic pressure  0.4 

 pH  7.8 
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33.2.3     Birmingham Solution 

   Various extracellular solutions were also developed in the 

USA. Most solutions sought to attain relatively high extra-

cellular concentrations  of   potassium as an arrest-inducing 

agent. More specifi cally,  Birmingham solution   was devel-

oped by Conti et al. [ 52 ]; its effectiveness was primarily 

demonstrated by the publications of Kirklin et al. [ 53 ]. The 

importance of the Birmingham solution is that glucose was 

included as a substrate for the myocardium (Table  33.2 ). The 

development of this solution gave origin to many other for-

mulations that use the basic additions of glucose, potassium, 

and insulin.  

33.2.4        Bretschneider Solution (Custodiol) 

 During the early 1960s and 1970s,  Bretschneider   in 

Goettingen, Germany published his studies introducing HTK 

(Histidine-Tryptophane-Ketoglutarate) also known  as 

  Custodiol crystalloid cardioplegic solution (Dr. F. Köhler 

Chemie GmbHD-6146 Alsbach-Hähnlein, Germany) [ 54 , 

 55 ] (Table  33.3 ). This intracellular-type solution has also 

been shown to be very effective in protecting the heart dur-

ing surgery. It has been used extensively in Germany since 

its introduction and has also been used widely throughout 

Asia, North Africa, and Latin America. It is used not only as 

a protective solution for the heart during periods of surgical 

ischemia, but also as a preservation solution for hearts [ 56 –

 58 ], livers, and kidneys [ 59 ] prior to transplantation. 

According to Preusse et al. [ 55 ], this solution must be pro-

vided in large amounts, between 3000 and 4000 mL per 

organ. Therefore, double cannulation of the right atrium with 

exclusion of this chamber must be implemented during sur-

gery in order to allow opening of the atrium and to eliminate 

the large volume of solution from the coronary sinus orifi ce 

to prevent the fl uid from reaching the general circulation 

(Fig.  33.6 ). For Custodiol solution to be most effective, the 

period of equilibration is crucial [ 54 ,  55 ]; that is, it takes 

about 7 min of infusion to equilibrate the extracellular and 

intracellular spaces before the patient’s operation should 

proceed. This solution has also been used for both antegrade 

and retrograde (through the coronary sinus) perfusions. One 

of the considered signifi cant advantages of this solution is its 

buffering capacity, which even surpasses the buffering prop-

erties of blood. Importantly,  Custodiol solution   needs to be 

stored at a specifi c temperature (12°–16 °C) to prevent dena-

turation of the components.

   Table 33.2    Composition of  Birmingham solution     

 Sodium  100 mmol/L 

 Potassium  30 mmol/L 

 Calcium  0.7 mmol/L 

 Glucose  5 g/L 

 Chloride  84 mmol/L 

 Albumin  50 g/L 

 Mannitol  5 g/L 

 Osmolality  300–335 mOsm/L 

   Table 33.3    Composition of Bretschneider (Custodiol)  solution     

 Sodium  15 mM 

 Potassium  9 mM 

 Magnesium  4 mM 

 α-Histidine  180 mM 

 α-Histidine Hcl  18 mM 

 Calcium chloride  0.015 mM 

 Mannitol  30 mM 

 Tryptophane  2 mM 

 Ketoglutarate  1 mM 

 pH  7.1–7.2 

 Osmolality  295–325 mOsm/kg H 2 0 

  Fig. 33.6    Antegrade infusion of the Bretschneider (HTK, “Custodiol” 

solution containing Histidin-Tryptophane-Ketoglutarate). The solution 

is infused in an antegrade manner into the aortic root while the aorta is 

cross-clamped. Because this method requires a large volume of solu-

tion, the right atrium is open and the solution exiting in the coronary 

sinus is aspirated and discarded. The superior and inferior vena cavae 

are individually cannulated to allow the right atrium to remain empty so 

that the HTK solution can be evacuated. Topical continuous hypother-

mia is shown with the irrigating cannula at the upper right and the suc-

tion catheter at the lower left.  T  temperature probe       
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33.2.5         Glucose–Insulin–Potassium Solutions 

 Most of the research performed on  glucose–insulin–potas-

sium (GIK) solutions   was done in the USA.    Multiple formu-

lations with these components have been widely used for the 

past 30 years. Studies by Hewitt et al. [ 60 ] and later by 

Lolley et al. [ 61 ] demonstrated that continuous infusion of a 

solution containing 278 mmol/L of glucose, 20 mmol/L of 

potassium, and 20 U insulin with 69 mmol/L of mannitol 

dramatically improved myocardial protection. Those studies 

illustrated that the combination of glucose, insulin, and 

potassium improved anaerobic glycolysis and the washout of 

toxic substances. A slight modifi cation of this basic solution, 

which included albumin to increase osmolality, was used 

extensively for many years at the University of Minnesota 

(Minneapolis, MN, USA) [ 62 – 64 ] (Table  33.4 ). The only 

concern with the use of GIK solution is the inevitable degra-

dation of its constituent insulin over time. Therefore GIK 

solutions must be prepared fresh for each use and cannot be 

stored for prolonged periods of time.

   Many investigators contributed to the formulation of GIK 

solutions, among them Follete et al. [ 45 ] and Todd and Tyers 

[ 65 ]. We consider here that Roe et al.’s classical solution [ 41 ] 

also belongs in this category. The common denominator among 

these formulations is the use of dextrose as the basic vehicle. 

Multiple publications have shown protective effects. However 

when used alone, GIK solutions often provide insuffi cient pro-

tection during long periods of ischemia (i.e., beyond 120 min) 

or when the left ventricular function is marginal initially. 

 Several crystalloid solutions have been formulated without 

dextrose. The main difference among these is the basic vehicle 

which could be formulated with Ringers or Krebs- Henseleit. 

Potassium is commonly added at doses between 15 and 

125 mmol/L. Some solutions in this group are the University 

of Wisconsin [ 57 ,  66 ] and Celsior [ 67 ] solutions which are 

also used to preserve organs for transplantation. Several agents 

are considered available to help increase the  osmolality   of car-

dioplegic solutions (Table  33.5 ); for example, mannitol has 

been included in such solutions to stabilize osmolality and to 

act as a potential scavenger for oxygen radicals.

33.2.6        Additional Components 

 Other components have been added to crystalloid cardiople-

gic solutions by various investigators based on their own 

research. These include aspartate as the substrate to generate 

adenosine triphosphate [ 48 ]; glutamate as a substrate [ 49 ]; 

1.5 % hetastarch as an additive [ 68 ]; procaine as a membrane 

stabilizer [ 46 ,  51 ]; nifedipine to prevent calcium paradox 

[ 69 ]; phosphates as a base for adenosine triphosphate regen-

eration [ 70 – 72 ]; and/or steroids (methylprednisolone) as a 

cellular wall stabilizer [ 73 – 75 ]. Other elements found to help 

maintain an alkaline pH include Tris hydroxymethyl amimo-

methane (THAM), as advocated by Buckberg [ 39 ], and his-

tidine as in the HTK solution. 

  Del Nido cardioplegia   uses lidocaine to prolong the 

period of myocardial arrest. It uses a 1:4 blood to crystalloid 

mixture, and is commonly employed for pediatric surgery. 

This is particularly useful in minimally invasive surgery 

where the retrograde access is not always reliable and avoids 

stopping for antegrade at multiple points throughout the pro-

cedure. Use of Del Nido requires a normal coronary circula-

tion without obstructions.  Microplegia   is another form of 

cardioplegia that is being investigated; it contains much 

smaller volumes than standard solutions and presumably 

causes less myocardial edema.  

   Table 33.4    Composition  of   Crystalloid Potassium Insulin (University 

of Minnesota) solution   

 Dextrose  50 g/1000 mL 

 Sodium  3.5 mEq/L 

 Potassium  30 mEq/L 

 Chloride  30 mEq/L 

 Sodium bicarbonate  3.5 mEq/L 

 Regular insulin  10 units 

 Mannitol  12.5 g 

 Albumin  12.5 g 

 Osmolality  364 mOsm/L 

 pH  7.8 

 Oncotic pressure  3 

   Table 33.5    Components used to raise  osmolality     

 Component 

 Oncotic pressure 

(mmHg) 

 Osmolality 

(mOsm) 

 Hespan (hetastarch) 

(6 % in 0.9 % saline solution) 

 18.4  311 

 Mannitol 25 % (12.5 g/50 mL)  0.1  – 

 Albumin 25 %  >200  239 

 Dextran (10 % in dextrose)  130.2  319 

 Plasmanate (5 % albumin)  16.86  239 

 Tris hydroxymethyl 

aminomethane (THAM) 

 –  370 

   Table 33.6    Composition of  Buckberg’s Cold Blood cardioplegic 

solution     

 5 % dextrose with ¼ normal saline  422 mL 

 Potassium chloride  2 mEq/mL 

 Tris hydroxymethyl aminomethane (THAM)  72 mL CPD 6 

 Diluent volume  500 mL 

 Blood hematocrit  22 % = 500 mL 

 Osmolality  360 mOsm/kg 

 Potassium  22 mEq/L 

 pH  7.8 

 Calcium  0.3 mEq/L 

 Hematocrit  10 % 
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33.2.7     Cold Blood Cardioplegia 

  The mixture of blood with crystalloid cardioplegia has 

become the most favored formulation for cardioplegia 

among cardiac surgeons both in the USA and throughout the 

world. It is considered superior to any other cardioplegic 

solution alone. The standard proportion of blood to crystal-

loid solution has remained fairly constant at 4:1 (4 parts of 

blood to 1 part of crystalloid cardioplegia), although some 

surgeons prefer a proportion of 8:1 in special circumstances. 

Nevertheless, as mentioned before, the actual formulation of 

the crystalloid portion varies across institutions [ 76 ]. 

 Administration of  cold blood cardioplegia   in the propor-

tions proposed by Buckberg (Table  33.6 )    can be easily 

accomplished using the appropriate equipment available as a 

kit. This contains the necessary caliber of tubing which is 

placed in a roller pump that  automatically   mixes the blood 

with the clear solution before injection into the root of the 

aorta (Fig.  33.7 ). As an example, the Performer CPB machine 

can accommodate any mixing proportion desired (4:1, 4:6, 

4:8). The kit includes a heat exchanger which maintains the 

temperature of the solution between 4° and 6 °C and allows 

the myocardial temperature to decrease even below 

15 °C. The signifi cant advantage of cold blood cardioplegia 

is that it is considered to provide oxygen and nutrients to the 

ischemic myocardium and offer optimal buffering capacity. 

This mixture can be injected antegrade (in the root of the 

aorta) or retrograde (by coronary sinus cannulation using a 

self-infl ating balloon to perfuse the entire heart) [ 77 ] 

(Fig.  33.8 ). Cold blood cardioplegia has endured many years 

of testing, both in its initial form of providing cardioplegia at 

cold temperatures and in its more recent adaptation to warm 

cardioplegia as promoted by Lichtenstein et al. [ 78 ]. The 

cold blood method is widely used in the pediatric population 

as well for surgeries to correct all types of congenital 

anomalies. 

33.2.8           Cardioplegia Administration 

  Our previous clinical work showed that  cardioplegi  c solu-

tions should be administered at a rapid rate and under moder-

ate pressure. Doing so shortens the prearrest period, provides 

better fl ow distribution, and accelerates the decreasing myo-

cardial temperature. In addition, rapid injection results in 

postoperative isoenzyme levels that are lower than those in 

patients who undergo slower cardioplegic injections [ 62 ]. 

 Experimental studies on animals with normal coronary 

arteries have shown that low infusion pressures (less than 

30 mmHg) and peak fl ow rates less than 125 mL/min result 

in a higher incidence of cellular ischemia, focal necrosis, and 

uneven fl ow distribution [ 64 ]. Consequently, patients with 

obstructive coronary disease who undergo low-pressure or 

low-volume cardioplegic injections will inevitably experi-

ence an increase in fl ow distribution problems. 

 Conversely pressures higher than 110 mmHg and peak 

fl ow rates greater than 1500 mL/min may result in a higher 

incidence of mechanical and physical trauma to the vascular 

endothelium [ 64 ]. These higher levels, however, greatly 

enhance cellular protection. It should be noted that the use of 

  Fig. 33.7    Roller pumps of 

cardioplegia infusion  system  . 

The upper pump utilizes ¼ inch 

tubing to move the blood, and the 

lower pump runs crystalloid 

cardioplegic solution using 1/16 

inch tubing. The blood and 

cardioplegic solution are 

automatically mixed in a 4:1 

proportion in the outfl ow line 

before entering the ascending 

aorta       
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high pressures in the aortic root of patients with coronary 

obstructions does not necessarily raise a concern. Rapid 

administration of cardioplegic solutions causes the tempera-

ture of the myocardium to fall rapidly within seconds to the 

protective range below 15 °C and induces immediate cardiac 

arrest. This is important because one would prefer not to 

have the heart beating against the clamp for more than a few 

seconds, as it wastes myocardial energy and can lead to 

edema and injury. 

 Cardioplegic solutions are most commonly adminis-

tered via cannulas placed into the aortic root below the 

level of the aortic cross-clamp (Fig.  33.5 ). This site pro-

vides a normal antegrade fl ow to all areas of the heart. 

Several aortic valve procedures, however, require the aortic 

root to remain open for long periods of time. Therefore, 

infusion of cardioplegia can be done by direct injection into 

the coronary ostia by handheld cannulas or, alternatively, 

cardioplegic solution may be administered retrograde 

through the coronary sinus. This gives the added advantage 

of not having to stop the procedure to administer cardiople-

gia and allows the surgeon to fl ush out the coronary system 

of air and debris. This option may be used to slow and con-

tinuously protect the heart (Fig.  33.9 ). Yet, this approach 

has some limitations that are dependent on the degree of 

hypertrophy of the myocardium due to the preexisting con-

dition. The delivery pressures in the coronary sinus must be 

intentionally kept between 20 and 50 mmHg. Too low sug-

gests a lack of occlusion by the catheter balloon in the coro-

nary sinus with inadequate perfusion and too high may lead 

to vessel ruptures. Decompression of the left ventricular 

chamber is helpful to facilitate the perfusion of all areas of 

the heart [ 79 ].

   The perfusion to the right heart is one of the most chal-

lenging issues that surgeons face. Antegrade and retrograde 

very reliably provide good fl ow to the left ventricle, unless 

there is a signifi cant coronary blockage that needs to be con-

sidered. As mentioned, hypertrophy may limit perfusion to 

the left ventricle and cooling systemically and topically is a 

useful adjunct. However, perfusion of the right coronary sys-

tem is not always as predictable. Retrograde catheters often 

miss the middle cardiac vein which is required to perfuse the 

right ventricle (see Chap.   8    ). Direct retrograde insertion pre-

vents this error but relies on opening the right atrium. This is 

an important technique to be able to perform. A saphenous 

vein graft to a distal right coronary artery or branch also 

allows reliable right ventricular perfusion but is only used if 

a blockage is present in the right system. A temperature 

probe in the right ventricle can reveal the degree of right 

ventricular cooling. 

 General conduct of cardioplegia at our institution using 

the Buckberg’s cold blood cardioplegia protocols is as 

follows:

    1.    500–1000 mL cold antegrade induction dose with high 

potassium, followed by 500 mL retrograde   

   2.    300 mL maintenance doses through the retrograde route 

and down vein grafts with high potassium and higher glu-

cose concentrations every 15–20 min   

   3.    Final “hot shot” dose with a high glucose, substrate 

replete solution and low potassium   

   4.    Once the hot shot is complete and the root is deaired, the 

cross-clamp is removed     

 Over the past 30 years, to increase the safety of such oper-

ations, the use of cardioplegic solutions has been noted as 

one of the most signifi cant advances in cardiac surgery. 

Continued research will search for optimal systems and 

methods to provide even better protection of the heart during 

cardiac surgery.   

  Fig. 33.8     Cold blood cardioplegia  . This may be administered by ante-

grade infusion into the root of the aorta below the cross-clamp. It may 

also be accomplished in a retrograde manner through a catheter inserted 

in the coronary sinus provided with a balloon which is infl ated to pre-

vent refl ux into the right atrium. Continuous topical hypothermia is 

used in conjunction with cold blood cardioplegia to potentiate the hypo-

thermic protection of the heart.  P  pressure monitoring line of the coro-

nary sinus,  T  temperature probe       
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33.2.9     Adjunct Topical Hypothermia 

   The use  of   cardiac hypothermia has been one of the most 

important tools for increasing the safety of cardiac opera-

tions.  The   application of topical hypothermia in the form of 

ice slush was fi rst introduced in the 1960s by Shumway, 

Lower, and Stofer [ 80 ,  81 ], and was used exclusively 

through the 1970s until the introduction of crystalloid car-

dioplegia. Still today, topical hypothermia is considered to 

potentiate the use of all methods of cardioplegic perfusion, 

keeping the temperature of the heart in the safe range to 

tolerate global ischemia. This is particularly important for 

hypertrophied ventricles where uniform distribution of the 

cardioplegia to the microvascular subendocardium is unpre-

dictable. The heart can be effectively cooled externally by a 

continual fl ow of cold (6 °C) saline or Ringers solution over 

the heart, eliminating the overfl ow solution using wall suc-

tion (Figs.  33.5  and  33.9 ). This technique is preferred to the 

older method of applying slush ice over the heart; the latter 

method has been blamed for causing frostbite lesions to the 

muscle and damage to the phrenic nerve which runs along 

the pericardial sac. To avoid these problems, insulated pads 

have been designed to be placed around the heart to protect 

the phrenic nerves. Several types of plastic jackets were 

proposed and designed in the past, through which cold water 

was pumped continuously, while the jacket wrapped the 

heart entailing both ventricles. They are currently rarely 

used due to cumbersome application and crowding of the 

operative fi eld. The topical cooling (whichever method is 

used), as well as the infusion of cold cardioplegia in the 

coronary circulation, is discontinued when the operation is 

completed and rewarming of the patient begins. The aortic 

clamp placed in the ascending portion isolating the heart 

from systemic circulation is removed, and the heart receives 

the systemic warm blood from the body into the coronaries, 

reestablishing the normal perfusion of the organ. Once the 

  Fig. 33.9    Retrograde ( RETRO ) 

administration of crystalloid 

 cardioplegia  . This is 

accomplished via the coronary 

sinus with a catheter provided 

with a balloon that is infl ated to 

prevent refl ux into the atrium. 

The solution eventually reaches 

the aortic root from where it is 

aspirated. It may also be allowed 

to drain into the left ventricle 

which is vented to the pump. 

Continuous topical hypothermia 

is again shown using cold saline 

over the heart.  P  pressure line 

monitoring,  T  temperature probe       
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heart temperature reaches 37 °C and its function is reestab-

lished, cardiopulmonary bypass is terminated and all can-

nulas are removed. Sometimes the normal beating of the 

heart reappears spontaneously but, if not, electrical cardio-

version is implemented using external paddles until a nor-

mal heart beat is reestablished.     

33.3     Summary 

 Figure  33.10   summarizes   the various parts of cardiopulmo-

nary bypass and emphasizes critical events confi rmed at each 

step. The process typically begins with cannulation of the 

ascending aorta and atrium and continues with initiation of 

bypass. Cross-clamp occurs next, followed by reperfusion 

and weaning. Once complete, aortic decannulation is the 

very last part of the process. Both cardiopulmonary bypass 

and the use of cardioplegia represent major medical break-

throughs that have extended the lives of millions of people 

worldwide. It is impossible to provide the level of surgical 

precision required for complex cardiac surgical procedures 

without a fi rm understanding of the components and steps 

involved in cardiopulmonary bypass.
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34.1         Introduction 

 The function of the heart is to circulate blood in closed cir-

cuit to the lungs where blood is oxygenated, and out to the 

body where oxygen provides fuel for cellular metabolism. 

To accomplish this task, blood is pumped by the right heart 

system from the body to the lungs. Once oxygenated in the 

lungs, blood is returned to the left heart where it is then 

pumped out to the body. Although described as a biologic 

pump, the heart is actually two biological pumps in series, 

composed of a right and left heart. Each unit of the heart is 

composed of an atrial and ventricular chamber, whose syn-

chronized contractions result in the forward fl ow of blood 

out of the heart. Crucial to the appropriate function of the 

heart are four valves (the mitral, aortic, tricuspid, and pul-

monic valves) that function in concert to maintain forward 

fl ow of blood across the heart (Fig.  34.1 ). Diseases affecting 

the heart valves result in either obstruction to forward fl ow 

(stenosis) or reversal of fl ow across an incompetent valve 

(regurgitation). In either case, signifi cant morbidity and mor-

tality will result if no treatment is offered to the patient. This 

chapter was designed to provide the reader with a brief over-

view of the current treatment options for heart valve disease. 

Major topics of discussion are: (1) development of prosthetic 

valve replacements; (2) current issues with valve replace-

ment; (3) major valvular diseases that affect humans in the 

Western world; and (4) recent advances in therapeutic 

options for valvular diseases.

34.2        A New Frontier: Valve Replacement 

 Before 1950, the ability to safely and effectively operate on 

the human heart was considered an insurmountable goal. 

Attempts to operate to correct valvular diseases without 

stopping the heart resulted in severe, often fatal complica-

tions including uncontrollable bleeding and the introduction 

of air emboli [ 1 ]. The ability to maintain forward fl ow of 

blood while stopping the heart to allow the surgeon access to 

the valve would have to wait for the development of cross- 

circulation, and later for the perfection of the cardiopulmo-

nary bypass procedure by Dr. C. Walton Lillehei, Richard 

L. Varco, and Dr. F. John Lewis at the University of Minnesota 

[ 2 ] (see also Chap.   25    ). With this new technology, a new 

frontier in surgical options for the treatment of heart valve 

http://dx.doi.org/10.1007/978-3-319-19464-6_25
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disease began to emerge. During the past several years, major 

advances have occurred in diagnostic techniques (i.e., imag-

ing) and therapeutic interventions for valvular diseases, as 

well as improved understanding of the natural history of both 

treated and untreated valvular disease (for more detail, see 

Chaps.   35     and   36    ). 

34.2.1     Mechanical Prosthetic Valves 

 By 1961, Dr. Albert Starr and Lowell Edwards had success-

fully implanted the world’s fi rst mechanical valve into a 

human to replace a mitral valve that had been deformed by 

rheumatic fever [ 3 ]. Initially, this steel ball and cage design 

was successful in approximately 50 % of implantations. 

Major complications were soon recognized, including: (1) 

clot formation resulting in embolic strokes; (2) signifi cant 

noise; (3) red blood cell destruction; and/or (4) tissue in- 

growth causing subsequent valve obstruction. A complete 

history of the development of currently used mechanical 

prostheses is beyond the scope of this text. However, it is 

important to mention two key aspects of any successful new 

valve design: (1) improved valve hemodynamics; and (2) 

reduced thrombogenic (or clot forming) potential. Efforts to 

optimize valve hemodynamic function date back to the devel-

opment of the Lillehei/Kaster tilting disk valve which allowed 

blood to fl ow centrally through the valve. At that time, this 

new type of valve emphasized the requirement to design a 

valve that would reduce turbulent blood fl ow, reduce cell 

destruction, and minimize the transvalvular gradients [ 4 ]. A 

transvalvular gradient is defi ned as the pressure difference 

across the valve. Despite the advantages of a new steel tilting 

disk design, careful strict anticoagulation therapy was still 

required to reduce the risk of clot formation [ 5 ]. The next 

improvements of these valves came with the development of 

the pyrolytic carbon valve leafl ets. The nonthrombogenic 

weight and strength properties were determined by Drs. Jack 

Bokros and Vincent Gott. Subsequently, pyrolytic carbon was 

used in the creation of a bileafl et valve inspired by Dr. Kalke. 

This valve, originally manufactured by St. Jude Medical (St. 

Paul, MN, USA), provided exceptional performance, and 

today this design remains the gold standard for mechanical 

valves [ 6 ]. To date, all patients with mechanical valves require 

anticoagulation, e.g., with oral warfarin therapy which 

reduces the risk of thromboembolism to 1–2 %/year 

(Table  34.1 ) [ 7 ]. It should be noted that numerous studies 

have demonstrated that the risk of thromboembolism is 

directly related to the valve implant position, i.e., in the 

  Fig. 34.1    Apical view of the four heart valves—aortic, mitral, pulmonic, and tricuspid       
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descending order of risk, the tricuspid, mitral, and aortic 

valves. In addition, this risk of emboli appears to be greatest 

in the early post-implant period, and then becomes reduced as 

the valve sewing cuff becomes fully endothelialized.

   In general, management of anticoagulation must be indi-

vidualized to the patient to minimize risk of thromboembo-

lism and, at the same time, prevent bleeding complications. 

In situations where a patient with a valve prosthesis requires 

noncardiac surgery, warfarin therapy should be stopped only 

for procedures where risk of bleeding is substantial. A com-

plete discussion of anticoagulation therapy is beyond the 

scope of this chapter, however several excellent reviews are 

available on this subject [ 7 ,  8 ].  

34.2.2     Biological Prosthetic Valves 

 Because of the problems related to anticoagulation, a major-

ity of subsequent valve research focused on developing tis-

sue alternatives that avoid the need for anticoagulation. From 

a historical perspective, Drs. Lower and Shumway performed 

the fi rst pulmonary valve autotransplant in an animal model 

[ 9 ]. Later in 1967, Dr. Donald Ross completed the fi rst suc-

cessful replacement in a human. The  Ross Procedure  is a 

well-established method still used today to replace a dis-

eased aortic valve with the patient’s own pulmonary valve 

(Fig.  34.2 ); a donor tissue valve or homograft (Table  34.2 ) is 

then used as a prosthetic pulmonary valve. In general, tissue 

valves are signifi cantly more biocompatible than their 

mechanical counterparts. These valves are naturally less 

thrombogenic, and thus the patient does not require aggres-

sive anticoagulation. Specifi cally, a risk of <0.7 %/year of 

clinical thromboembolism has been reported in valve 

replacement patients eliciting sinus rhythm without warfarin 

therapy [ 7 ]. Therefore, this treatment option is advantageous 

in clinical situations where the use of anticoagulation would 

signifi cantly increase morbidity and mortality. Yet, to date, a 

potential major disadvantage of tissue valve implantation is 

early valvular degeneration as a result of leafl et calcifi cation. 

Thus, methods for tissue preservation to prevent such calcifi -

cations are currently a major focus of research in this fi eld.

34.2.3         Biological Versus Mechanical Valves 

 The choice of a mechanical or biologic valve for implant will 

typically depend on various factors: (1) the patient’s current 

disease status; (2) the specifi c native valve involved; and/or 

(3) the surgeon’s preference and experience. If these factors 

are not limiting, the choice of valve type should be based on 

the maximization of benefi ts over risks for the individual 

patient. Unfortunately, the ideal prosthetic valve that com-

bines excellent hemodynamic performance and long-term 

durability without increased thromboembolic risk or the 

need for lifelong anticoagulation remains elusive. In general, 

mechanical valves offer greater durability at the cost of 

requiring lifelong anticoagulation, as well as the risk of 

thromboembolism. In contrast, bioprosthetic valves have a 

much lower thromboembolic risk without the need for anti-

coagulation, but elicit a higher risk for structural degenera-

tion and thus potential need for reoperation. As such, 

mechanical valves are perhaps most well suited for the 

younger patient who does not desire future reoperations. 

Currently, mechanical valve replacement in the USA is quite 

standardized and commonplace, i.e., yielding satisfactory 

valve function that is reproducible from patient to patient. 

Furthermore, the fl ow gradients with newer bileafl et mechan-

ical valves have dramatically improved from the early ball 

valve type; currently, a trileafl et valve is in the preclinical 

stages of development and may eventually not require anti-

coagulation therapy. Nevertheless in the interim, biopros-

thetic or tissue valves offer a safe alternative for patients in 

   Table 34.1    Anticoagulation after prosthetic heart valves [ 8 ]   

 Warfarin 

 INR 2.5 

 Warfarin 

 INR 3.0 

 Aspirin 

 75–100 mg 

 Mechanical prosthesis 

 First 3 months post implantation  +  + 

 After initial 3 months  Aortic valve  + 

 Aortic valve + Risk factor  +  + 

 Mitral valve  +  + 

 Mitral valve + Risk factor  +  + 

 Biological prosthesis 

 First 3 months post implantation  +  + 

 After initial 3 months  Aortic valve  + 

 Aortic valve + Risk factor  +  + 

 Mitral valve  + 

 Mitral valve + Risk factor  +  + 

34 Heart Valve Disease
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whom the risk of anticoagulation is prohibitively high (e.g., 

elderly patients >70 years of age, women of child bearing 

years desiring pregnancy). Yet, the length of their durability 

remains a serious concern for tissue valves, and thus a patient 

whose life expectancy is greater than that of the prosthesis 

will likely encounter the risk of another surgery for a second 

valve replacement. Note that a transcatheter-delivered  valve 

in valve  procedure is a more recent option (Chap.   36    ). 

 It is important to note that two historic randomized clinical 

trials have compared outcomes between early generation tis-

sue and mechanical valves—the Edinburgh Heart Valve trial 

and the Veteran Affairs Cooperative Study on Valvular Heart 

Disease [ 9 – 11 ]. Both trials showed increased bleeding associ-

ated with mechanical valves and increased reoperations with 

tissue valves. While the strength of these trials is a prospective 

randomized design, the disadvantages are that the valves used 

in these trials are currently obsolete. More recently, a large 

meta-analysis comparing mechanical versus bioprosthetic 

aortic valves found no difference in risk- corrected mortality 

regardless of patient age [ 12 ]. Based on this and other studies, 

the choice of valve should not be based on age alone. Clearly, 

there is a trend towards increasing use of bioprosthetic valves 

in younger patients; this is based on the fact that advances in 

tissue fi xation and improved anti- calcifi cation treatments have 

resulted in superior durability of the newer generation bio-

prosthetic valves. Specifi cally, third generation bioprosthetic 

valves have been shown to have a greater than 90 % freedom 

from structural generation at 12-year follow-up [ 13 ]. 

Furthermore, improvements in cardiac surgery including bet-

ter techniques for myocardial preservation, less invasive pro-

cedures (i.e., robotic surgery), as well as strategies for cardiac 

reoperation have signifi cantly reduced the risk for cardiac 

reoperation. This has further allowed an increasing application 

of bioprosthetic valves in patients younger than 55–60 years 

old. In conclusion, in the absence of current randomized trials, 

physicians must make a choice based on existing data and 

individualize that choice based on patient-related factors such 

as age, lifestyle, tolerance for anticoagulation, and/or position 

of the replacement valve [ 14 ].  

  Fig. 34.2    Schematic drawing of the Ross Procedure. ( a ) Resection of 

the diseased aortic valve. ( b ) Harvesting of native pulmonary valve. ( c ) 

Implantation of the pulmonic valve in the aortic position and reimplan-

tation of coronary arteries       

   Table 34.2    Tissue valve graft options: classifi cation of bioprosthetic valves   

 Bioprosthetic valve  Description 

 Stented porcine valve (Xenograft)  A three leafl et valve supported by three artifi cial struts or stents to maintain leafl et structure and 

geometry. 

 Stentless porcine valve (Xenograft)  A length of porcine aorta including tissue below (proximal) and above (distal) to the valve, called the “root.” 

 Bovine pericardial valve (Xenograft)  A three leafl et valve created from bovine pericardium attached to a stented frame. 

 Homograft  A human aortic valve and root. 

 Autograft  A pulmonary valve and root excised from the patient and reimplanted in the same patient. 
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34.2.4     Prosthetic Heart Valve Endocarditis 
and Performance Tracking 

 All patients with prosthetic valves also need appropriate 

antibiotics for prophylaxis against infective endocarditis. 

Details of these therapies are beyond the scope of this chap-

ter, but the reader is referred to guidelines published by a 

joint committee from the American Heart Association 

(AHA) and American College of Cardiology (ACC) for the 

applicable protocols. In addition, a registry has been estab-

lished to track the long-term performance of all clinically 

approved implanted valve prostheses. Established standards 

were revised in 1996 and are briefl y summarized in 

Table  34.3 . As alluded to in Chap.   27    , investigators seeking 

approval for all new valves must also report any complica-

tions that occur in the preclinical animal testing phase to the 

appropriate regulatory authority.

34.3         Specifi c Valvular Diseases: Etiologies 
and Treatments 

 The remainder of this chapter is devoted to a generalized 

summary of the most common valvular diseases affecting 

patients in the Western world. Of the four heart valves, 

significant clinical disease can primarily affect all but the 

pulmonary valve. Yet, compromised function of this 

valve is noted to occur in the adult congenital heart 

patient who previously underwent reparative surgeries. 

Indications for diagnostic, therapeutic, and follow-up 

intervention will be discussed for each disease. Note that 

a complete evidence- based summary of recommenda-

tions for intervention and level of physical activity for 

individuals with valvular disease is available from sev-

eral excellent reviews [ 8 ,  15 ,  16 ] .  

34.3.1     Aortic Valve Disease 

 Anatomically, the normal aortic valve is composed of the 

annulus and the left, right, and noncoronary leafl ets (some-

times referred to as  cusps ) (Fig.  34.3 ). Diseases affecting 

these structures can be subdivided into aortic stenosis or 

regurgitation, or some combination thereof. Overall, aortic 

stenosis is considered a surgical disease with aortic valve 

replacement considered to be the standard of care. Treatment 

of aortic regurgitation is also typically surgical, though the 

exact method chosen will vary widely based on the etiology 

of the disease.

34.3.1.1       Aortic Stenosis 

  Aortic stenosis  causes varying degrees of left ventricular out-

fl ow tract obstruction [ 17 ,  18 ]. The various etiologies of aor-

tic stenosis are subdivided into acquired versus congenital. 

Regardless of the etiology, the most common two causes of 

aortic stenosis in adults are calcifi cation of a normal trileafl et 

or a congenital bicuspid aortic valve. Interestingly, among 

individuals under the age of 70, bicuspid aortic valve disease 

is the most common cause of aortic stenosis. These congeni-

tally abnormal valves typically develop progressive fi brosis 

and calcifi cation of the leafl ets over several decades, and can 

present for surgery at any time during an individual’s life, 

i.e., depending on the degree of deformity and rate of pro-

gression of the narrowing. Patients over the age of 70 more 

typically elicit the so-called  senile aortic stenosis ; these 

valves start out as normal valves, but develop thickening, cal-

cifi cation, and stenosis with aging. In a patient with any 

degree of aortic stenosis, careful clinical follow-up is manda-

tory to follow the progression of stenosis, and typically sur-

gery is indicated at the onset of any symptoms (see below). 

Congenital malformation (typically presenting in bicuspid 

aortic valves) results in progressive fi brosis and calcifi cation 

   Table 34.3    Reportable valve prosthesis complications [ 9 ]   

 Complication  Description 

 Structural valvular deterioration  Any change in function of an operated valve resulting from an intrinsic abnormality, causing 

stenosis or regurgitation. 

 Nonstructural dysfunction  Any stenosis or regurgitation of the operated valve that is not intrinsic to the valve itself, including 

inappropriate sizing, but excluding thrombosis and infection. 

 Valve thrombosis  Any thrombus, in the absence of infection, attached to or near an operated valve that occludes part 

of the blood fl ow path or interferes with function of the valve. 

 Embolism  Any embolic event that occurs in the absence of infection after the immediate perioperative period 

(new temporary or permanent, focal or global neurological defi cit, and peripheral embolic event). 

 Bleeding event (anticoagulant 

hemorrhage) 

 Any episode of major internal or external bleeding that causes death, hospitalization, permanent 

injury, or requires transfusion. 

 Operated valvular endocarditis  Any infection involving an operated valve, resulting in valve thrombosis, thrombotic embolus, 

bleeding event, or paravalvular leak. 
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of the leafl ets over several decades. The average rates of 

reduction in valve orifi ce area have been estimated to be 

~0.12 cm 2 /year, and valve orifi ce areas are typically used to 

grade the relative severity of valve stenosis (Table  34.4 ) [ 19 ]. 

Nevertheless, progression of aortic stenosis varies signifi -

cantly and the appearance of symptoms may not correlate 

well with the given measured valve area. Therefore, careful 

clinical follow-up is mandatory, as it is diffi cult to predict an 

actual individual rate of stenotic progression. In general, aor-

tic stenosis is graded into various categories of severity based 

on degrees of mean pressure gradient, aortic jet velocity, and/

or valve area.

   Valve stenosis may also be associated with progressive 

outfl ow tract obstruction, which can then cause additional 

increases in left ventricular pressure. As a result, concentric 

left ventricular hypertrophy is an early response, which 

assists initially in maintaining normal left ventricular sys-

tolic wall tension and ejection fraction [ 20 ]. However, once 

this response becomes functionally inadequate, afterload 

tends to increase which, in turn, results in a gradual reduc-

tion in overall ejection fraction (Fig.  34.4 ). In some patients, 

an initial ventricular hypertrophy itself may also be detri-

mental, producing subendocardial ischemia even in the 

absence of coronary artery disease [ 21 ,  22 ]. As such, this 

results in further systolic and diastolic left ventricular dys-

function and may predispose such patients to a potentially 

larger degree of myocardial ischemia and higher mortality 

[ 7 ,  8 ,  17 ,  18 ,  23 ].

   Although aortic stenosis may not produce symptoms 

early in its clinical course, in time symptoms of angina, syn-

cope, heart failure, and/or even sudden death will develop. 

Although the latter are the classic symptoms of aortic 

 stenosis, more subtle symptoms such as reduced effort toler-

ance, fatigue, and exertional dyspnea can also occur. Once 

symptoms are present, average survival without intervention 

is less than 2–3 years [ 17 ,  18 ,  24 – 29 ]. Furthermore, the mor-

tality of patients with aortic stenosis, in the absence of surgi-

cal treatment, present with: (1) angina, 50 % within 5 years; 

(2) syncope, 50 % mortality within 3 years; and (3) heart 

failure, 50 % mortality within 2 years. Therefore, a high 

degree of skepticism is necessary to make the diagnosis prior 

to the onset of symptoms to maximize a given patient’s out-

come. In general, aortic stenosis can be detected early based 

on: (1) the presence of a systolic outfl ow murmur; (2) the 

occurrence of delayed/diminished carotid upstrokes; (3) a 

sustained left ventricular impulse; (4) a reduced intensity of 

the aortic component of the second heart sound; and/or (5) 

   Table 34.4    Degree of aortic stenosis [ 83 ]   

 Valve orifi ce area (cm 2 )  Peak aortic velocity (m/s) 

 Mild  >1.5  <3.0 

 Moderate  >1.0 to 1.5  3.0–4.0 

 Severe  <1.0  >4.0 
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evidence of left ventricular hypertrophy on exam, chest 

X-ray, and/or EKG. Typically, results of echocardiography 

can be further used to confi rm the diagnosis of aortic stenosis 

and also provide for the detailed assessment of: (1) mean 

transvalvular pressure gradient; (2) derived valve area; (3) 

relative left ventricle size (degree of hypertrophy) and func-

tion; and/or (4) presence of other associated valvular disease. 

For more details on the clinical use of echocardiography, the 

reader is referred to Chap.   22    . It should also be noted that 

advances in magnetic resonance imaging may be applied in 

diagnosing such patients (Chap.   24    ). 

 Physicians who follow patients with known aortic stenosis 

commonly perform an annual history and physical examina-

tion, and urge these patients to promptly self-report the devel-

opment of any new symptoms. Although changes in valve 

area alone are not totally predictive, annual echocardiography 

is also useful to assess progression of ventricular hypertrophy 

and alterations in function. In any case, the development of 

any new symptoms (e.g., exertional chest discomfort, short-

ness of breath, or fainting spells) warrants additional clinical 

assessment, given that aortic stenosis progresses rapidly once 

such symptoms are present. 

 In patients being considered for aortic valve replacement 

secondary to aortic stenosis, cardiac catheterization is gener-

ally indicated in individuals >40 years of age to assess for 

any degree of signifi cant coronary artery disease. Additional 

indications include the assessment of: (1) hemodynamic 

severity of the aortic stenosis in situations where there is a 

discrepancy between clinical and echocardiographic fi nd-

ings; and (2) situations where there is evidence of pulmonary 

hypertension or other valvular or congenital disease. 

Complete diagnostic evaluation should include: (1) measure-

ment of transvalvular fl ows (liters/min); (2) determination of 

the transvalvular pressure gradients (mmHg); and (3) calcu-

lation of the effective valve areas (cm 2 ) [ 30 ]. 

 Stress testing is recommended in patients with equivocal 

symptoms, and should only be carried out under close moni-

toring by a physician. Positive fi ndings suggestive of hemo-

dynamically signifi cant aortic stenosis include the 

development of symptoms, limited exercise tolerance, and a 

blunted blood pressure response to exercise. In all such 

cases, surgical replacement of the aortic valve is indicated. 

 Medical therapy for aortic stenosis is primarily relegated 

to the prevention of endocarditis and the control of arterial 

hypertension. As most asymptomatic patients lead a normal 

life, no interventions are typically considered. Yet, there are 

some studies that have shown slowing of disease progression 

with statins. While there are theoretical benefi ts for the use 

of ACE inhibitors, studies so far have not shown signifi cant 

benefi ts on this disease progression [ 31 ,  32 ]. Nevertheless, 

once symptoms develop, prompt intervention should be 

offered to prevent morbidity and mortality. In some patients, 

interventional radiological therapy using balloon aortic val-

votomy can effectively reduce the transvalvular pressure 

 gradients. This procedure uses percutaneously inserted cath-

eters advanced into the aortic valve, then a balloon is infl ated 

to fracture calcifi c deposits and separate fused commissures 

[ 33 ,  34 ]. Though successful at providing clinical improve-

ments, the post-procedure valve area rarely exceeds 1.0 cm 2 , 

and aortic regurgitation is often created, thus increasing the 

burden on the left ventricle. To date, the rate of signifi cant 

complications (10 %) and symptomatic restenosis (6–12 

months) unfortunately makes balloon valvotomy an undesir-

able substitute for aortic valve replacement in adults with 

aortic stenosis [ 7 ]. Yet, percutaneous aortic balloon dilations 

may be considered as a bridge to surgical aortic valve 

replacement or transcatheter aortic valve replacement in 

patients with severe symptomatic aortic stenosis [ 8 ]. 

 Aortic valve replacement is technically possible at any 

age, and is the treatment of choice for aortic stenosis in 

most adults [ 35 ]. Yet, the degree of stenosis mandating sur-

gery in asymptomatic patients remains an issue of debate. 

Nevertheless, the degree of improvement following aortic 

valve replacement is directly related to preoperative left 

ventricular function; patients with depressed ejection frac-

tions caused by excessive afterloads demonstrate signifi -

cant improvement in left ventricular function after aortic 

valve replacement. Conversely, if depressed left ventricular 

function is caused by myocardial insuffi ciency, improve-

ment in left ventricular function and resolution of symp-

toms may not be reversed after valve replacement. In 

general, survival is improved for patients undergoing aortic 

valve replacement, with the possible exception of a subset 

of patients with severe left ventricular dysfunction caused 

by coronary artery disease [ 36 ,  37 ]. In summary, in contrast 

to the dismal survival rates for patients with untreated 

severe aortic stenosis, the long-term survival of patients 

who have undergone aortic valve replacement approaches 

the rate in the normal population. Therefore, it is recom-

mended that patients with severe aortic stenosis, with or 

without symptoms, who are undergoing coronary artery 

bypass surgery should also undergo aortic valve replace-

ment at the time of the revascularization procedure. 

Similarly, patients with moderate-to-severe aortic stenosis 

undergoing surgery for the replacement of other heart 

valves or an aortic root repair should also undergo an aortic 

valve replacement as part of their overall surgical proce-

dure. Hence, in the absence of contraindications, aortic 

valve replacement is indicated in virtually all symptomatic 

patients with severe aortic stenosis (Table  34.5 ).

   In recent years, transcatheter aortic valve replacements 

have been increasing in use. According to ACC/AHA guide-

lines, transcatheter aortic valve replacement is a reasonable 

alternative to surgical aortic valve replacement in patients 

who meet an indication for replacement and/or who have a 

high surgical risk for surgical aortic valve replacement. 
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However, transcatheter aortic valve replacement should only 

be performed in patients with an expected post-procedure 

survival longer than 12 months [ 8 ,  38 ,  39 ]. For a more 

detailed discussion of these valves, see Chap.   36    . 

 Currently, there are two areas of major controversy in 

the management of aortic stenosis including: (1) the asymp-

tomatic patient with a severe aortic stenosis; and (2) the 

patient with low ejection fraction with a reduced gradient 

aortic stenosis [ 17 ,  18 ]. There is low (1–2 %) risk of sudden 

death or rapid progression to symptoms in the asymptom-

atic patient with a severe aortic stenosis. Adverse clinical 

outcomes are more likely in the asymptomatic patient with 

severe aortic stenosis who demonstrates more rapid pro-

gression of hemodynamic parameters, such as: (1) an 

increase in aortic jet velocity greater than 0.3 m/s/year; or 

(2) a decreasing aortic valve area greater than 0.1 cm 2 /year. 

Therefore, other than in a small selected group of patients, 

the risk of surgery may still exceed any potential benefi ts in 

this group of patients, i.e., those with a severe aortic steno-

sis with normal ventricular function who are truly asymp-

tomatic. On the other hand, patients with low ejection 

fractions and reduced gradient aortic stenosis may present 

an even more challenging problem. These complexities 

partly lie in the diffi culty to distinguish this entity from 

those patients with reduced ejection fractions and only 

mild-to-moderate aortic stenosis; this latter group will not 

benefi t from aortic valve replacement. It should be noted 

that patients with severe aortic stenosis who present with 

reduced ejection fractions and reduced gradients will ulti-

mately face increased operative mortality. The use of dobu-

tamine stress echocardiography to measure the pressure 

gradients and the effective valve areas, both during baseline 

and at stress, can help determine the true severity of aortic 

stenosis [ 40 ]. It should be noted that, in general, patients 

with reduced ejection fractions with low transvalvar gradi-

ents who elicit no response to stress such as inotropes have 

poorer outcomes, even with surgery.  

34.3.1.2     Aortic Sclerosis 

  Aortic sclerosis  is a common fi nding in older patients, and is 

present in approximately 25 % of patients older than 65 years 

[ 16 ,  17 ]. The classic fi ndings of aortic sclerosis include focal 

areas of valve thickening with otherwise relatively normal 

leafl et mobility. It is important to note that, by defi nition, 

valvular hemodynamics in these patients are within normal 

limits. In other words, other than the presence of a systolic 

murmur, these individuals elicit no clinical signs or associ-

ated symptoms. Histologic fi ndings in aortic sclerosis include 

focal subendocardial plaque-like lesions with accumulations 

of lipoproteins. The similarity of these fi ndings to athero-

sclerosis suggests that both are, in some way, an age-related 

process. 

 Despite the lack of valve-related symptoms with aortic 

sclerosis, it is generally associated with an increased risk of 

cardiovascular mortality. This may be related to the develop-

ment of coronary artery disease and/or occasionally to a pro-

gression to severe aortic stenosis. Thus, while symptoms in 

the patient identifi ed with aortic sclerosis may be initially 

benign, these individuals warrant close cardiovascular 

follow-ups.  

34.3.1.3     Aortic Regurgitation 

 Aortic regurgitation results from a structural defect in the 

aortic valve that allows for blood fl ow to reverse direction 

across the valve during diastole (i.e., re-enter the ventricle). 

The etiologies of aortic regurgitation are best discussed if 

one subdivides this disease into acute or chronic regurgita-

tion (Table  34.6 ). The majority of such lesions result in 

chronic aortic regurgitation, with insidious dilatation of the 

left ventricle. In contrast, lesions responsible for acute aortic 

regurgitation may result in sudden catastrophic elevation of 

   Table 34.5    Aortic valve replacement in aortic stenosis [ 8 ]   

 • Symptomatic patients with severe aortic stenosis alone or: 

 – Undergoing coronary artery bypass surgery. 

 – Undergoing surgery on the aorta or other heart valves. 

 • Patients with moderate aortic stenosis and: 

 – Undergoing coronary artery bypass surgery. 

 – Undergoing surgery on the aorta. 

 – Undergoing surgery on other heart valves. 

 • Asymptomatic patients with severe aortic stenosis and left 

ventricular systolic dysfunction typifi ed by: 

 – Abnormal response to exercise (e.g., hypotension). 

 – Ventricular tachycardia. 

 – Marked or excessive left ventricular hypertrophy (>15 mm). 

 – Valve area <0.6 cm 2 . 

 – Prevention of sudden death without the fi ndings listed. 

   Table 34.6    Etiologies of aortic regurgitation (subdivided by presenta-

tion time)   

 Acute  Chronic 

 Infective endocarditis 

 Aortic dissection 

 Trauma 

 Idiopathic aortic root dilatation 

 Congenital bicuspid valves 

 Calcifi c degeneration 

 Rheumatic disease 

 Infective endocarditis 

 Systemic hypertension 

 Myxomatous proliferation 

 Ascending aortic dissection 

 Marfan syndrome 

 Syphilitic aortitis 

 Rheumatoid arthritis 

 Osteogenesis imperfecta 

 Giant cell aortitis 

 Ehlers-Danlos syndrome 

 Reiter’s syndrome 

 Discrete subaortic stenosis 

 Ventricular septal defects with 

aortic cusp prolapse 
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left ventricular fi lling pressures, reduction in cardiac outputs, 

and/or sudden death.

     Chronic Aortic Regurgitation 

 Valve damage that results in progressively larger retrograde 

fl ows across the aortic valve produces the condition of 

 chronic aortic regurgitation . The patient’s left ventricle 

responds to the volume load of aortic regurgitation with sev-

eral compensatory mechanisms such as an increase in end- 

diastolic volumes and a combination of eccentric and 

concentric hypertrophy [ 41 ]. The increased diastolic volume 

allows the ventricle to eject a larger total stroke volume, 

thereby initially maintaining stroke volume within a relative 

normal range. As a result, the majority of such patients 

remain asymptomatic for prolonged periods of compensa-

tion, during which time they maintain forward stroke volume 

within the normal ranges. Yet, after a while, the compensa-

tory mechanisms become inadequate, and further increases 

in afterload result in reduced ejection fractions. Once the left 

ventricle can no longer compensate, patients typically pres-

ent with symptoms of: (1) dyspnea and exertional angina, 

refl ecting declining systolic function; (2) elevated fi lling 

pressures; and/or (3) diminished coronary fl ow reserves of 

the hypertrophied myocardium [ 42 ]. Several natural history 

studies have identifi ed age and left ventricular end-systolic 

pressures (or volumes) as predictive factors associated with 

higher risks of mortality in these clinical populations 

(Table  34.7 ) [ 7 ].

   Importantly, although the progression of asymptomatic 

aortic regurgitation is slow, approximately one-fourth of 

patients will develop systolic dysfunction, or even die, before 

the onset of warning symptoms [ 7 ]. Therefore, quantitative 

evaluation of left ventricular function with echocardiography 

is necessary, as a serial history and physical exam alone are 

considered as insuffi cient, in general. 

 The clinical diagnosis of chronic severe aortic regurgita-

tion by a trained physician can be made on: (1) the presence 

of a diastolic murmur (the third heart sound) and/or a rumble 

(Austin–Flint sign) on auscultation; and (2) the detection of 

a displaced left ventricular impulse and wide pulse pressure 

[ 43 ,  44 ]. Similar to aortic stenosis, the chest X-ray and ECG 

will typically refl ect left ventricular enlargement/hypertro-

phy and may also elicit evidence of conduction disorders. 

Echocardiography is then indicated to: (1) confi rm the diag-

nosis of aortic regurgitation; (2) assess valve morphology; 

(3) estimate the severity of regurgitation; (4) assess aortic 

root size; and (5) determine left ventricular dimensions, rela-

tive mass, and systolic function. If the patient has severe 

 aortic regurgitation and is sedentary, or has equivocal symp-

toms, exercise testing is helpful to assess the following: 

functional capacity, symptomatic responses, and/or the 

hemodynamic effects of exercise. 

 In patients who are symptomatic on initial evaluation, 

cardiac catheterization and angiography is considered indi-

cated for the subsequent evaluation of coronary artery dis-

ease for the possible need of revascularization therapy, i.e., if 

the echocardiogram is of insuffi cient quality to assess left 

ventricular function and the severity of aortic regurgitation. 

The ultimate aim of any serial evaluation of the asymptom-

atic patient with chronic aortic regurgitation is to detect the 

onset of symptoms and objectively assess changes in left 

ventricular size and function that may occur in the absence of 

physical symptoms (Fig.  34.3 ). Medical therapy for aortic 

regurgitation is primarily based on the use of vasodilating 

agents which are believed to improve forward stroke vol-

umes and reduce regurgitant volumes; note, the use of such 

agents can often result in regression of both left ventricular 

dilatation and hypertrophy. 

 Initial left ventricular systolic dysfunction in chronic aor-

tic regurgitation has been commonly associated with an 

increased afterload pressure, and is considered to be revers-

ible following aortic valve replacement, i.e., with nearly full 

recovery of left ventricular size and function [ 7 ]. However, if 

depressed myocardial contractility (rather than volume over-

load) is responsible for the systolic dysfunction as the ven-

tricle becomes more hypertrophic and dilatation progresses, 

the chamber becomes more spherical geometry. At this stage, 

neither return of normal left ventricular function nor 

improved long-term survival has been documented even 

after aortic valve replacement [ 7 ]. For patients with chronic 

aortic regurgitation, left ventricular systolic function and 

end-systolic size have been identifi ed as the most important 

determinants of postoperative survival and/or normalization 

of left ventricular function following aortic valve replace-

ment [ 7 ]. 

 Medical therapy using vasodilating agents is generally 

indicated for chronic therapy in patients with severe aortic 

regurgitation who have symptoms of left ventricular dys-

function and for whom surgery is not recommended, i.e., 

because of either cardiac or noncardiac factors. The benefi ts 

of vasodilating agents are based on their potential ability to 

improve stroke volume and reduce regurgitant volume [ 45 ]. 

   Table 34.7    Natural history of aortic regurgitation   

 Asymptomatic patients 

with normal left 

ventricular systolic 

function 

 • Progression to 

symptoms and/or left 

ventricular dysfunction 

 • Progression to 

asymptomatic left 

ventricular dysfunction 

 • Sudden death 

 <6 %/year 

 <3.5 %/year 

 <0.2 %/year 

 Asymptomatic patients 

with left ventricular 

systolic dysfunction 

 • Progression to cardiac 

symptoms 

 >25 %/year 

 Symptomatic patients  • Mortality rate 

 – with angina 

 – with heart failure 

 >10 %/year 

 >20 %/year 
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In general, the acute administration of vasodilating agents 

such as sodium nitroprusside, hydralazine, and nifedipine 

reduces peripheral vascular resistance and results in immedi-

ate augmentation in forward cardiac outputs and decreases in 

regurgitant volumes. The ACC/AHA recommends three 

guidelines for the use of vasodilating agents in the patient 

with severe aortic regurgitation: (1) the long-term treatment 

of patients with severe aortic regurgitation who have symp-

toms and/or left ventricular dysfunction who are considered 

poor candidates for surgery; (2) improvements in the hemo-

dynamic profi le of patients with severe heart failure symp-

toms and severe left ventricular dysfunctions with short-term 

vasodilator therapy, before proceeding with aortic valve 

replacement; and (3) prolonged use during the compensated 

phase of asymptomatic patients who have volume overloads, 

but have normal systolic functions.  

   Acute Aortic Regurgitation 

 When damage to the aortic valve is acute and severe, subse-

quent and sudden large regurgitant volumes return into the 

left ventricle, and this will decrease the functional forward 

stroke volumes dramatically. In contrast to chronic aortic 

regurgitation, in such acute cases, there has been no time for 

compensatory ventricular hypertrophy and/or dilatations to 

develop. As a result, the considered typical exam fi ndings of 

ventricular enlargement and diastolic murmur associated 

with chronic aortic regurgitation are absent. Instead, the 

patient with acute aortic regurgitation presents with pro-

nounced tachycardia, pulmonary edema, and/or potentially 

life-threatening cardiogenic shock. 

 Echocardiography, which is considered crucial for the ini-

tial workup of the acute aortic regurgitation patient, will 

likely demonstrate a rapid equilibration of aortic and left 

ventricular diastolic pressures, and may provide some 

insights as to the etiologies of aortic regurgitations. 

Echocardiography also allows for a rapid assessment of the 

associated valve apparatus, the aorta, and/or the relative 

degree of pulmonary hypertension (if tricuspid regurgitation 

is present). Transesophageal echocardiography is indicated 

when aortic dissection is suspected [ 46 ,  47 ] (Chap.   22    ). 

Importantly, acute aortic regurgitation resulting from aortic 

dissection is a known surgical emergency requiring prompt 

identifi cation and management. Cardiac catheterization, aor-

tography, and coronary angiography are considered as 

important components of such an evaluation of aortic dissec-

tion with acute aortic regurgitation, and thus should be per-

formed if these procedures do not unduly delay urgent 

surgery. Additionally, following trauma, computed tomo-

graphic imaging can be quite useful in obtaining the appro-

priate clinical status and underlying diagnoses. 

 Nevertheless, appropriate treatment of acute aortic regur-

gitation is dependent on the etiology and severity of the dis-

ease. For example, only antibiotic treatment may be required 

in a hemodynamically stable patient with mild acute aortic 

regurgitation, i.e., resulting from infective endocarditis. 

Conversely, severe acute aortic regurgitation is a surgical 

emergency, particularly if hypotension, pulmonary edema, 

and/or evidence of low cardiac outputs are present. In such 

cases, temporary preoperative management may include the 

use of agents such as nitroprusside (to reduce afterload) and 

inotropic agents such as dopamine or dobutamine (to aug-

ment forward fl ow and reduce left ventricular end-diastolic 

pressure). Note that intraaortic balloon counterpulsation is 

contraindicated in such patients, and beta-blockers should be 

used cautiously because of their potential to further reduce 

outputs by blocking the compensatory tachycardia. Typically, 

mortalities associated with acute aortic regurgitation are usu-

ally the result of pulmonary edema, ventricular arrhythmias, 

electromechanical dissociation, and/or circulatory collapse. 

 In general, aortic valve replacement is the treatment of 

choice in aortic regurgitation. In such cases of aortic disease, 

additional aneurysm repair (Fig.  34.5 ) or aortic root replace-

ment (Figs.  34.6  and  34.7 ) needs to be considered. Aortic 

root replacement with a homograft or autograft should be 

offered to patients in whom anticoagulation is contraindi-

cated (e.g., elderly with risk, women of child bearing years), 

as the tissue valve grafts do not require anticoagulation. In 

addition, patients with disease resulting from endocarditis 

also benefi t, as a homograft appears to have more resistance 

to subsequent infection. Finally, although the use of mechan-

ical valves is effective, the prosthesis may impose a clini-

cally relevant degree of stenosis in certain patients due to 

unavoidable size mismatch. Naturally, homografts and auto-

grafts are superior as they can be tailored to provide a larger 

outfl ow tract. Nevertheless, in certain situations, repair of the 

aorta may involve the use of an artifi cial conduit using mate-

rials such as Dacron.

     Careful post-aortic valve replacement follow-ups are nec-

essary during both the early and long-term postoperative 

courses, to evaluate both prosthetic valve and left ventricular 

function. An accepted excellent predictor of long-term suc-

cess of aortic valve replacement is the reduction in left ven-

tricular end-diastolic volume, typically occurring within the 

fi rst 14 days after the operation. It should be emphasized 

that, in most patients, as much as 80 % of the overall reduc-

tion in end-diastolic volume that will occur will happen 

within this time period. In addition, the degree of regression 

in left ventricular dilatation typically correlates well with the 

magnitude of functional increases in ejection fraction [ 44 ]. 

Nevertheless, long-term follow-ups should include an exam 

at 6 months post-aortic valve replacement, and then yearly 

examinations are recommended if the patient’s clinical 

course is uncomplicated. Note that serial postoperative echo-

cardiograms after the initial early postoperative study are 

usually not indicated. However, repeat echocardiography is 

warranted at any point when there is evidence of: (1) a new 

murmur; (2) questions of prosthetic valve integrity; and/or 

(3) concerns about adequate left ventricular function.  
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   Aortic Valve Disease Associated with Disease 

of the Ascending Aorta 

 Dilatation of the ascending aorta is a common cause of aortic 

regurgitation. It is well recognized that patients with bicus-

pid aortic valves will typically also have disorders of the vas-

cular connective tissue system, which can result in dilatation 

of the ascending aorta and/or aortic root even in the absence 

of hemodynamically signifi cant valvular disease. The dilata-

tion of the aorta can be progressive over time, with an 

increased risk for aortic dissection. Currently, echocardiog-

raphy is the primary diagnostic modality used for these 

patients. However, a more detailed anatomic study can be 

obtained with either computerized tomography or cardiac 

magnetic resonance imaging (Chap.   24    ). 

 Regardless of the etiology of the dilated ascending aorta, 

the recommended indications for operative intervention 

include an aortic diameter >5.5 cm or growth of the aorta 

>0.5 cm/year. In patients with bicuspid aortic valves 

 undergoing aortic valve replacement, repair of the aortic root 

or replacement of the ascending aorta is commonly indicated 

if the diameter of the aorta is >4.5 cm [ 8 ]. Note that aortic 

valve-sparing operations are feasible in many patients with 

dilatation of the aorta who do not elicit signifi cant aortic 

regurgitation or aortic valve calcifi cation. The techniques for 

aortic valve-sparing surgery have been pioneered by Yacoub 

and David [ 48 ,  49 ]. In early stages of this disease, the use of 

beta-adrenergic blocking agents may slow the progression of 

aortic dilatations.    

34.3.2     Diseases of the Mitral Valve 

 Diseases of the mitral valve can be subdivided in a similar 

fashion as those affecting the aortic valve—stenosis and 

regurgitation. The general anatomy of the mitral valve con-

sists of a pair of leafl ets attached to the left ventricle by chor-

dae tendinae. Normal mitral valve area ranges between 4.0 

and 5.0 cm 2 . However, in the case of mitral stenosis, symp-

toms do not typically develop until the functional valve area 

is reduced to <2.5 cm 2  [ 50 ]. For more details on valve anat-

omy, the reader is referred to Chaps.   4    ,   5    ,   7     and the Atlas of 

Human Cardiac Anatomy (  www.vhlab.umn.edu/atlas    ). 

34.3.2.1     Mitral Stenosis 

 Stenosis of the mitral valve orifi ce typically produces a 

funnel- shaped mitral apparatus described to resemble a “fi sh 

mouth” which then hinders normal diastolic fi lling of the left 

ventricle. In the past, roughly 60 % of all patients with mitral 

  Fig. 34.5    Aortic aneurysm repair using a Tefl on felt reinforcement 

technique preserving the aortic valve and coronary arteries. 81Operative 

Techniques in Cardiac and Thoracic Surgery: A Comparative Atlas by 

W.B. Saunders, Co. Reproduced with permission of W.B. Saunders, 

Co., in the format book via Copyright Clearance Center       
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stenosis presented with a history of rheumatic fever [ 51 ,  52 ]. 

Typical pathological processes observed in such patients 

include: (1) leafl et thickening and calcifi cation; (2) commis-

sural and chordal fusion; or (3) a combination of these pro-

cesses [ 53 ,  54 ]. Yet, congenital malformations of the mitral 

valve, though rare, are usually responsible for mitral stenosis 

observed in infants and children [ 54 ] (see Chap.   10    ). 

Currently, women (2:1) account for the overall majority of 

mitral stenosis cases [ 51 ,  52 ,  55 ]. Other entities can also 

simulate the clinical features of rheumatic mitral stenosis, 

such as left atrial myxoma, infective endocarditis, or mitral 

annulus calcifi cation in the elderly. 

  Fig. 34.6    David procedure for aortic root replacement. The dilated aorta is 

resected, sparing the aortic valve and coronary buttons. The repair is then 

completed with insertion of a graft with reimplantation of the  coronary 

arteries. Adapted from Smedira NG (2003) Mitral valve replacement with 

a calcifi ed annulus. In: Cox JL, Sundt TM III (eds) Operative techniques in 

cardiac and thoracic surgery. Saunders, Philadelphia, pp 2–13       
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  Fig. 34.7    Aortic root replacement using Dacron graft as the technique 

used for correct sizing, for suturing in place to yield the fi nal graft 

implantation along with coronary re-implantation. Adapted from 

Yacoub M. Valve-conserving operation for aortic root aneurysm or 

 dissection. In: Operative techniques in cardiac and thoracic surgery, 

pp 57–67       
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 Mitral stenosis is normally a slowly progressive process 

with a typical mean age of presentation of symptoms in the 

fi fth to sixth decade of life [ 56 ,  57 ] ,  i.e., with narrowing of the 

valve to <2.5 cm 2  before the development of symptoms. As 

the severity of stenosis increases, cardiac output becomes 

reduced even at rest and will fail to be increased with exer-

cise. The relative degree of pulmonary vascular resistance 

also infl uences the development of symptoms. The diagnosis 

of mitral stenosis may be made solely on the presence of 

abnormal physical exam fi ndings, or may be suggested by 

symptoms of fatigue, dyspnea, frank pulmonary edema, atrial 

fi brillation, and/or embolus [ 52 ]. In the asymptomatic patient 

survival is 80 % at 10 years, with 60 % of these patients elicit-

ing no progression of symptoms [ 7 ] .  However, once symp-

toms related to pulmonary hypertension develop, to date, 

there remains a dismal 10-year survival rate of 0–15 % [ 7 ]. 

Common causes of death in these untreated patients with 

mitral stenosis are due to: (1) progressive heart failure (60–

70 %); (2) systemic embolism (20–30 %); (3) pulmonary 

embolism (10 %); or (4) infection (1–5 %) [ 54 ,  55 ]. 

 It should be noted that shortness of breath (dyspnea) pre-

cipitated by exercise, emotional stress, infection, pregnancy, 

or atrial fi brillation are typically the fi rst symptoms which 

present in patients with underlying mild mitral stenosis [ 58 ]. 

Yet, as the obstructions across the mitral valve increase, 

there will typically be progressive symptoms of dyspnea, as 

the left atrial and pulmonary venous pressures increase [ 59 ]. 

Increased pulmonary artery pressures and distension of the 

pulmonary capillaries can lead to pulmonary edema, which 

occurs as pulmonary venous pressure exceeds that of plasma 

oncotic pressure. Subsequently, the pulmonary arterioles 

will elicit vasoconstriction, intimal hyperplasia, and medial 

hypertrophy, which then further exacerbate pulmonary arte-

rial hypertension. 

 Commonly, the diagnosis of mitral stenosis can be made 

based on a given patient’s history, physical examination, 

chest X-ray, and ECG. Nevertheless, at the initial examina-

tion, a patient may be asymptomatic although abnormal 

physical fi ndings, including a diastolic murmur, may be 

present [ 56 ,  57 ]. In such patients, diagnostic imaging is rec-

ommended and currently the tool of choice is 2D and Doppler 

transthoracic echocardiography. Transesophageal echocar-

diography or cardiac catheterization is not required unless 

questions concerning diagnoses remain [ 7 ]. Yet, heart cath-

eterization may be indicated to: (1) assess the potential for 

either coronary artery or aortic valve disease; (2) assess pul-

monary artery pressures; (3) perform balloon valvotomy; 

and/or (4) evaluate the situations when the clinical status of 

a symptomatic patient is not consistent with the echocar-

diography fi ndings. 

 Typically, echocardiography is capable of providing an 

appropriate assessment of: (1) the morphological appearance 

of the mitral valve apparatus; (2) ventricular chamber size/

function; (3) the mean transmitral gradient [ 60 ,  61 ]; (4) the 

relative functional mitral valve area; and (5) the relative pul-

monary artery pressures [ 62 ]. In addition, if deemed neces-

sary, noninvasive dobutamine or exercise stress testing can 

be completed with either the patient supine (using a bicycle) 

or upright (on a treadmill) to assess changes in heart rate and 

blood pressure in response to their overall exercise tolerance. 

Patients who are symptomatic with a signifi cant elevation of 

pulmonary artery pressure (>60 mmHg), mean transmitral 

gradient (>15 mmHg), or pulmonary artery wedge pressure 

(>25 mmHg) on exertion have, by defi nition, hemodynam-

ically signifi cant mitral stenosis that may require further 

intervention [ 7 ]. 

 In mitral stenosis, medical treatment is typically indicated 

for the prevention of emboli (10–20 %), which is primarily 

associated with the onset of atrial fi brillation [ 51 ,  52 ,  63 – 65 ]. 

Atrial fi brillation ultimately develops in 30–40 % of patients 

with symptomatic mitral stenosis and, importantly, ~65 % of 

all embolic events occur within the fi rst year after the onset 

of atrial fi brillation [ 51 ,  52 ]. The etiology behind atrial fi bril-

lation is thought to be a disruption of the normal conduction 

pathways caused by structural changes in the myocardium 

resulting from a pressure/volume overloaded atrium; in 

fewer cases, it may also result from rheumatic fi brosis of the 

atrium [ 57 ]. The development of atrial fi brillation associated 

with mitral stenosis occurs more commonly in older patients 

and has been associated with a decreased 10-year survival 

rate (25 % versus 46 %) [ 52 ,  55 ]. In addition to the thrombo-

embolic potential, acute onset of atrial fi brillation can herald 

sudden deterioration in patients with mitral stenosis. This is 

considered as secondary to an acute reduction in left ven-

tricular ejection fractions and elevated pulmonary artery 

pressures, which will result from loss of the atrial contribu-

tion to left ventricular fi lling. The urgent treatment for an 

acute episode of atrial fi brillation with a rapid rate typically 

consists of: (1) anticoagulation with heparin; (2) heart rate 

control (digoxin, calcium channel blockers, beta-blockers, or 

amiodarone); and/or (3) electrical cardioversion. It should be 

noted that in patients with atrial fi brillation for more than 

24–48 h without anticoagulation, cardioversion is then asso-

ciated with an increased risk of embolism. Today, in chronic 

or recurrent atrial fi brillation that is resistant to prevention or 

cardioversion, heart rate control (digoxin, calcium channel 

blockers, beta-blockers, or amiodarone), and long-term anti-

coagulation are considered as the mainstay of therapy [ 65 ,  66 ]. 

Yet, use of anticoagulation for patients with mitral stenosis 

who have not had atrial fi brillation or embolic events is not 

indicated due to the risk of bleeding complications. For more 

details on this topic, the reader is referred to Chaps.   30     and   31    . 

 The principle for treating symptomatic mitral stenosis 

rests on alleviation of the fi xed left ventricular infl ow 

obstruction, thereby reducing the transvalvular gradient. 

Methods of disrupting the fused valve apparatus (open or 

L. Harvey et al.
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closed mitral commissurotomy, or percutaneous mitral bal-

loon valvotomy) or mitral valve replacement have both dem-

onstrated signifi cant post-procedural improvement in both 

symptoms and survival rates. The timing of intervention is 

commonly related to the identifi ed severity of disease, while 

the method of intervention is chosen based on: (1) morphol-

ogy of the mitral valve apparatus; (2) presence of other 

comorbid diseases; and/or (3) expertise at each specifi c clini-

cal center. Signifi cant calcifi cation, fi brosis, and subvalvular 

fusion of the valve apparatus can make either commissurot-

omy or percutaneous balloon valvotomy less likely to be suc-

cessful. It should also be noted that the presence of mitral 

regurgitation is a contraindication for valvotomy/commisur-

otomy, and it is considered best to treat such patients with a 

mitral valve replacement. 

 Closed commissurotomy is a surgical technique that uses 

fi nger fracture of the calcifi ed valve (Fig.  34.8 ). This proce-

dure has the advantage of not requiring cardiopulmonary 

bypass, however the operator is not afforded direct visual 

examination of the valve apparatus. In contrast, open com-

missurotomy, which commonly employs cardiopulmonary 

bypass, has gained favor in the United States because it allows 

inspection of the mitral valve apparatus under direct vision. 

During such a procedure, division of the commissures, split-

ting of fused chordae tendinae/ papillary muscles, debride-

ment of calcium deposits [ 7 ], and/or mitral valve replacement 

can be completed to attain optimal functional results. The 

5-year reoperation rate following open commissurotomy has 

been reported to be between 4 % and 7 %, and the 5-year 

complication- free survival rate ranges from 80 to 90 %.

   More recently, both these operative techniques have given 

way to percutaneous balloon valvotomy. This is now the ini-

tial procedure of choice for the symptomatic patient with 

moderate-to-severe mitral stenosis, or those patients with 

favorable valve morphologies and non-signifi cant mitral 

regurgitation and/or left atrial thrombus (Fig.  34.9 ). 

Immediate reduction in the transvalvular gradient (by at least 

50–60 %) has been associated with gradual regression of 

pulmonary hypertension over several months [ 8 ]. If selected 

appropriately, 80–95 % of patients undergoing this  procedure 

will achieve a functional mitral valve area >1.5 cm 2  and a 

resultant decrease in left atrial pressures without complica-

tions. Yet, potential acute complications include: subsequent 

mitral regurgitation (10 %), an induced atrial septal defect 

(5 %), left ventricle perforation (0.5–4.0 %), emboli forma-

tion (0.5–3 %), myocardial infarction (0.3–0.5 %), and/or 

increased mortality (<1 %) [ 67 ]. Currently, echocardio-

graphic assessments of mitral valve morphology are the most 

important predictor of outcomes for percutaneous balloon 

valvotomy. Patients with valvular calcifi cation, thickened 

fi brotic leafl ets with decreased mobility, and/or subvalvular 

fusion have higher incidence of acute complications follow-

ing balloon valvotomy and higher rates of recurrent stenosis 

on follow-up. Presence of left atrial thrombus, detected by 

transesophageal echocardiography, is a relative contraindica-

tion and, at a minimum, warrants 3 months of oral warfarin 

anticoagulation in an attempt to resolve the thrombus prior to 

any planned procedure. A post-procedure echocardiogram, 

typically within 72 h after the procedure, is useful to assess 

postoperative hemodynamics, as well as to exclude signifi -

cant complications such as mitral regurgitation, left ventricu-

lar dysfunction, and/or an atrial septal defect. However, 

recurrent symptoms have been reported to occur in as many 

as 60 % of patients 9 years post-procedure [ 62 ,  68 ,  69 ]; it 

should be noted that recurrent stenoses account for such 

symptoms in <20 % of such patients [ 68 ]. In patients with an 

adequate initial result, progressive mitral regurgitation and 

development of other valvular or coronary problems are 

more frequently responsible for the subsequent presentation 

of symptoms [ 68 ]. Thus, in the patient presenting with symp-

toms late after commissurotomy, a comprehensive evalua-

tion is required to look for other causes.

   Mitral valve replacement is an accepted surgical proce-

dure for patients with severe mitral stenosis who are not can-

didates for surgical commissurotomy or percutaneous mitral 

valvotomy (Table  34.8 , Figs.  34.10  and  34.11 ). In addition, 

patients with recurrent severe symptoms, severe deformities 

of their mitral apparatus, severe mitral regurgitation, or a 

large atrial septal defect should be offered mitral valve 

replacement. The risks associated with mitral valve replace-

ment are also highly dependent on patient age, left ventricu-

lar functional status, low cardiac outputs, presence of 

comorbid medical problems, and/or concomitant coronary 

artery disease. More specifi cally, morbidity and mortality 

associated with mitral valve replacements are directly corre-

lated with age, with risks in a young healthy person of <5 %, 

increasing to as high as 10–20 % in the older patient with 

concomitant medical problems or pulmonary hypertension. 

  Fig. 34.8    Treatment of mitral stenosis using the fi nger fracture closed 

mitral commissurotomy technique. Adapted from Zipes DP (ed) (1992) 

Braunwald’s heart disease: a textbook of cardiovascular medicine. 

W.B. Saunders Co., Philadelphia, p 1016       
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  Fig. 34.9    Treatment of mitral stenosis using balloon valvotomy. 

Sequence of percutaneous mitral valvotomy: ( a ) fl oating balloon 

catheter in position across the atrial septum through the mitral and 

aortic valves. The tip is in the ascending aorta; ( b ) an 8 mm dilating 

balloon catheter enlarging the atrial septal puncture site; ( c ) two 

20 mm dilating balloon catheters advanced into position across the 

stenotic mitral valve over two separate 0.038 in transfer guide wires; 

( d ) partially infl ated dilating balloon catheters across the mitral 

valve; note the “waist” produced by the stenotic valve ( arrows ); ( e ) 

fully infl ated dilating balloon catheters in position across the mitral 

valve; ( f ) illustration of balloon commissurotomy technique. 

Adapted from   www.rjmatthews.com     and Zipes DP (ed) (2003) 

Braunwald’s heart disease: a textbook of cardiovascular medicine. 

Saunders, Philadelphia       
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Mitral valve replacement can be further complicated by the: 

(1) potential for embolic events; (2) need for (and risk of) 

long-term anticoagulation therapy; and/or (3) potential for 

valve thrombosis, dehiscence, infection, or malfunction.

34.3.2.2          Mitral Regurgitation 

 The common etiologies for mitral regurgitation include: (1) 

mitral valve prolapse secondary to myxomatou degenera-

tion; (2) rheumatic heart disease; (3) coronary artery disease; 

(4) infective endocarditis; or (5) collagen vascular disease. 

As with aortic regurgitation, mitral regurgitation can be cat-

egorized as both acute and chronic presentations. In some 

cases, mitral regurgitation due to ruptured chordae tendinae 

or infective endocarditis may present as both acute and 

severe. Alternatively, mitral regurgitation may worsen grad-

ually over a prolonged period of time. Yet, these very differ-

ent presentations of mitral regurgitation are both treated with 

surgical intervention as dictated by the character of the 

symptoms presented. 

   Acute Severe Mitral Regurgitation 

 In acute severe mitral regurgitation, a sudden volume over-

load is imposed on the left atrium and the left ventricle is 

without time for typical compensatory hypertrophy. Thus, 

sudden drops in forward stroke volume and cardiac output 

occur (cardiogenic shock) in such a patient, with simultane-

ous pulmonary congestion. In severe mitral regurgitation, the 

hemodynamic overload often cannot be tolerated, and mitral 

valve repair or replacement must be performed urgently. 

 The acute nature of this form of mitral regurgitation results 

in patients who almost always present with symptoms upon 

physical exams; they are typically positive for a holosystolic 

murmur and a third heart sound (see Chap.   18    ). Transthoracic 

echocardiography is commonly used to confi rm the diagnosis 

and also to assess the general degree of disruptions within the 

mitral valve apparatus. Furthermore, the use of transesopha-

geal echocardiography is warranted if mitral valve morphol-

ogy and regurgitation are still not clearly elucidated following 

transthoracic echocardiography. Note that it is the high level 

   Table 34.8    Mitral valve replacement for mitral stenosis [ 8 ]   

 • Moderate to severe mitral stenosis (mitral valve area <1.5 cm 2 ): 

 – With NYHA functional Class III–IV symptoms. 

 – Who are not considered candidates for percutaneous balloon valvotomy or mitral valve repair. 

 • Patients with severe mitral stenosis (mitral valve area <1 cm 2 ): 

 – With severe pulmonary hypertension (pulmonary artery systolic pressure >60-80 mmHg). 

 – With NYHA functional Class I–II symptoms who are not considered candidates for percutaneous balloon valvotomy or mitral valve repair. 

  Fig. 34.10    Placement of circumferential sutures and plication of the 

anterior leafl et of the mitral valve. Adapted from Smedira NG (2003) 

Mitral valve replacement with a calcifi ed annulus. In: Cox JL (ed) 

Operative techniques in thoracic and cardiovascular surgery. Saunders, 

Philadelphia, pp 2–13       
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of details provided by transesophageal echocardiography that 

is also helpful in demonstrating the anatomic causes of mitral 

regurgitation and, subsequently, directing successful surgical 

repairs (see Chap.   22    ). Coronary arteriography is necessary 

before surgery in all such patients >40 years of age, unless 

hemodynamic stability is of concern. If necessary, myocar-

dial revascularization should be performed during mitral 

valve surgery in those patients with concomitant coronary 

artery disease [ 70 ,  71 ]. 

 If the patient is not a candidate for surgery or if preopera-

tive stabilization is required, medical therapy can help to 

diminish the relative amount of mitral regurgitation, thus 

increasing forward output and reducing pulmonary conges-

tion, yet this therapy should be initiated promptly. However, in 

cases of acute severe mitral regurgitation, medical therapy has 

a limited role and is primarily used to stabilize patients prior to 

surgery. In normotensive patients, nitroprusside has been used 

to increase forward outputs, not only by preferentially increas-

ing aortic fl ows, but also by partially restoring mitral valve 

competence as the left ventricular size diminishes [ 72 ,  73 ]. 

In hypotensive patients with severe reductions in forward 

 output, aortic balloon counterpulsation can be employed to 

increase forward output and mean arterial pressure while, at 

the same time, diminishing mitral valve regurgitant volume 

and left ventricular fi lling pressure. If infective endocarditis is 

the cause of acute mitral regurgitation, identifi cation and 

 treatment of the infectious organism is important to optimize 

successful clinical outcomes.  

   Chronic Asymptomatic Mitral Regurgitation 

 As with chronic aortic regurgitation, time for hypertrophy 

and chamber dilatation is typically present in the patient pre-

senting with chronic severe mitral regurgitation [ 33 ,  74 ]. 

These dilatations, or increases in left ventricular end- diastolic 

volume, are a compensatory mechanism which permits an 

increased total stroke volume and allows for restoration of 

forward cardiac outputs [ 75 ]. At the same time, increases in 

left ventricular and left atrial sizes accommodate the regurgi-

tant volume with lower fi lling pressure; consequentially, 

symptoms of pulmonary congestion abate. Such patients 

with mild-to-moderate mitral regurgitation may remain 

without symptoms for several years with very little hemody-

namic compromise. This compensated phase of mitral regur-

gitation is variable and in many cases can last several years. 

However, the prolonged burden of volume overloads may 

eventually result in left ventricular dysfunction. At this time, 

contractile dysfunction impairs myocardial ejection and end- 

systolic volume increases; there may also be further left ven-

tricular dilatations and increased left ventricular fi lling 

pressures. Therefore, correction of mitral regurgitation is 

generally recommended shortly following the diagnosis of 

severe mitral regurgitation, irrespective of the presence or 

absence of symptoms. 

 The initial diagnosis of chronic mitral regurgitation is 

commonly accomplished by physical examination which 

may demonstrate fi ndings of left ventricular apical impulse 

displacement, indicating that the mitral regurgitation is 

severe and chronic and has likely caused cardiac enlarge-

ment. Typically, ECG and chest X-ray can be useful to evalu-

ate rhythm changes and heart size, respectively. Nevertheless, 

an initial echocardiogram, including Doppler interrogation 

of the mitral valve, is considered indispensable for the subse-

quent management of the patient with mitral regurgitation. 

Such an echocardiogram typically provides a baseline esti-

mation of left ventricular and left atrial volumes, an estima-

tion of the left ventricular ejection fraction, and an 

approximation of the severity of regurgitation. Note that any 

presence of pulmonary hypertension is worrisome because 

it likely indicates advanced disease with a worsened progno-

sis [ 76 ]. Serial clinical follow-ups are used to assess changes 

in symptomatic status, left ventricular function, and/or exer-

cise tolerance. Annual echocardiography is also recom-

mended once patients elicit a moderate mitral regurgitation. 

  Fig. 34.11    Mitral valve positioning into the mitral oriface. Adapted 

from Smedira NG (2003) Mitral valve replacement with a calcifi ed 

annulus. In: Cox JL (ed) Operative techniques in thoracic and cardio-

vascular surgery. Saunders, Philadelphia, pp 2–13       
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Left ventricular end-systolic dimensions (or volumes) can 

typically aid in the planned timing for mitral valve surgery. 

For example, an end-systolic dimension, which may be less 

load- dependent than ejection fraction, should be <45 mm 

preoperatively to ensure normal postoperative left ventricu-

lar function [ 75 ,  77 ]. If patients become symptomatic, they 

should undergo mitral valve surgery even if left ventricular 

function is considered appropriately normal. Similar to acute 

mitral regurgitation, cardiac catheterization is considered 

indicated if: (1) there is discrepancy between clinical and 

noninvasive fi ndings; (2) there is a need for preoperative 

coronary assessment for potential revascularization at the 

time of mitral valve replacement; and/or (3) an absence of 

chamber enlargement raises the question of the accuracy of 

the diagnosis, which should then be assessed with ventricu-

lography at cardiac catheterization. 

 To date, there is no generally accepted therapy for asymp-

tomatic patients with chronic mitral regurgitation. In such 

patients who develop symptoms, but have preserved left ven-

tricular function, surgery is considered as the most appropri-

ate therapy. Atrial fi brillation is commonly associated with 

mitral regurgitation, and preoperative atrial fi brillation can 

be an independent predictor of reduced long-term survival 

after mitral valve surgery for chronic mitral regurgitation 

[ 78 ]. Atrial fi brillation should be treated with heart rate con-

trol (digitalis, calcium channel blockers, beta-blockers, or 

amiodarone) and anticoagulation to avoid embolism [ 79 ,  80 ]. 

Common predictors for the persistence of atrial fi brillation 

after successful valve surgery include the presence of atrial 

fi brillation for >1 year and/or a left atrial size >50 mm [ 81 ]. 

Although patients who develop atrial fi brillation also usually 

manifest other symptomatic or functional changes that would 

warrant mitral valve repair or replacement, today many clini-

cians would also consider the onset of episodic or chronic 

atrial fi brillation to be an indication, in and of itself, for val-

vular surgery [ 82 ,  83 ]. 

 To date, three categories of surgical procedures are now in 

vogue for correction of mitral regurgitation: (1) mitral valve 

repair; (2) mitral valve replacement with preservation of part 

or all of the mitral apparatus; and (3) mitral valve replace-

ment with prior removal of the mitral apparatus. Each proce-

dure has its advantages and disadvantages, as well as separate 

indications. Still today, with the appropriate valve morphol-

ogy and suffi cient surgical expertise, mitral valve repair is 

the operation of choice. Yet, valve repair may require longer 

extracorporeal circulation time and may also occasionally 

fail, then again requiring mitral valve replacement. Valve 

calcifi cation, rheumatic involvement, and anterior leafl et 

involvement all decrease the likelihood of an adequate repair, 

whereas uncalcifi ed posterior leafl et disease is almost always 

repairable. The primary advantage of repair is the avoidance 

of anticoagulation and/or a rare prosthetic valve failure. In 

addition, postoperative left ventricular function and survival 

are improved with preservation of the mitral apparatus, as 

the mitral apparatus is considered essential for maintenance 

of normal left ventricular chamber shape, volume, and func-

tion [ 7 ]. Similar advantages are gleaned with the use of 

mitral valve replacement with preservation of the mitral 

chordal apparatus, except that it adds both the risk of deterio-

ration inherent in tissue valves and the need for anticoagula-

tion with mechanical valves. It is generally considered today 

that mitral valve replacement, in which the mitral valve 

apparatus is excised, should be performed only in circum-

stances when the native valve and apparatus are so distorted 

by the preoperative pathology (rheumatic disease, for exam-

ple) that the mitral apparatus cannot be spared. 

 In an asymptomatic patient with normal left ventricular 

function, repair of a severely regurgitant valve may be 

offered as a means to: (1) preserve left ventricular size and 

function; and/or (2) prevent the sequelae of chronic mitral 

regurgitation (Fig.  34.12 ). Similarly, this approach has 

proven successful in the hemodynamically stable patient 

with newly acquired severe mitral regurgitation as the result 

of a ruptured chordae or recent onset of atrial fi brillation. 

The timing of surgery in asymptomatic patients is indicated 

by the appearance of echocardiographic indicators of left 

ventricular dysfunction (i.e., left ventricular ejection fraction 

<60 % or left ventricular end-systolic dimension >45 mm). 

Mitral valve repair or replacement at this stage will likely 

prevent further deterioration in left ventricular function and 

thus improve overall survival [ 78 ]. Patients with symptoms 

of congestive heart failure, despite normal left ventricular 

function, as determined by echocardiography (ejection frac-

tion >60 %, end-systolic dimension <45 mm), will likely 

require surgery. In both situations, mitral repair is preferred 

when possible. Mitral valve surgery is recommended for 

severe symptomatic mitral regurgitation with evidence of left 

ventricular systolic dysfunction; it is likely to both improve 

symptoms and prevent further deterioration of left ventricu-

lar function [ 84 ].

   Ischemic mitral regurgitation is, by common defi nition, 

caused by left ventricular myocardial infarction, resulting in 

an associated papillary muscle dysfunction. The prognosis 

for such a patient with ischemic mitral regurgitation is sub-

stantially worse when compared with other etiologies [ 71 ,  85 ]. 

Following an acute infarction with the development of severe 

mitral regurgitation, hypotension and pulmonary edema 

often also occur. Hemodynamic stabilization, usually with 

insertion of an intraaortic balloon pump, is completed preop-

eratively followed by coronary revascularization; note that 

this only rarely improves mitral valve function. Unlike the 

case with nonischemic mitral regurgitation, it is more diffi -

cult to demonstrate a benefi t of repair over replacement with 

ischemic mitral regurgitation. In general, operative mortality 

increases and survival is reduced in patients >75 years of age 

with coronary artery disease, especially if mitral valve 
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replacement must be performed [ 86 ]. In these patients, the 

goal of therapy is typically to improve the quality of life 

rather than prolong it, and medical therapy may be utilized to 

a greater extent to control cardiac symptoms.    

34.3.3     Tricuspid Valve Disease 

 Tricuspid valve disease can be subclassifi ed as regurgitation, 

stenosis, or a combination of both; it is most commonly the 

result of rheumatic fever, with rare cases attributed to infec-

tive endocarditis, congenital anomalies, carcinoid, Fabry’s 

disease, Whipple’s disease, or methysergide therapy [ 7 ]. 

Rheumatic tricuspid disease commonly presents as a combi-

nation of tricuspid stenosis and regurgitation. Furthermore, 

tricuspid disease commonly presents with concomitant 

mitral or aortic valve defects since acute rheumatic fever is 

also a common etiology for these disorders. It should be 

noted that right atrial myxomas or any type of large vegeta-

tions that produce an outfl ow tract obstruction will mimic 

tricuspid stenosis; however, regurgitation may also result, as 

it often causes associated damage to the leafl et apparatus. 

Pure tricuspid regurgitation may result from rheumatic fever, 

infective endocarditis, carcinoid syndrome, rheumatoid 

arthritis, radiation therapy, anorectic drugs, trauma, Marfan’s 

syndrome, tricuspid valve prolapse, papillary muscle dys-

function, and/or congenital disorders [ 7 ]. In addition, pres-

sure/volume overload conditions that do not cause direct 

damage to the leafl ets themselves, such as those associated 

mitral stenosis and mitral regurgitation, typically cause 

 ventricular enlargement, resultant tricuspid annular dilata-

tion, and thus a sole tricuspid regurgitation [ 7 ]. 

 The clinical features of tricuspid stenosis include ausculta-

tion of a tricuspid opening snap and a characteristic murmur. 

Auscultation may reveal a holosystolic murmur in the lower 

left parasternal region that may increase on inspiration 

(Carvallo’s sign; see also Chap.   18    ). In rare instances, severe 

tricuspid regurgitation may produce systolic propulsion of the 

eyeballs, pulsatile varicose veins, or a venous systolic thrill 

and detectable murmur in the neck. Echocardiography is com-

monly used to: (1) assess tricuspid valve structure and func-

tion; (2) measure annular sizes; (3) evaluate right pressures; 

and (4) rule out other abnormalities infl uencing tricuspid valve 

function. Systolic pulmonary artery pressure estimations, 

combined with information about annular circumferences, 

further improve the accuracy of clinical assessments [ 7 ]. 

 The etiology of tricuspid valve disease and the overall con-

dition of the patient ultimately dictate the therapeutic approach. 

Tricuspid balloon valvotomy can be used to treat tricuspid ste-

nosis, however one must be aware of the potential for subse-

quently inducing severe tricuspid regurgitation. It has been 

documented that a poor long-term outcome is associated with 

right ventricular dysfunction and/or systemic venous conges-

tion associated with severe tricuspid regurgitation [ 7 ]. In the 

situation where pulmonary hypertension is the underlying 

cause of tricuspid annular dilatation, medical management 

alone may result in substantial improvement of the tricuspid 

regurgitation, and thus minimize the need for surgical inter-

vention. Surgical options for treating tricuspid regurgitation 

include valve repair or valve replacement (Fig.  34.13 ). 

  Fig. 34.12    Operative repair of the mitral valve using a technique 

developed by Carpentier. ( a ) Triangular resection of anterior leafl et; ( b ) 

Anterior leafl et repair; ( c ) Sizing of annulus; ( d ) Annuplasty ring suture 

technique; and ( e ) Completed repair. Adapted from Kirklin JW (2003) 

Cardiac surgery, 3rd edn. Churchill Livingstone, New York, 

pp 673–675       
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Today in the United States, the vast majority of diseased tri-

cuspid valves are repaired. The basic techniques for tricuspid 

valve repair include bicuspidization, annular placation, and 

various types of annuloplasty, commonly using artifi cial rings. 

Tricuspid regurgitation annuloplasty is effective and can be 

optimized using intraoperative transesophageal echocardiog-

raphy. Valve replacement with a low profi le mechanical valve 

or bioprosthesis is often necessary when the valve leafl ets 

themselves are diseased, abnormal, or totally destroyed [ 87 ]. 

In both procedures, care must be taken to avoid causing dam-

age to the heart’s conduction system. In such cases, use of 

biological prostheses is preferred to avoid the high rate of 

thromboembolic complications known to occur with mechani-

cal prostheses placed in the tricuspid position. Combined tri-

cuspid and mitral valve procedures are often completed in the 

same interventions, as in the setting of rheumatic disease; 

however, to date, no long-term data regarding the value of 

such an approach exist. There is an increasing awareness of 

the importance of correcting tricuspid valve disease in the set-

ting of associated cardiac diseases, most commonly mitral 

valve disease. In patients with associated conduction defects, 

insertion of a pacing system at the time of valve replacement 

is also suggested.

34.4         Summary 

 The use of cross-circulation followed by the development of 

the bubble oxygenator for cardiopulmonary bypass was the 

turning point in the history of cardiac surgery. However, car-

diac valvular surgery may be considered to still be in its 

infancy, with most of the major developments occurring only 

in the last 50 years. Tremendous advances in the fi eld of 

 cardiac surgery are certain to result from the numerous ongo-

ing efforts of researchers and clinicians alike. This chapter 

was designed to give the reader an introduction to the com-

plex nature of valve diseases. Several excellent textbooks 

have been written that provide greater detail for each valve 

procedure discussed. Such reference texts are valuable for 

both the clinician and the engineer interested in understand-

ing the underlying etiologies and the current treatment tech-

niques for these diseases. In other words, this basis of 

understanding, along with the use of further animal and clin-

ical research, will allow for the development of the next gen-

eration of treatment options for heart valve disease. The 

reader is also referred to Chaps.   35     and   37    . These topics will 

have a dramatic impact in this fi eld into the future.     
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 35

35.1         Introduction 

 The history of cardiac surgery refl ects a constant search by 

cardiac surgeons for safer and less invasive ways to treat 

their patients. Since Dr. F. John Lewis’ pioneering operation 

in 1952, followed by Dr. C. Walton Lillehei’s fi rst successful 

series of intracardiac defect repairs in the mid-1950s, cardiac 

surgery as a surgical subspecialty has expanded dramati-

cally. Notably, one of the most important technological inno-

vations in cardiac surgery was the development and 

modifi cation of a cardiopulmonary bypass machine. For 

years, this machine has been used extensively by cardiac sur-

geons. Its use has enabled cardiac surgery to become a safe 

and reproducible daily routine in many hospitals across the 

world. Nowadays, though most cardiac operations are con-

sidered somewhat standardized, the continued pursuit of less 

invasive surgical approaches, as well as recognition of the 

importance of quick postoperative recovery and quality of 

life, remains signifi cant for patients and physicians. 

 In recent years, there have been continued efforts to pro-

vide and adapt “less invasive cardiac surgery” as standard 

care. All four of the major steps used in conventional cardiac 

surgery need to be considered when attempting to develop 

less invasive modifi cations: (1) gaining access to the heart 

through a full sternotomy; (2) supporting the vital organs 

through a cardiopulmonary bypass machine; (3) arresting the 

heart by administering cardioplegia; and/or (4) manipulating 

the ascending aorta during aortic cannulation, during cross- 

clamping and side-clamping, and during proximal anasto-

mosis in coronary artery bypass grafting. Unfortunately, any 

of these steps can impose signifi cant risks or adverse effects. 

More specifi cally, a large incision typically corresponds to 

greater pain, a more noticeable scar, more complications, 

and/or a longer recovery time. Similarly, cardiopulmonary 

bypass has been known to trigger adverse infl ammatory 

reactions and/or subsequently cause multiple organ dysfunc-

tion. Finally, manipulating the aorta can lead to strokes 

mailto:liaox014@umn.edu
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(e.g., plaque dislodgement) and/or other neurologic defi cits. 

Importantly, less invasive approaches or minimally invasive 

cardiac surgery can minimize or eliminate complications 

that may occur relative to each of the four steps commonly 

used in conventional cardiac surgery. This chapter focuses on 

less invasive methodologies commonly employed in adult 

cardiac surgical procedures.  

35.2     Impact of Incision Size 

 For years, the physical and emotional impact of a large inci-

sion size on the individual patient has been ignored by most 

cardiac surgeons. Historically, adequate exposure of the tar-

get tissue or organ through large skin incisions took priority 

over concern about incision size; this mind-set remained 

unchallenged until the early 1990s. Subsequently, with novel 

specially designed instruments, experience with laparo-

scopic surgery demonstrated that those surgical procedures 

traditionally performed through large incisions could actu-

ally be accomplished with much smaller incisions. More 

recently, the patient benefi ts of small incisions have been 

clearly shown including less pain, quicker recovery, lower 

infection rate, shorter hospital stays, and/or better quality of 

life [ 1 ,  2 ]. In some studies, less immune function disturbance 

has also been reported [ 3 ]. Encouraged by positive results 

from the laparoscopic surgical community, cardiac surgeons 

began to modify their approaches to perform less invasive 

cardiac surgery. Currently, a variety of approaches have been 

used to replace full sternotomy: (1) thoracoscopy or minitho-

racotomy and/or (2) partial sternotomy. Nevertheless, car-

diopulmonary bypass support, if required, is established 

through cannulation in the peripheral vessels such as the 

femoral arteries, femoral veins, and internal jugular veins. 

Various studies have reported advantages with smaller inci-

sions or sternum-sparing incisions in terms of pain, blood 

loss, postoperative respiratory function, time to recovery, 

infection, cosmesis, and survival rate [ 4 – 7 ]. However, one 

must also consider that smaller incisions have certain draw-

backs. In order to have the same access and visualization as 

with larger incisions, special instruments and specialized 

surgical skills are required, and only selected patients are eli-

gible. For surgeons, the initial learning curve to be able to 

perform such procedures clinically can be very steep. 

Nevertheless, smaller incisions are certainly very appealing 

to both patients and referring physicians. To date, more and 

more surgeons are moving toward smaller incisions and the 

use of these specialized less invasive surgical methodologies. 

For some surgeons partial sternotomy and minithoracotomy 

have supplanted standard sternotomy as their preferred route 

for aortic and mitral valve surgeries.  

35.3     Side Effects of Cardiopulmonary 
Bypass 

 Cardiopulmonary bypass procedures have become com-

monplace in cardiac surgical suites; however, capabilities to 

perform the same clinical procedure safely without its use 

would be desirable, for such bypass procedures are not 

performed without risk. More specifi cally, cardiopulmonary 

bypass has been associated with a complex systemic infl am-

matory reaction in the host patient. The hallmarks of this 

reaction are typically increased microvascular permeability 

in multiple organs, resulting in an increase in interstitial 

fl uid and the activation of humoral amplifi cation systems. 

The complement system, including the kallikrein-bradykinin 

cascade, the coagulation cascade, the fi brinolytic cascade, 

and the arachidonic acid cascade, is activated. Infl ammatory 

mediators, such as cytokines and proteolytic enzymes, are 

released. 

 In most classic cardiac cases where cardiopulmonary 

bypass is utilized, the heart is stopped to provide for a 

motionless fi eld. Cardiac arrest is initiated with infusion of 

cardioplegia to the myocardium. Unfortunately, subsequent 

reperfusion of the heart can cause ischemic reperfusion 

injury to the myocardium. 

 Clinical manifestations of this systemic infl ammatory 

reaction and myocardial ischemic reperfusion injury can be 

subtle but also serious and even lethal in some patients. The 

incidence of this systemic reaction has been reported in 

5–30 % of cardiac surgery patients after cardiopulmonary 

bypass [ 8 – 13 ]. Importantly, this infl ammatory response can 

affect multiple organs. More specifi cally, examples of this 

systemic response can vary: (1) from transient subtle cogni-

tive impairment to a permanent stroke, (2) from coagulopa-

thy requiring transfusion of blood products to disseminated 

intravascular coagulation, (3) from pulmonary edema to 

adult respiratory distress syndrome requiring prolonged ven-

tilation support, (4) from low cardiac output to acute heart 

failure requiring inotropic or mechanical circulatory support, 

and/or (5) from transient kidney insult with increased creati-

nine to permanent kidney failure requiring hemodialysis. 

Any of these, or a combination thereof, commonly result in 

prolonged intensive care unit stays requiring intense moni-

toring and often increased patient mortality. Importantly, the 

severity of these reactions tends to be related to cardiopul-

monary bypass time, the patient’s age, and/or comorbidities 

[ 11 ,  12 ]. 

 To date, coronary artery disease remains as the leading 

cause of death for individuals living in developed countries. 

Despite widespread use of drug-eluting stents in treating 

coronary artery disease and sharply decreased patient vol-

ume for coronary artery bypass grafting (CABG) numbers, 
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CABG operations still remain the most commonly performed 

cardiac procedures in the United States. Compared to percu-

taneous coronary artery interventions such as stenting, 

CABG has shown advantages of improved patient event-free 

survival and lower re-intervention rate, especially in patients 

with multivessel coronary artery disease, diabetes, and 

decreased left ventricular function. These benefi ts are 

attributed mainly to the use of in situ left internal mammary 

artery bypass to the left anterior descending artery, in which 

the patency rate remains over 90 % even after 15 years of 

implantation. Furthermore the use of bilateral internal 

mammary arteries as bypass conduits has shown to offer a 

better patient survival rate and less reoperation rate, when 

compared with the use of only left internal mammary artery 

as a bypass conduit. 

 In the past 15 years, off-pump beating heart coronary 

artery bypass grafting surgery (OPCABG, a less invasive 

surgical approach) has entered the mainstream of clinical 

cardiac surgical practice, and the number of such procedures 

has been steady in the United States, making up ~10–20 % of 

all CABG surgeries performed annually. An increasing num-

ber of studies, including prospective randomized studies, 

have demonstrated that when compared to conventional 

CABG, OPCABG procedures result in: (1) a lower incidence 

of postoperative neurologic defi cits, (2) fewer blood transfu-

sions, (3) shorter intubation times, (4) less release of cardiac 

enzyme, (5) less renal insult, (6) shorter ICU stays, (7) less 

release of cytokines IL 8 and IL 10, and/or (8) lower mor-

tality [ 13 – 17 ]. It should be noted that the difference in these 

parameters between OPCABG and CABG procedures 

mostly ranges from 2 to 10 %. In most OPCABG procedures, 

however, there has been the tendency to bypass fewer ves-

sels; this may result in an incomplete revascularization. 

Moreover, certain anatomic locations and the nature of target 

coronary arteries may preclude safe and reliable anastomo-

ses with OPCABG, e.g., arteries located in the posterolateral 

wall of hypertrophied hearts, intramyocardial arteries, and 

severely calcifi ed arteries. Furthermore, with today’s avail-

able methodologies, OPCABG is more challenging techni-

cally for most cardiac surgeons. It should also be noted that 

emergency conversion of OPCABG to conventional CABG 

because of hemodynamic instability carries a signifi cantly 

higher morbidity and mortality rate than conventional CABG 

(about 6 times higher mortality) [ 18 ]; fortunately, the overall 

conversion is rare, with a rate of only 3.7 %. 

 Though OPCABG surgery took off rapidly in the earlier 

part of the last decade, the enthusiasm for OPCABG has 

faded in recent years due to the lack of highly anticipated 

“drastic” clinical benefi ts of this procedure over conven-

tional CABG and the additional technical challenges faced 

by the surgeons. Currently OPCABG comprises 10–20 % of 

all CABG procedures performed in the United States, which 

has decreased compared to 10 years ago. Although isolated 

centers perform virtually all CABG procedures off-pump, in 

many centers, OPCABG is a seldom-used procedure. Such a 

large discrepancy appears due to the lack of effective educa-

tion of practicing surgeons and a steep learning curve to mas-

ter the tricks of performing OPCABG.  

35.4     Effects of Manipulating the Aorta 

 Coronary artery disease is often considered as a component 

of systemic vascular disease. The same risk factors that 

contribute to coronary artery disease, such as smoking, dia-

betes, hypertension, and hyperlipidemia, also contribute to 

carotid artery disease and atherosclerotic changes in the 

aorta; this is especially true for the ascending aorta. 

Atheroma in the aorta can present with calcifi ed plaques or 

with “cheese-like” soft plaques, which can be disrupted 

(dislodged) during: (1) cannulation of the ascending aorta 

for cardiopulmonary bypass, (2) cross-clamping in general, 

and/or (3) side-clamping of ascending aorta for attachment 

of proximal anastomoses of bypassed grafts. The mobilized 

plaques can then cause microembolization or macroembo-

lization of brain vessels, resulting in neurologic defi cits. 

Multiple episodes of microembolic events have been docu-

mented by transcranial Doppler studies during routine 

CABG surgery. The number of microembolic signals is 

reported to be related to the extent that the ascending aorta 

is manipulated [ 19 ]. Nevertheless, calcifi ed areas of the 

aorta (or porcelain aorta) can be identifi ed by palpation and 

thus avoided during surgery, whereas soft plaques are typi-

cally unnoticed until they are disrupted during surgical 

manipulation. The incidence of plaque formation in the 

ascending aorta can be as high as 30 % [ 20 ]. 

 Recently, several methodologies have been described to 

avoid disrupting plaques when working in the region of the 

ascending aorta. For example, topical ultrasound devices 

have been used to identify hidden plaques, especially the soft 

types. In addition, a single aortic cross-clamp technique has 

been shown to reduce the risk of plaque disruption during 

conventional CABG surgery [ 21 ]. Similarly, aortic cross- 

clamping or side-clamping can be avoided by using proximal 

anastomotic devices during OPCABG. More recently, totally 

aortic  non-touch  techniques have been described that can be 

applied during OPCABG by using: (1) bilateral in situ inter-

nal mammary arteries; (2) sequential grafts; (3) in situ gas-

troepiploic arteries; (4) radial artery Y or T grafts from 

internal mammary arteries; (5) radial artery or vein grafts 

from innominate, subclavian, and axillary arteries; or (6) 

descending thoracic aorta. Currently, non-touch techniques 

during OPCABG are gaining popularity, especially in high- 

risk patients (Fig.  35.1 ). Nevertheless, given limited patient 

numbers and short follow-up times, the long-term graft 

patency rate for the latter procedures remains unknown.
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35.5        Technological Innovations 

 New technologies have played a crucial role in the evolution 

of less invasive cardiac surgery. Importantly, they have 

changed the perceptions of cardiac surgeons regarding how 

cardiac surgery can or should be performed. With the help of 

new instruments specifi cally designed to meet the surgeon’s 

need, less invasive cardiac surgical procedures once deemed 

impossible or impractical have now become reality, or even 

common practice, in some medical centers. These techno-

logical innovations have typically involved the following 

aspects of cardiac surgery. 

35.5.1     Sternum-Sparing Surgery: Partial 
Sternotomy, Minithoracotomy, 
and Thoracoscopy 

 Major advances in this area include the development of a 

cardiopulmonary bypass support system via peripheral 

access. The application of suction to the venous drainage has 

made possible aortic valve and mitral valve surgery via par-

tial sternotomy and minithoracotomy. An earlier break-

through device in this fi eld was the HeartPort system 

(developed by Stanford University and New York University 

Hospital in 1994) which was composed of peripheral vessel- 

based cardiopulmonary bypass perfusion, an endo aortic 

balloon occlusion catheter, transvenously placed venting and 

cardioplegia cannulas, and extra-long operating instruments. 

Though its early use proved impractical in most cardiac 

operations, its potential to be less invasive has signifi cantly 

changed cardiac surgeons’ and medical engineers’ percep-

tion of future technologies. Furthermore, the concept of the 

HeartPort system led to numerous other technological modi-

fi cations and innovations in the fi eld of less invasive cardiac 

surgery. Such innovations include: (1) the development of 

small caliber multistage peripheral venous cannula, (2) the 

safe application of vacuum-assisted venous drainage to 

ensure bloodless exposure inside heart, (3) the small thin 

blade minithoracotomy retractor and atrial retractor, (4) 

development of the Chitwood aortic cross-clamp, (5) thora-

coscopy or endoscopic robotics to assist in the mitral valve 

repair or replacement, and (6) liberal use of transesophageal 

echocardiography to guide the insertion of various intracar-

diac cannulas. 

35.5.1.1     Upper Partial Sternotomy or 

Minithoracotomy Approaches 

for Aortic Valve Replacement 

 Currently more and more aortic valve replacements are per-

formed via upper partial sternotomy or minithoracotomy. In 

such procedures, a limited partial sternotomy is made and 

the splitting of sternum is terminated at the 3rd or 4th inter-

costal space with either a “J” or inverted “T” incision, or a 

6 cm incision is made at the right 2nd intercostal space 

(Fig.  35.2 ). Even an aortic valve replacement surgery can be 

performed via such a small incision, by using a combination 

  Fig. 35.1    Totally aortic 

“non-touch” technique in 

off-pump three-vessel 

coronary artery bypass 

grafting surgery via left 

minithoracotomy; the infl ow 

vein grafts come from the 

distal left subclavian artery in 

addition to in situ left internal 

mammary artery graft       
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of central and peripheral cardiopulmonary bypass circuits. 

Note that the aortic valve can be adequately exposed and 

replaced (Figs.  35.3  and  35.4 ).

     A right minithoracotomy procedure is increasingly 

being used for minimally invasive mitral valve repair and/

or replacement surgery. In these procedures, a 6 cm inci-

sion is typically made at the right 3rd intercostal space and 

a specially designed small retractor is inserted. A combi-

nation of central and peripheral cardiopulmonary bypass 

circuits is established, and intracardiac cannulas are 

inserted under the guidance of transesophageal echocar-

diography (Fig.  35.5 ). Currently, special instruments 

  Fig. 35.2    Drawing 

of incisions used in minimally 

invasive aortic valve 

replacement. An upper 

sternotomy incision ends at 

the 3rd intercostal space at a 

“J” angle; a minithoracotomy 

incision is located at the right 

2nd intercostal space       

  Fig. 35.3    The small incision 

allows for insertion of a 

combination of central and 

peripheral cannula for the 

establishment of 

cardiopulmonary bypass       
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including clamps, scissors, forceps, and a knot-tying 

device are used for these procedures (Fig.  35.6 ). In other 

words, both mitral valve repair and replacement proce-

dures can be safely performed using this approach 

(Fig.  35.7 ). The main advantages of these procedures are 

decreased blood loss and the quick return of the patient to 

physical activities when compared to conventional sternot-

omy approach (Fig.  35.8 ).

  Fig. 35.4    The exposure is 

adequate for aortic valve 

replacement. A bioprosthetic 

valve is visible       

  Fig. 35.5    A right 

minithoracotomy incision at 

the 3rd intercostal space. A 

combination of central and 

peripheral cannula insertion is 

used for the establishment of 

cardiopulmonary bypass       
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35.5.2            OPCABG Improvement 

 New instruments have also been developed to position the 

heart and to stabilize and improve the visualization of target 

arteries. For example, an available left ventricle suction 

device applies −400 mmHg suction to the left ventricular 

apex and can hold the heart up in different positions. Now 

widely used in OPCABG surgery, this device has less of an 

effect on the venous return as compared with the old “suture 

retraction” technique. Similarly, a focal myocardial stabili-

zation device has been developed to stabilize segments of 

target arteries; it has both suction and compressing effects on 

the topical epicardial tissue and thus signifi cantly decreases 

the motion of target arteries (Fig.  35.9 ). An additional note-

  Fig. 35.6    Special instruments 

with extra-long handles and 

small tips are used for 

minimally invasive mitral 

valve surgery       

  Fig. 35.7    Mitral valve repair 

with minithoracotomy can 

achieve good exposure       
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worthy device is the temporary intracoronary plastic shunt 

that can be inserted via arteriotomy to maintain blood fl ow to 

the distal myocardium during anastomosis, thus avoiding or 

minimizing ischemia time. Importantly, the use of such a 

shunt is considered to be crucial when the target artery sup-

plies a large territory of myocardium. In order to facilitate 

the distal coronary anastomosis during OPCABG, especially 

in the anatomically diffi cult-to-reach areas, two innovative 

distal coronary artery anastomotic devices, C-PortxA (for 

the open sternotomy approach) and C-Port Flex A™ (for the 

minithoracotomy or endoscopic robotic approach) (Cardica 

Inc., Redwood City, CA, USA), were developed and recently 

approved for clinical use by the FDA. It should be noted that 

although the early clinical results of such devices are encour-

aging [ 22 ], their clinical adaption has been lackluster.

35.5.3        Aortic  Non-touch  Techniques 

 Different proximal anastomotic devices or hand-sewn facili-

tators have been developed and used to avoid clamping on 

the aorta during OPCABG surgery. Unfortunately, the clini-

cal performance of most of these devices has been unsatis-

factory, resulting in denial of FDA approval or termination of 

the products after FDA approval, i.e., the previously FDA- 

approved symmetry (St. Jude Medical, St. Paul, MN, USA) 

automated proximal connector being one example. 

 Currently the Heartstring proximal seal system (Boston 

Scientifi c, Inc., Marlborough, MA, USA) is the only clini-

cally available facilitator for proximal hand-sewn suture 

anastomosis. It temporarily occludes aortotomy during direct 

suture anastomosis of the proximal vein graft to the aortot-

omy; yet, to date, one of the major drawbacks of its use is 

that the suture can catch the device, which requires that the 

anastomosis be redone.  

  Fig. 35.8    Minithoracotomy 

results in less blood loss, quick 

return to work, and a better 

cosmetic outcome       

  Fig. 35.9    An “octopus” myocardium-stabilizing device was used to 

steady the coronary artery during direct bypass grafting anastomosis       

 

 

K.K. Liao



667

35.5.4     Endoscopic Robotics 

 Someday soon will operating rooms be devoid of cardiac 

surgeons? Perhaps, with the addition of robotics as a fore-

front technology. For example, Intuitive Surgical’s da Vinci 

robotic system (Sunnyvale, CA, USA) has improved signifi -

cantly in the past 15 years and has made operating inside the 

chest cavity possible. As of today, they have developed three 

generations of this technology; its 3rd generation, which is 

smaller and more user-friendly and has a “third arm” (one 

more arm than the 1st generation) and dual operating con-

soles for training purposes, has been recently available for 

clinical use. Its three-dimensional visualization, seven 

degrees of wrist motion, and capability to eliminate human 

hand tremors facilitate fi ne cutting and suturing tasks. For 

an increasing number of surgeons that are currently using 

this sophisticated machine, it has made both internal mam-

mary artery takedown and OPCABG surgery via thoracos-

copy or minithoracotomy easier (Fig.  35.10 ). Further, it has 

been described to have been used to repair atrial septal 

defects and mitral valves without sternotomy or thoracot-

omy. Currently, the employment of such systems will lead 

the way in moving toward total endoscopic CABG surgery 

(Figs.  35.11  and  35.12 ).

     Nevertheless, complementary innovations have been 

required to allow for robotic surgery on the heart. For exam-

ple, to make OPCABG surgery easier when it is performed 

via minithoracotomy or total endoscopic robotic approaches, 

an  endo suction device  and an  endo myocardium stabilizer  

(Medtronic, Inc., Minneapolis, MN, USA) have been devel-

oped to position the heart and stabilize the target artery 

through port accesses. 

 The endoscopic robotic has greatly enhanced surgeons’ 

ability to perform OPCABG via thoracoscopy and minitho-

racotomy. Robotic-assisted OPCABG performed at our 

institution and others [ 23 ] has shown the advantages of less 

pain, less blood loss, shorter length of stay, and fewer com-

plications when compared to conventional CABG, especially 

in elderly high-risk patients. Another robotic application in 

cardiac surgery is mitral valve repair and replacement via 

thoracoscopy and minithoracotomy. When comparing 

robotic mitral surgery with standard sternotomy, major 

reductions in blood product utilization and length of stay are 

observed, while equivalence in complexity and success of 

mitral repairs is preserved [ 24 ]. Recent use of robotics to 

  Fig. 35.10    Robotic arms operating inside the chest cavity to take down 

the left internal mammary artery       

  Fig. 35.11    Robotic arms in 

the operating room       
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implant left ventricular pacing leads as part of cardiac resyn-

chronization therapy for congestive heart failure has shown 

the advantages of accuracy of locating the optimal pacing 

site and shorter procedure length compared to the cathlab 

percutaneous implantation (Fig.  35.13 ) [ 25 ].

35.6         Future Directions 

 The ultimate goal of less invasive cardiac surgery is to avoid 

cardiopulmonary bypass support and sternotomy and rather 

to perform surgery through tiny incisions. Various specially 

designed instruments are still being developed to make such 

procedures possible, including: (1) automated proximal and 

distal CABG anastomotic devices, (2) the endo myocardium 

stabilizer, (3) the endo suture device, and (4) the endo vascu-

lar clamp. The da Vinci surgical robotic system has enabled 

the use of such instruments inside the closed chest cavity. It 

is likely that in the very near future, cardiac surgery will be 

performed utilizing only three to four key holes in the chest 

wall (Fig.  35.14 ).

   The following cardiac procedures will likely advance in 

the near future with regard to the less invasive approaches: 

(1) total endoscopic robotic OPCABG using single or bilat-

eral in situ internal mammary artery, with the help of fl exible 

distal coronary artery anastomotic devices; (2) hybrid 

robotic-assisted OPCABG and percutaneous stenting in the 

hybrid operating room or hybrid CathLab (Fig.  35.15 ); 

  Fig. 35.12    Surgeon is 

operating on the robotic 

console away from the patient       

  Fig. 35.13    Two left ventricular epicardial leads are placed by a robotic 

grasper in a patient who had previous coronary artery bypass grafting 

surgery         Fig. 35.14    Small incisions after multivessel off-pump sternum- sparing 

coronary artery bypass grafting surgery       
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(3) total endoscopic robotic mitral valve repair; (4) increased 

the use of robotic-assisted left ventricular pacing lead 

implantation or hybrid electrophysiology ablation therapy; and 

(5) aortic valve replacement via percutaneous or transpical 

approaches in the hybrid operating room or CathLab.
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    Abstract  

  Cardiac device technologies continue to advance at a rapid pace, with heart valve design 

and placement procedures continuing to be one of the major focus areas. Minimally or less 

invasive procedures to replace cardiac valves will enable an increasing number of individu-

als to receive this therapy, including the older and more frail individual, the adult patient 

with prior surgeries for repair of congenital defects, and/or an individual with previous 

valve replacement (valve-in-valve procedures). Transcatheter-delivered replacement valves 

for the four heart valves are either available on the market today or are in development. This 

chapter provides a brief introduction to this rapidly emerging device area, as well as general 

considerations related to delivering a device via catheter into the heart (e.g., percutaneous 

beating heart interventional procedures performed under fl uoroscopic and/or echocardio-

graphic guidance).  
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36.1         Introduction 

  Transcatheter valve repairs and replacements   have the poten-

tial to reduce operative morbidity, expand the indications for 

valve replacements for nonsurgical candidates, and treat 

patients who have been declined for (or choose to decline) 

surgery. Worldwide, catheter-based valve therapies are rap-

idly expanding entry into the medical practitioner’s arsenal. 

Balloon valvuloplasties for aortic and mitral stenoses were 

perhaps the earliest incarnations of this current, rapidly 

changing environment. In 1990, Cribier demonstrated the 

technique of balloon aortic valvuloplasty for patients with 

calcifi c degenerative aortic stenosis. Although temporarily 

very successful, these patients often experienced restenosis 

of the aortic valve and then even worsening of their symp-

toms. Balloon valvuloplasty was also a popular technique to 

treat post-rheumatic mitral stenosis but, with rheumatic fever 

essentially eliminated in most developed nations, this tech-

nique is currently not in widespread practice. Similarly, pul-

monic stenting with bare metal stents has been utilized as a 

treatment for patients with recurrent pulmonary stenosis due 

to repaired congenital heart malformations over the past two 

decades or so. Both types of treatment were radically 

changed when Andersen demonstrated the feasibility of the 

fi rst transcatheter valve replacement in 1992 in animals [ 1 ]. 

While this device was not suitable for use in humans at that 

time (device required a 41 Fr delivery system), it sparked the 
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minds of other inventors who soon expanded on the idea of a 

transcatheter-delivered valved stent. 

 The fi rst report of a  transcatheter valve replacement   was 

in 2000 by Professor Philipp Bonhoeffer and colleagues in 

France who successfully delivered and implanted a valved 

stent in a right ventricle to pulmonary artery conduit of a 

patient with a congenital heart malformation [ 2 ,  3 ]. Shortly 

thereafter, Cribier et al. reported on a transcatheter-deliv-

ered valve stent into the aortic position of a patient with 

degenerative calcifi c aortic stenosis [ 4 ]. Since that time, 

large and small medical device corporations, as well as 

individual inventors, have been developing techniques to 

treat valvular heart disease which can be delivered (or 

affected) via catheter. The focus of these developments has 

been to treat the pulmonic and aortic valves with valve 

replacement, with a recent shift to mitral valves as well. 

Currently, there are approved devices in the United States, 

Europe, and Canada for pulmonic and aortic valve replace-

ment for select groups of patients. Additionally, there is a 

big push to develop transcatheter mitral valves; we noted 

18 potential valves in development, from fi ling for intel-

lectual property to  fi rst in man  studies. In addition to mar-

ket-released devices and formalized clinical trials, there are 

many devices which are currently being tested in preclini-

cal animal and human cadaver feasibility trials around the 

world. These devices and trials will be discussed in greater 

detail in the following sections. 

 The development of  transcatheter-delivered valve sys-

tems   requires a combination of numerous technologies 

including access systems, delivery systems, a stent or sup-

port structure with a valve or repair system (i.e., a clip to 

capture native leafl ets), closure systems, and imaging and/

or navigation systems. Currently, transcatheter valve 

replacement stents can generally be classifi ed as balloon- 

expandable or self-expanding. Balloon-expandable 

devices are typically made from materials such as cobalt 

chromium, stainless steel, or platinum iridium alloys, 

while self-expanding devices are usually made from niti-

nol (a temperature- dependent, shape memory material). 

Typically, the valves themselves employ either bovine 

jugular vein valves or bovine/porcine pericardial con-

structs. It should be noted that valvuloplasty is often rec-

ommended or employed prior to the placement of a 

transcatheter-delivered valve, but it is not necessarily 

required in many transcatheter repair procedures [ 5 ]. 

Additionally, if a minimally invasive surgical approach or 

procedure is employed, then additional specifi c technolo-

gies and/or devices are needed as well. Furthermore, 

depending on the valve design, a company may also be 

required to develop systems to load the valves within the 

delivery systems (e.g., crimping systems). Finally, many 

device developers are simultaneously creating training 

simulation systems for the delivery of each product type 

or procedural approach.  

36.2     Pulmonic Valve 

   A transvenously delivered transcatheter  pulmonic valve      can 

be employed as a novel nonsurgical means to treat complica-

tions associated with congenital heart disease, such as pul-

monary valve insuffi ciency [ 3 ]. A minimally invasive 

surgical approach is also an option if warranted, depending 

on individual patient history and/or other interventions that 

need to be performed. For example, Fig.  36.1  demonstrates 

that a transcatheter pulmonic valve could be delivered into 

position either transvenously (via the superior or inferior 

vena cava) through the tricuspid valve or via a transventricu-

lar puncture through the right ventricular wall.

   The needs of congenital heart patients inspired the origi-

nal creation of the transcatheter-delivered stented valve. As 

noted above, Philipp Bonhoeffer is the pioneer of this tech-

nology. One example of such a replacement system is the 

Melody ®  Transcatheter Pulmonary Valve (Medtronic, Inc., 

Minneapolis, MN, USA) [ 3 ]. The stent supporting the valve 

is composed of a platinum iridium alloy, which is expanded 

during delivery by balloons located within the delivery sys-

tem. The valve is that of a native bovine jugular valve iso-

lated from the vein, which is sewn to the stent. The Melody 

valve is delivered using the Ensemble ®  Transcatheter 

Delivery System (Medtronic, Inc.) through the cardiovascu-

lar system, eliminating the need to open the patient’s chest 

  Fig. 36.1    Two potential approaches for the delivery of a transcatheter 

 pulmonic valve     : ( A ) transvenously into the right atrium, then through 

the tricuspid valve, or ( B ) transapically through the right ventricular 

wall. The later approach would require a minimally invasive surgery       
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(Fig.  36.2 ). The overall procedure minimizes trauma and 

offers a quicker recovery than traditional surgical proce-

dures. Furthermore, it is considered that such procedures: (1) 

could reduce the total number of surgeries required by these 

patients during their lifetimes (e.g., by postponing time to 

surgery while restoring pulmonic function), (2) would allow 

for earlier intervention and potentially better outcomes for 

patients while avoiding surgical complications, (3) avoid the 

risks of bleeding and infection associated with reoperation, 

and/or (4) reduce costs by avoiding postoperative intensive 

care [ 3 ,  6 ,  7 ].

   Currently, there are two commercially available valves 

that have been used for transcatheter pulmonary valve 

replacements: the Melody (Medtronic, Inc.) and SAPIEN XT 

(Edwards Lifesciences, Irvine, CA, USA). To date, the 

Melody valve is FDA approved for patients with congential 

heart disease in the United States and CE marked in Europe, 

whereas the SAPIEN XT valve is CE marked in Europe. The 

largest difference between these two balloon-expandable 

valves is their sizing, with the Melody ®  valve being 

18–22 mm in diameter and the Sapien XT being 23 or 

26 mm. In a recent clinical assessment, both valves per-

formed very comparably [ 8 ]. 

 It is common that developers of these technologies 

partner with leading congenital interventional cardiolo-

gists and cardiac surgeons. Furthermore, managing these 

complex congenital heart disease patients requires a cohe-

sive team approach. It is likely that such patients will be 

treated in the hybrid catheter lab/operating room by a 

“heart team,” including an interventional cardiologist and 

cardiac surgeon.    

36.3     Aortic Valve 

  Currently, transcatheter  aortic valve   replacement is considered 

for high- or extreme-risk patients with severe calcifi c aortic 

stenosis; these patients are not considered as appropriate can-

didates for conventional surgical valve replacements. In gen-

eral, these procedures have similar benefi ts as those mentioned 

above, such as eliminating the need for cardiopulmonary 

bypass and allowing for shorter patient recovery times. It is 

conceivable that a transcatheter aortic valve could be deliv-

ered by one of four different approaches: (1) transarterially 

(e.g., via the femoral artery, subclavian artery, or the ascend-

ing aorta), (2) transseptally via the right heart, (3) transatrially 

through the left atrial wall or a port in the atrial appendage, or 

(4) transapically through the left ventricular wall (Fig.  36.3 ).

   Currently, the   transfemoral  approach   for the delivery of 

transcatheter aortic valves is the most common access route; 

this approach is used 69–91 % of the time [ 9 ,  10 ] and is the 

preferred access route. Primary alternate access routes are 

 transapical  (through the apex of the heart in the myocardium), 

 transaortic  (through the aorta), and  subclavian  (subclavian 

  Fig. 36.2    The Melody ®  Transcatheter Pulmonary Valve and Ensemble ®  

Transcatheter Delivery System (Medtronic, Inc.) has received CE mark 

approval and is available for distribution in Europe. Additionally, a 

Medical Device License has been granted and the system is available for 

distribution in Canada. Products are available for sale in the United States 

for patients that have congenital heart disease. The system consists of a 

bovine jugular valve vein sewn inside a platinum iridium stent ( A ) and 

delivered via a sheathed balloon-in-balloon delivery catheter ( B )       
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artery) routes. These alternate routes are typically used when 

the  transfemoral  approach is deemed not possible due to: (1) 

the size of the patient’s arteries; (2) the tortuosity of the arter-

ies and/or aorta; and/or (3) the degree of calcifi cation within 

the aorta, some which could potentially be knocked free by 

the delivery system. Note that the transfemoral, transaortic, 

and subclavian routes all require retrograde delivery, while 

transapical requires an antegrade approach. 

 In current practice, both the  transapical  and  transaortic  

approaches require a minimally invasive surgery (see 

Chap.   35    ), yet they provide the most direct anatomical 

approach. The   transapical  approach   must go through the left 

ventricular wall (myocardium) which can be diffi cult to 

close if a large delivery system is used and/or if the myocar-

dial tissue is abnormally frail. The   transaortic  approach   also 

requires closure of a hole that is placed into the ascending 

aorta. This can be especially diffi cult if the aorta is extremely 

calcifi ed, a condition known as a   porcelain aorta   . As tech-

nology advances, the need for minimally invasive surgery 

with these approaches may be eliminated. The   transseptal  

approach  , which has the advantage of employing transve-

nous access for the delivery system, has the potential draw-

back that if the system passing through the interatrial wall is 

large, the physician may create a septal defect which will 

require a subsequent repair (see Chap.   37    ). Additionally, the 

system must make a turn of approximately 180 degrees in 

the left ventricle, after passing through the complex struc-

tures of the mitral valve, to be positioned in the aortic valve, 

a maneuver that can be technically challenging. Anatomically, 

inferior access via a femoral vein is considered advantageous 

due to the proximity of the inferior vena caval ostium and the 

fossa ovalis, which is the preferred transseptal puncture 

location. 

 It has been reported that rapid ventricular burst pacing can 

be employed to facilitate transcatheter heart valve implanta-

tion. Pacing rates between 150 and 220 bpm with durations 

of 12 ± 3 s were relatively well tolerated ( n  = 40) when cau-

tiously used. Rapid pacing was associated with a rapid and 

effective reduction in systemic blood pressure, pulse pres-

sure, transvascular fl ow, as well as cardiac and catheter 

motion [ 11 ]. 

 As can be observed in Fig.  36.3 , the potential pathways/

approaches to place a transcatheter-delivered valve in the 

aortic position are quite varied and have dramatic differences 

  Fig. 36.3    Four potential 

approaches for the delivery of a 

transcatheter  aortic valve      or 

repair tool: ( A ) transarterially 

(e.g., via femoral artery access); 

( B ) transseptally from the right 

heart (transvenous access) into 

the left atrium, then through the 

mitral valve; ( C ) transatrially 

through the left atrial wall or 

through a port in the left atrial 

appendage, then through the 

mitral valve; or ( D ) transapically 

through the left ventricular wall. 

The latter two approaches would 

currently require a minimally 

invasive surgical procedure       

 

L.M. Mattison et al.

http://dx.doi.org/10.1007/978-3-319-19464-6_37
http://dx.doi.org/10.1007/978-3-319-19464-6_35


675

  Fig. 36.4    ( A ) The Edwards Lifesciences  SAPIEN XT   transcatheter 

heart valve consists of a cobalt chromium balloon-expandable stent 

with an attached pericardial valve. It has been designed for transfemoral 

placement with the NovaFlex+ delivery system or for transapical place-

ment with the Ascendra delivery system. It has been approved for high- 

and extreme-risk surgical patients in the United States and Europe. ( B ) 

The ReValving System by CoreValve, Inc. (Medtronic, Inc.), consists 

of a self-expandable nitinol stent with an attached pericardial valve. It 

is designed for transarterial delivery and is currently approved for high- 

and extreme-risk cases in the United States and Europe       

in the angles and anatomical features that would be required 

to be navigated within or through, e.g., vessels, chamber 

walls, valves, or chordae tendineae. Due to this complexity, 

the fl exibility of the delivery system (with the valve loaded 

inside) will be a major factor to consider when selecting a 

delivery approach; furthermore, the patient’s cardiac anat-

omy is a major consideration. This is true for the delivery of 

the system and also for the positioning of the valve stent into 

the aortic position, as one must prevent obstruction to the 

ostia of the coronary arteries. 

 Currently, there are several transcatheter aortic valves 

available for clinical use, in clinical trials, or in animal test-

ing. The  CoreValve   (Medtronic, Inc.) and the  SAPIEN XT   

(Edwards Lifesciences) are FDA approved for high- and 

extreme-risk patients, and to date, several hundred thou-

sand devices have been implanted in patients worldwide 

(Fig.  36.4 ). More specifi cally, for the transarterial place-

ment of the SAPIEN XT transcatheter heart valve, the sur-

geon uses the NovaFlex+ delivery system (Edwards 

Lifesciences), whereas he/she uses the Ascendra+ delivery 

system (Edwards Lifesciences) for a transapical placement. 

The  CoreValve system   is also delivered via a transarterial 

approach in a specialized delivery catheter. In addition, 

several other companies that have developed (and continue 

to develop) competing technologies, including Boston 

Scientifi c (Marlborough, MA, USA) and St. Jude Medical 

(St. Paul, MN, USA) as well as smaller companies such as 

Direct Flow Medical, Inc. (Santa Rosa, CA, USA) and 

Heart Leafl et Technologies Inc. (Maple Grove, MN, USA). 

Nevertheless, nearly all the major players in cardiac valve 

replacement have a keen interest in these technologies and 

clinical approaches (Fig.  36.5 ) [ 12 ].

    It is important to note that, currently, a percentage of 

patients that have received transcatheter-delivered aortic 

valves have elicited conduction abnormalities which may 

include heart block. Most of the self-expanding or balloon- 

expanded valve prostheses exert radial forces on the inter-

ventricular septal wall and surrounding structures which is 

required to maintain proper position and to minimize para-

valvular leaks. This force, coupled with the close anatomic 

proximity of the atrioventricular node, the bundle of His, 

and/or the left bundle branch with the basal annulus of the 

aortic valve, is the likely explanation for this phenomenon 

(Fig.  36.6 ) (see Chap.   13    ). 

36.4        Mitral Valve 

   Mitral valve    dysfunction   can be related to several factors 

including diseased leafl ets [ 13 ], annular changes [ 14 ], abnor-

mal or damaged chordae [ 15 ], and ventricular dilatation [ 16 ] 

causing displacement of the papillary muscles. Due to this 

large variability in disease process, a wide variety of trans-

catheter devices are being investigated for the mitral valve. 

These transcatheter devices can be subdivided into fi ve gen-

eral types: (1) devices for Alfi eri-type edge-to-edge repair, 

(2) indirect annuloplasty devices deployed into the coronary 

sinus, (3) direct annuloplasty devices placed on or near the 

mitral annulus, (4) devices for dimensional control of the left 

ventricle or left atrium, and (5) devices for mitral valve 

replacement [ 17 ,  18 ]. 

 The  edge-to-edge technique   involves placing a stitch to 

join the anterior and posterior leafl ets at the location of 

regurgitation [ 19 – 21 ]. This technique is most commonly 
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  Fig. 36.6    A dissected human 

heart that shows the proximity of 

the aortic valve to the left bundle 

branch. The noncoronary cusp is 

6.3 ± 2.4 mm from left bundle 

branch as depicted in the right 

picture. It is more common in 

self-expanding valves to 

experience issues with the 

conduction system in the heart 

[ 12 ], ©2013 Heart Valves: From 

Design to Clinical Implantation, 

Transcatheter aortic valve 

implantation, Piazza N, Mylotte 

D, Martucci G. With kind 

permission of Springer 

Science+Business Media, 

New York       

  Fig. 36.5    This fi gure shows a variety of transcatheter aortic valves 

that are currently working through the regulatory process. It provides 

an insight into the design and delivery of the valve as well [ 12 ].  SC  

subclavian,  TA  transapical,  TAo  transaortic,  TF  transfemoral. ©2013 

Heart Valves: From Design to Clinical Implantation, Transcatheter 

aortic valve implantation, Piazza N, Mylotte D, Martucci G. With 

kind permission of Springer Science+Business Media, New York       
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used in patients with A2 or P2 prolapse, and the simplicity of 

the edge-to-edge technique has led to opportunities for per-

cutaneous valve repair [ 22 – 24 ]. More recently, the MitraClip 

repair system was designed to use transcatheter clips to grasp 

the ventricular sides of the anterior and posterior mitral leaf-

lets, leaving the clip in place upon deployment (Abbott 

Vascular, Bloomington, IN, USA). This technology was 

FDA approved in 2013. 

 For patients with annular dilatation, many devices are 

currently being developed to simulate a traditional annulo-

plasty procedure. These products are classifi ed as either indi-

rect, which typically involves a  transvenous coronary sinus 

approach  , or direct, which involves placing the device in 

direct contact with the mitral annulus. Percutaneous, trans-

venous mitral annuloplasty is a technology that implants a 

metal bar with fl exible ends and a stiff midsection to reshape 

the posterior leafl et; it is a reversible procedure (Viacor, Inc., 

Wilmington, MA, USA). The Monarc system features two 

self-expanding stents tethered together which reshape the 

posterior region of the annulus in 2–3 weeks (Edwards 

Lifesciences). Similar to the Monarc, Carillon XE (Cardiac 

Dimensions, Inc., Kirkland, WA, USA) utilizes tethered 

stents in the coronary sinus to reshape the posterior annulus. 

These technologies rely on the proximity of the coronary 

sinus to the posterior aspect of the mitral annulus. 

Additionally, direct mitral annuloplasty is also being investi-

gated; these devices are in direct contact with the mitral 

annulus either temporarily or permanently. MiCardia 

Corporation (Irvine, CA, USA) is developing adjustable 

annuloplasty devices which are currently implanted surgi-

cally but can be adjusted on the beating heart. The Mitralign 

device (Mitralign, Inc., Tewksbury, MA, USA) places 

implants around the annulus and then cinches them closer 

together, thereby reducing the orifi ce area of the valve. 

Nevertheless, the goal of these devices is to restore valve 

coaptation and thus eliminate mitral regurgitation. 

  Indirect approaches   to mitral valve repair that infl uence 

left ventricular or left atrial dimensions are also under 

investigation. By changing left ventricular dimensions, 

products such as Coapsys and iCoapsys (Myocor ®  Inc., 

Maple Grove, MN, USA) are designed to improve mitral 

valve and left ventricular performance. The PS 3  system 

(Ample Medical, Inc., Foster City, CA, USA) shortens the 

left atrial dimension between the fossa ovalis and the great 

cardiac vein and consequently the septal-lateral dimension 

of the mitral annulus [ 25 ]. 

 As described for the  aortic valve  , it is possible to deploy a 

transcatheter mitral valve or affect a transcatheter repair 

using four different approaches: (1) transarterial (e.g., via the 

femoral artery), (2) transseptal via the right heart, (3) 

transatrial through the left atrial wall or a port in the atrial 

appendage, or (4) transapical through the left ventricular 

wall (Fig.  36.7 ). The human mitral valve is a very complex, 

dynamic, and highly variable structure. Therefore, complica-

tions in the deployment of a replacement valve or repair 

device into this position will potentially interact with the (1) 

valve leafl ets themselves, (2) the chordae tendineae, and/or 

(3) the papillary muscles. As mentioned earlier, the valvular 

and subvalvular anatomy can be quite variable, with some 

individuals eliciting bifurcated or trifurcated papillary mus-

cles, distinct chordae tendineae patterns, and numerous scal-

lops of each mitral valve leafl et. Due to the complexity of the 

mitral valve apparatus and underlying disease processes, it is 

likely that a combination of the aforementioned devices will 

be required to provide percutaneous solutions for mitral 

valve repair.

   There is currently intense competition to develop the fi rst 

reliable transcatheter-delivered mitral valve replacement. 

For example, we identifi ed more than 18 transcatheter 

valves that are in production phases, ranging from fi ling 

intellectual property to fi rst in man clinical studies (see 

Table  36.1 ) [ 26 ]. At present, most of these devices are fur-

ther along the clinical trial process in Europe than the United 

States, due to different regulations (see Chap.   43    ). To date, 

the valves that are in fi rst in man studies are the Fortis 

(Edwards Lifesciences), CardiAQ (Irvine, CA, USA), Tiara 

(Neovasc, Richmond, BC, Canada), and Tendyne/Lutter 

TMVR (Tendyne, Roseville, MN, USA). At least 18 addi-

tional devices have been developed to help treat mitral 

regurgitation. It will be exciting and interesting to see how 

these transcatheter mitral valve products continue to develop 

in the upcoming years. 

36.5        Tricuspid Valve 

 As described for the mitral valve, the human  tricuspid valve      

is a very complex, dynamic, and highly variable structure. 

The transcatheter approach to this valve structure is similar 

to those described for the pulmonic valve (Fig.  36.1 ). It is 

envisioned that a transcatheter mitral valve or repair tool 

could be delivered into position either transvenously (via 

the superior or inferior vena cava) or via a transapical punc-

ture through the right ventricular wall. Furthermore, as 

described above for the repair and/or replacement of the 

mitral valve, nearly all options would hold true for the tri-

cuspid valve, which many surgeons feel is often overlooked 

when treating heart failure patients (for a more detailed dis-

cussion, see Chap.   34    ). On the other hand, the potential 

complications of damaging or altering the conduction sys-

tem would also be evident for procedures that involve the 

tricuspid septal annular structures, i.e., atrioventricular 

node, the bundle of His, and/or the right bundle branch of 

the conduction system (see Chap.   13    ).  
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36.6     Imaging 

  The development and use of transcatheter-delivered cardiac 

valves has transformed (and will continue to transform) heart 

valve procedures  for   those requiring open-heart surgery and/

or cardiopulmonary bypass (see Chap.   33    ) to a “percutane-

ous beating heart interventional procedure performed under 

image guidance” (fl uoroscopy or echocardiography). Yet, 

these imaging modalities are considered to have advantages 

and disadvantages. For example, cardiac  computed tomogra-

phy (CT) imaging   is considered extremely useful for identi-

fying the relative degree of calcifi cation that exists on a heart 

valve leafl et as well as the delivery anatomy, but is not useful 

as an intraoperative technique, and it exposes the patient to 

considerable radiation doses. 

 Importantly, advanced imaging modalities will be 

required for preplanning and intraoperative guidance of 

these interventions. More specifi cally, to date, there is no 

single imaging modality for intracardiac interventions with-

out clinical limitations, which include low temporal or spa-

tial resolution, excessive exposure to ionizing radiation, and 

interference with the clinical operator’s freedom of move-

ment. We believe that, in the near future, a combination of 

imaging modes will provide the information required to 

guide these complex interventions. Recently, our group set 

out to provide “a glimpse into the future” by demonstrating 

the unique direct visualization of transcatheter pulmonary 

valve implantation utilizing the Visible Heart ®  techniques 

(Figs.  36.7 ,  36.8  and  36.9 ) [ 27 ,  28 ]. See also Chap.   41    .

    Current  pre-procedural imaging   consists of a combina-

tion of CT scans and echocardiography. This is important 

for determining the sizes of the various valve annuli and the 

relative amounts of calcifi cation that may exist along the 

given delivery route, as well as the position of the coronary 

artery ostia for aortic valve replacement. Utilization of these 

3D renderings can be invaluable to aid the interventional 

cardiologist and/or cardiac surgeon to make informed deci-

sions about the proper treatment for each given patient 

(Fig.  36.10 ).

  Fig. 36.7    Four potential 

approaches for the delivery of a 

transcatheter  mitral valve      or 

repair tool: ( A ) transarterially 

(e.g., via femoral artery access) 

retrograde through the aortic 

valve and up to the mitral valve 

via the left ventricular chamber; 

( B ) transseptally from the right 

heart (transvenous access) into 

the left atrium, then to the mitral 

valve; ( C ) transatrially through 

the left atrial wall or through a 

port in the left atrial appendage, 

then to the mitral valve; or ( D ) 

transapically through the left 

ventricular wall. The latter two 

approaches currently require a 

minimally invasive surgical 

procedure       
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   We also suggest that, as cardiac repair and device implanta-

tion procedures become less invasive, we will need to study 

the deployment of these systems or techniques within beating 

heart models. Utilization of Visible Heart ®  methodologies pro-

vides unique visualization of cardiac device technologies. The 

preparation and images obtained can be used by design engi-

neers and physicians to develop implant methodologies as 

well as support clinical education and training. As more of 

these devices are implanted within the beating heart, unique 

means will be required to train individuals in the techniques to 

navigate and deploy them. For example, Fig.  36.9  shows 

simultaneously obtained images of a stent being placed in the 

aortic position, including endoscopic views and time-synchro-

nized images from fl uoroscopy and ultrasound (Fig.  36.11 ). 

   Table 36.1    Current products that are being developed for transcatheter  mitral valve      repair   

 Company 

 Valve name  Status 

 International  United States 

 Edwards  Fortis  First in man  In development 

 Caisson  Caisson TMVR  Preclinicals 

 CardiAQ*  TMVI-TA  Preclinicals 

 CardiAQ*  TMVI-TF  First in man  Preclinicals 

 Emory University  MitraCath  In development 

 HighLife  HighLife mitral valve replacement  Preclinicals 

 INVALVE  INVALVE device  IP 

 Medtronic  Medtronic TMVR  Preclinicals  Preclinicals 

 Micro Interventional Devices  Endovalve-transapical  In development 

 MitrAssist  MitrAssist valve  Preclinicals 

 Mitralix  MAESTRO  In development 

 MITRICARES  MITRICARES device  IP 

 NCSI  Navigate TMVR  Clinical implants  Preclinicals 

 Neovasc  Tiara  First in man  First in man 

 Tendyne  Tendyne/Lutter TMVR  First in man  Preclinicals 

 Twelve  TMVR  IP 

 Valtech  Cardiovalve  Preclinicals 

  Note that there are several fi rst in man studies in Europe, while most valves in the United States are only in the preclinical level. A few valves are 

only conceptual at the moment, as intellectual property has just been fi led * CardiAQ was recently acquired by Edwards  

  Fig. 36.8    Comparison of a 

human pulmonic valve ( A ) 

during  diastole   and ( B ) during 

 systole   to a transcatheter 

pulmonic valve placed in a 

human heart ( C ) during diastole 

and ( D ) during systole [ 28 ]. 

©2008 Expert Review in Medical 

Devices, vol. 5, Cardiac device 

testing enhanced by simultaneous 

imaging modalities: the Visible 

Heart ® , fl uoroscopy, and 

echocardiography. Permission 

granted by Informa (http://

informahealthcare.com/)       
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36.7        Training Systems 

 The complexity of  intracardiac interventions   has increased with 

the advent of transcatheter valve replacement and is expected to 

further escalate as clinicians become more comfortable with 

complicated cardiac repairs within the beating heart and as engi-

neers invent new product solutions. Simulators designed to 

demonstrate the technical aspects of transcatheter-delivered 

valves have already been developed. Many state-of-the-art 

patient simulators enable pseudo- visualization via various 

imaging modes. For instance, one can practice using fl uoros-

copy for the valve implant without any exposure to radiation. 

The delivery systems for these transcatheter valves are often 

complex and require guidewires, introducers, and/or dilators; 

hence, prior practice on handling such tools is essential. 

  Fig. 36.9    Simultaneous endoscopic images on the left and right depict 

a deployed transcatheter pulmonary valve (Melody ®  Transcatheter 

Pulmonary Valve, Medtronic, Inc.) in the native right ventricular out-

fl ow tract, with the corresponding ultrasound image displayed in the 

center [ 28 ]. ©2008 Expert Review in Medical Devices, vol. 5, Cardiac 

device testing enhanced by simultaneous imaging modalities: the 

Visible Heart, fl uoroscopy, and echocardiography. Permission granted 

by Informa (http://informahealthcare.com/)       

  Fig. 36.10    Positioning ( A ), 

deployment ( B  and  C ), and 

function (Panels  D – F ) of a 

transcatheter aortic valve 

implanted into a surgically 

placed bioprosthetic aortic valve. 

It is interesting to note the lack of 

(or minimal) interactions 

between the implanted aortic 

valve and the native mitral valve 

[ 28 ]. ©2008 Expert Review in 

Medical Devices, vol. 5, Cardiac 

device testing enhanced by 

simultaneous imaging modalities: 

the Visible Heart ® , fl uoroscopy, 

and echocardiography. 

Permission granted by Informa 

(http://informahealthcare.com/)       
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Furthermore, for those  physicians not familiar with performing 

such catheter-delivered and/or minimally invasive surgical 

approaches, these training sessions can be invaluable and highly 

educational. If such procedures are performed in a newly instru-

mented hybrid catheter lab/operating room, then the dynamics 

of team interactions could also be developed in such training 

sessions. More specifi cally, studies employing virtual reality 

simulation of such procedures have indicated that there is a 

documented learning curve, and catheter handling errors signifi -

cantly decrease as assessed with measurable dynamic metrics 

with high test-retest reliability [ 30 ] (Fig.  36.12 ).

36.8        Summary 

 The clinical application of transcatheter delivery systems 

to repair or replace cardiac valves is an area of intense 

growth, and there is also continued research development. 

The potential to treat patients with valvular disease with-

out the use of open-heart surgery will ultimately affect 

millions of individuals worldwide, improving quality of 

life for these patients. The future of this fi eld will likely 

see smaller delivery systems with greater intracardiac 

mobility, as well as replacement valves that better mimic 

healthy native valve function. Affecting the ultimate clini-

cal success of these therapies will be adequate cardiac 

visual and function assessments prior to, during, and after 

these procedures. One can also foresee that simulation 

training will be employed even before such techniques are 

performed in preclinical animal studies, as many proce-

dures will require numerous tool components (e.g., intro-

ducers, dilators, balloon catheters, delivery catheters, 

etc.). For additional detailed discussions on these topics, 

the reader is referred to manuscripts by Schoenhagen and 

To [ 31 ], Quill et al. [ 32 ], Scheivano et al. [ 3 ], and Piazza 

et al. [ 5 ].     

  Fig. 36.11    3D model of a 

patient’s ascending aorta, aortic 

arch, and descending aorta. The 

vessel is modeled in the gold 

color, while the calcium deposits 

are white in color. It is also 

possible to see the coronary 

arteries that come off the root. 

Using this model the size of the 

aortic annulus can be measured, 

as well as the height of the 

coronaries from the annulus [ 29 ]       
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37.1         Introduction 

 Congenital heart disease affects eight of every thousand live 

births. Correction of these defects initially began with open- 

heart surgery and was originally limited to repairs that could 

be performed without stopping the patient’s circulation (pat-

ent ductus arteriosus or coarctation of the aorta). The subse-

quent development of cardiopulmonary bypass allowed the 

surgeon to safely visualize the inside of the heart, and more 

complex repairs were successful developed. This was the 

true beginning of caring for children with congenital heart 

disease, dramatically extending and improving the quality of 

their lives. However, with these advances, the art of diagno-

sis by physical examination was no longer suffi cient to pro-

vide details of anatomy needed by the surgeon. Cardiac 

catheterization and X-ray visualization during the 1950s and 

1960s also underwent a similar clinical explosion as the pri-

mary diagnostic tool. Still, surgeons had to be prepared to 

deal with the unique individual anatomies found during a 

given operation, i.e., as some details were unexpected. This 

surgical license to make plans “on the fl y” is critical to a suc-

cessful operation and explains the historical liberation of sur-

gery from restrictions by the Food and Drug Administration 

(FDA) and Institutional Review Boards. 

 Next,  echocardiography   developed to the point where it 

began to replace cardiac catheterization as the primary 

diagnostic tool for congenital heart disease (see Chap.   22    ). 

Thus, the number of cardiac catheterizations diminished. 

On the other hand, interventional cardiac catheterization, 

pioneered by Dr. Gruntzig’s coronary angioplasty, became 

an important clinical tool; these techniques were applied to 

relieve congenital narrowing of the pulmonary arteries and 

aorta. Experimental testing preceded the use of these tech-

niques in children with congenital heart disease [ 1 ,  2 ]. 

Importantly, it was observed that no foreign materials were 

left behind while performing these angioplasty procedures. 

Interventional cardiac catheterization further expanded 

http://dx.doi.org/10.1007/978-3-319-19464-6_22
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with Dr. Porstmann’s use of an Ivalon plug to close the 

persistent patent ductus arteriosus (PDA) [ 3 ], as well as 

Dr. King’s [ 4 ] and Dr. Rashkind’s [ 5 ] devices for closure 

of secundum   atrial septal defects  (ASDs)  . Nevertheless, 

technical  diffi culties (i.e., limited retrievability and large 

delivery systems) and residual shunts plagued the early 

development of these devices and their application remained 

limited. 

 Two companies in particular—NuMED, Inc. (Hopkinton, 

NY, USA) and the former AGA Medical Corporation (now 

St. Jude Medical, St. Paul, MN, USA)—focused their efforts 

on developing devices aimed at correcting congenital cardiac 

defects. In 2001, the Amplatzer Septal Occluder became the 

fi rst device to receive FDA approval for closure of secundum 

ASDs, followed in 2003 by the Amplatzer Ductal Occluder. 

This, along with development of stents that could be applied 

to the larger vascular narrowings of congenital heart dis-

eases, opened the fl oodgates for interventional cardiac cath-

eterization in children. We consider that both Allen Tower 

(NuMED, Inc.) and Kurt Amplatz (AGA Medical 

Corporation) deserve special recognition for choosing to 

focus their innovative efforts on improving care for children 

with congenital heart disease, instead of the larger volume 

and remuneration of fi xing adult problems with coronary 

artery stents or patent foramen ovale closure devices.  

37.2     Amplatzer Devices 

 The  Amplatzer devices   designed to close congenital cardiac 

defects are all quite similar; basically, they all are self- 

expanding stents shaped to fi t a specifi c anatomical defect. 

These devices are primarily composed of a closed nitinol 

wire frame fashioned with a waist containing polyester fab-

ric baffl es or stuffi ng to fi ll the defect, as well as retention 

discs. The shapes of the wire frames are tailored to fi t the 

various abnormal vascular or intracardiac communications. 

In other words, the retention discs fi x the device against vas-

cular or cardiac walls. The central waist further holds the 

device in place by placing radial forces against the margins 

of the communications, i.e., providing stable fi xation of the 

device. Most available devices are concentric and designed 

to fi ll defects that are centrally located and thus are sur-

rounded by cardiac structures that will not be injured by the 

edges of these devices. In general, subsequent occlusion 

occurs through thrombosis within the polyester baffl es or 

stuffi ng inside of the wire frame. Importantly, within approx-

imately 3 months, these devices are considered to be covered 

with protein and cellular layers, reducing the potential for 

forming a surface thrombus and eliminating the risk of infec-

tive endocarditis [ 6 ]. 

 Historically, the development of Amplatzer devices began 

when thin wire technologies reached a point that allowed for 

the unique construction of frames employing nontoxic nitinol 

wires. Like all stents, the collapsed device is required to be 

long and narrow to fi t through the delivery sheath. Uniquely, 

nitinol metal has shape memory such that, as it exits the 

sheath, the device expands and assumes its original shape at 

body temperatures. Each device has a microscrew fi xed to 

the proximal end allowing attachment to a delivery cable. 

Thus, these devices can be retrieved with the cable after 

deployment and then either removed or repositioned. Finally, 

the Amplatzer devices can be detached via unscrewing once 

an optimal, secure, and effective position is confi rmed. 

37.2.1     Safety 

  Nickel-containing alloys, such as stainless steel,    have been 

employed in human medicine for over 100 years. They 

have been used in surgical instruments as well as implants 

such as pacemaker wires, vascular clips, mechanical car-

diac valves, orthopedic prostheses, Harrington rods, and 

inferior vena cava fi lters. This demonstrates the relative 

lack of toxicity of nickel-containing metallic implants; no 

systemic effects were observed or have been reported. 

Local fi brotic reactions surrounding stainless steel implants 

were thought to be due to passivation of nickel ions into 

surrounding tissue, despite the absence of microscopically 

visible corrosion. Interestingly, the US Navy developed the 

new nickel- containing metal, nitinol, in the 1960s. This alloy 

of nickel and titanium displayed superior corrosion resis-

tance, and it still carries the name of its heritage—NIckel 

TItanium-Naval Ordnance Laboratory. 

 Nitinol has numerous properties besides corrosion resis-

tance that make it desirable for use in medical devices, 

including: (1) super elasticity (pseudo-elasticity), (2) ther-

mal shape memory, (3) high resiliency, and (4) fatigue resis-

tance. Originally, thin wire technology, more specifi cally the 

development of the  diamond - drawn  wire, provided a shape 

that could be used in endodontic appliances. The tendency 

for nitinol to return to its nominal shape when deformed was 

especially useful in this application. This property also made 

nitinol a valuable material in the production of endoluminal 

devices. Importantly, a nitinol device can be stretched for 

introduction through a small delivery catheter, and then it 

expands back to its original shape when deployed. This new 

alloy replaced most stainless steel devices, especially self- 

expanding stents. Furthermore, nitinol’s fatigue resistance 

properties prevent wire fractures and extend device durabil-

ity. The absence of ferromagnetic properties is compatible 

with magnetic resonance imaging. 

 To date, all Amplatzer devices have proven to be nontoxic 

[ 7 ]. In addition, such devices performed well in fatigue test-

ing, and when immersed in a saline bath, they did not cor-

rode. A patient’s serum nickel levels may rise immediately 

after insertion of an Amplatzer device, but return to normal 

over 3 months. Furthermore, devices examined 18 months 
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post implantation in humans and animals have not revealed 

any detectable surface corrosion. It should be noted that 

the incidence of cutaneous nickel allergy is approximately 

10 % in humans. Yet, with over 100,000 current implants of 

Amplatzer devices worldwide over the past 13 years, no 

defi nitive case of a reaction has been reported in the 

literature.    

37.3     Animal Models Mimicking Congenital 
Defects 

 Originally, the diagnosis of an ASD was established solely 

by typical fi ndings on physical examination, electrocardio-

gram, and chest roentgenogram [ 8 ]. Surgical repair of car-

diac defects, such as those of the atrial or ventricular septa, 

specifi cally required the surgeon to evaluate the shape and 

surrounding structures on an individual basis. Associated 

abnormalities, such as anomalous pulmonary venous con-

nection, could be identifi ed and dealt with by the surgeon at 

the time of the operative repair. 

 Animal  models   created to test experimental devices may 

not always account for associated anatomic details encoun-

tered in human congenital defects. For most congenital heart 

defects, an exact animal model is not readily available. 

Nevertheless, devices can be tested for ease of use, reliabil-

ity, and effi cacy, i.e., by creating an experimental defect by 

dilating a thin septum, sewing in an artifi cial vascular con-

nection, or removing a portion of the thicker muscular sep-

tum. It should be noted that the concept of these “defects” is 

chosen from imaging and/or examination of pathological 

specimens, but may not always mimic the actual defect in 

humans.  

37.4     Atrial Septal Defects 

37.4.1     History 

 Atrial septal defects are congenital defi ciencies in the wall 

separating the systemic and pulmonary venous returns as 

they enter the heart.  These   ASDs allow blood from the lungs 

to fl ow through the defect and increase the volume of blood 

passing through the pulmonary arteries. In most patients, 

after 2 decades of life with this fl ow pattern, this defect can 

permanently damage the pulmonary vasculature. Therefore, 

to prevent this and other problems such as associated cardiac 

arrhythmias, closure of an ASD is recommended during the 

fi rst few years of life [ 9 ]. 

 The University of Minnesota performed the fi rst surgical 

closure of an ASD in 1952 [ 10 ] (see Chap.   25    ). This success-

ful operative approach for correction of a congenital intra-

cardiac defect remains as one of the safest open-heart 

operations performed, with a mortality rate under 0.5 % [ 9 ]. 

Nevertheless, surgical closure may include morbidity from 

the median sternotomy (or a right thoracotomy), the risk of 

exposure to blood products, insertion of a chest tube, a 3–5- 

day hospitalization, convalescence of 4–6 weeks, and/or the 

chance of postpericardiotomy syndrome. Hence, the poten-

tial consequences of these procedures spurred attempts to 

develop a safe and less invasive method of transcatheter 

closure. 

 It is generally accepted that transcatheter closure to treat 

 secundum   ASDs is an ideal procedure. These types of ASDs 

are typically surrounded by rims of tissue that a device can 

clasp, with no borders formed by or thus impeding the 

valves or the walls of the heart. King and Mills reported the 

fi rst attempted transcatheter closure of a secundum ASD in 

1974 [ 4 ]. This was followed by development of the 

Clamshell/CardioSEAL (NMT Medical, Inc., Boston, MA, 

USA) [ 11 ], Sideris button (Custom Medical Devices, Inc., 

Gainesville, FL, USA) [ 12 ], ASDOS (Sulzer Osypka, 

Rheinfelden, Germany) [ 13 ], and Angel Wings (Das et al.) 

[ 14 ] devices. Each of these devices provided an alternative 

to surgical closure, but also resulted in a number of new 

challenges. For example, large devices were required with 

the central post design, yet most of these early designs were 

not self- centering, and the center post could move within the 

defect. Further, these early devices required large delivery 

systems, and, additionally, some were plagued by unwanted 

embolization (e.g., unbuttoning) [ 15 ]. It was also found that 

frame fatigue and arm fracture occurred in up to 10 % of 

some of these designs, with asymptomatic wire emboliza-

tion observed in several patients. It was concluded that most 

of these designs were diffi cult or impossible to recapture or 

retrieve after deployment. Hence, surgical removal was 

required if they were deployed in an improper position, and 

residual shunt rates were signifi cant [ 16 ].   

37.5     Amplatzer Device Designs 

 An ideal septal closure device should be: (1) easily delivered 

and implanted, (2) self-centering, (3) able to pass through a 

small delivery system, (4) recapturable and redeployable, (5) 

highly resilient (without fracturing), and (6) highly effective 

(without signifi cant residual shunts). The materials used in 

the construction of such devices should also be biocompati-

ble and nontoxic. It should be emphasized that durability is 

important, for the majority of patients are children and there 

is a long device “lifetime” after implantation. 

 The Amplatzer ASD  devices      were designed to fulfi ll these 

requirements. For example, the Amplatzer Septal Occluder 

is a woven mesh of 72 nitinol wires 0.003–0.008 in. in diam-

eter with shape memory. There are two retention discs with a 

central waist that is placed within the defect (Fig.  37.1 ); the 
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left atrial disc is 12–14 mm larger than the waist. The stenting 

action of the waist and the retention discs clasps the atrial 

septum, thus holding the device stable and in place. 

Additionally, fabric baffl es sewn inside the discs and waist 

promote thrombosis and thus the overall occlusive ability of 

the device. Importantly, the delivery systems are also rela-

tively small (6–12 Fr delivery sheaths). In addition, these 

devices are recapturable and redeployable with microscrew/

cable attachments. Available waist diameters range from 4 to 

40 mm, thus allowing closure of relatively large defects [ 16 ].

37.5.1       Animal Testing of the Amplatzer 
Device Designs 

 The Amplatzer Septal Occluder device was originally 

designed for occlusion of a secundum ASD. Initial animal 

studies focused on reproducibly  creating   such atrial septal 

communications, as a natural model of a secundum ASD did 

not exist. To do so, nonsurgically the fl ap of the foramen 

ovale in the experimental animal was perforated and dilated 

with a balloon to induce an atrial communication [ 6 ]; subse-

quently, devices were implanted, and, in most cases, there 

were no complications or residual leaks. It was important to 

show that no thrombus formed on the devices. Afterwards, 

human clinical trials confi rmed that no retroaortic rim was 

required for stable device position and complete closure. 

Importantly, patients could be discharged the morning after 

device placement, and they remained on low dose aspirin and 

endocarditis prophylaxis for 6 months after closure [ 16 ].  

37.5.2     Required Testing for FDA Approval 

 An FDA-approved study to provide clinical evidence of the 

effectiveness of the Amplatzer Septal Occluder was origi-

nally initiated, based on the prior success of animal studies 

and European trials in humans. Yet, the clinical study design 

for this device was considered diffi cult. In general, patients 

and their families wanted to avoid surgery, despite the long 

history of safe surgical closure and the lack of long-term 

follow-up with this new device. Therefore, a blinded ran-

domization was unsuccessful, as many patients and families 

that were chosen for the surgical group simply opted out of 

the trial, preferring to wait for fi nal  FDA approval  . The over-

all study design was subsequently modifi ed to allow device 

closure at some institutions with patients recruited to desig-

nated surgical centers. This is not true randomization, but is 

representative of the diffi culty of study design in the real 

world. 

 Later, the results of Phase II of the FDA trial also showed 

that the Amplatzer Septal Occluder was an effective and safe 

therapy as compared to the surgical group. Importantly, at 

the end of 12 months, there was complete closure or a small 

(<2 mm) residual shunt in 98.5 % of device patients, com-

pared to 100 % of surgically closed patients. Furthermore, 

there were no differences between groups in the incidence of 

major complications. Minor complications were more com-

mon in surgical patients (27/442, 6.1 % versus 29/154, 

18.8 %); however, one needs to consider that all patients 

were not truly randomized. There were differences between 

groups, with the surgical patients being younger (18.1 ± 19.3 

  Fig. 37.1    Amplatzer Septal 

Occluder device. ( A ) Right 

atrial angiogram performed 

after deployment of the device 

in a secundum atrial septal 

defect, but before release. The 

right atrial disc is obscured by 

contrast with the waist within 

the atrial septal defect. ( B ) 

The  levophase  of the  right 

atrial angiogram   opacifying 

the left atrium. Contrast 

outlines the left atrial disc 

completely within the left 

atrium       
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versus 5.9 ± 6.2 years,  p  < 0.001) and smaller (42.3 ± 27.3 kg 

versus 20.6 ± 15.2 kg,  p  < 0.001) [ 16 ]. In December 2001, the 

FDA granted premarket approval of the Amplatzer Septal 

Occluder, the fi rst ASD closure device with such an approval.  

37.5.3     Continued Animal Research 
and Translation to Humans 

 After extensive successful clinical use, several reports of per-

foration of the heart by the device began to appear in a small 

number of patients  with   secundum ASDs [ 17 ]. Subsequently, 

a careful review of information from patients suffering from 

erosion after Amplatzer Septal Occluder placement sug-

gested that individuals with “defi ciency” of the superior and 

anterior rims of the atrial septum were at highest risk of this 

complication (Fig.  37.2 ). In fact, the majority of patients 

with secundum ASDs have very little retroaortic rims, so 

many patients with ASDs may be at increased risk of ero-

sions of the Amplatzer Septal Occluder through the superior, 

anterior left, or right atrial walls. This anatomical relation-

ship of the ascending aorta to the anterior rim of the secun-

dum ASD was not fully appreciated until these complications 

of erosion were reported. It should also be noted that the 

original animal model studied did not truly mimic the anato-

mies of many patients with secundum ASDs. More recently, 

using stop fl ow to eliminate oversizing of the Amplatzer 

Septal Occluder device [ 17 ] has reduced the frequency of 

these complications (personal communications with Ken 

Lock,  St. Jude  Medical Corporation).

37.6         Patent Ductus Arteriosus 

 A  patent ductus arteriosus  is a failure of closure of a vascular 

channel present in the fetus that normally closes within the 

fi rst few days after birth.    When this vessel remains open, 

overcirculation of the lungs results. This, in turn, can damage 

the pulmonary vasculature, overwork the heart, and predis-

pose these individuals to infective endocarditis. Closure of 

this channel is recommended to reduce the workload of the 

heart, when spontaneous closure is no longer likely (beyond 

1–2 years of age) [ 18 ]. Much like operative closure of a 

secundum ASD, surgical closure of a PDA is a low risk pro-

cedure that has been used for decades [ 19 ]. Therefore, any 

attempt to employ transcatheter closure methods must carry a 

procedural  risk   at least as low as surgery. Furthermore, a PDA 

is similar to a secundum atrial defect in that the vascular com-

munication is surrounded by normal vessels. It has been 

shown that concentric devices modifi ed from the design of 

the Amplatzer Septal Occluder provided the opportunity for 

transcatheter closure procedures in patients with these defects. 

 Successful transcatheter closure of a small PDA was 

available before a specifi c closure device was developed. 

More specifi cally, coil occlusion of a PDA was fi rst per-

formed at the University of Minnesota in 1972. These early 

procedures included fi lling the aortic ampulla with stainless 

steel coils and their attached Dacron fi bers, or “hanging” a 

coil across the narrowest part of a PDA; both procedures pro-

duced reliable closure. The fi rst embolization coils were not 

attached to delivery wires, and the coils sometimes  embolized 

  Fig. 37.2     Transesophageal 

images   of an atrial septal 

defect with minimal superior 

and anterior (retroaortic) rims. 

( A ) A bicaval view is 

recorded with almost no rim 

( arrow ) by the superior vena 

cava (SVC). ( B ) A short axis 

view of the aorta (Ao) is 

recorded with minimal 

retroaortic rim ( arrow ). Atrial 

septal defects with minimal 

rims in these two areas are 

likely to bring the edges of 

right or left atrial retention 

discs in contact with the right 

or left atrial wall against the 

ascending aorta and may have 

a higher risk of cardiac 

perforation.  LA  left atrium, 

 RA  right atrium       
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into the pulmonary circulation. These techniques were most 

effective when the narrowest diameter of the patent ductus 

was less than 3 mm [ 20 ]. During this period of time, a retriev-

able device that would occlude larger ductus defects was 

considered desirable. 

 The Amplatzer Ductal  Occluder   is shaped like a plug, sized 

to the aortic ampulla with an aortic retention disc designed to 

prevent embolization through the ductus (Fig.  37.3 ). This 

device is typically delivered via a venous route, and the deliv-

ery catheter is small (5–8 Fr) because of the small collapsed 

device diameter. This simple modifi cation of a self-expanding 

stent was found to be extremely successful in producing 

complete occlusion of even larger PDAs. In the Phase II FDA 

trial, there was an observed complete closure of over 97 % of 

PDAs at 6 and 12 months. There was only a 2.3 % incidence 

of serious or major adverse events (including one emboliza-

tion that required surgical removal and one death of a child, 

not device related, with a chromosomal trisomy) [ 21 ]. 

Premarket FDA approval of the Amplatzer Ductal Occluder 

device was received in January 2003.

37.6.1       Animal Testing of the Amplatzer 
Ductal Occluder and Translation 
to Human Use 

 A persistent PDA does not occur reliably in animals; there-

fore, a model needed to be created to test the effi cacy of the 

Amplatzer Ductal Occluder.    An asynthetic tube was sewn 

between the descending aorta and the  pulmonary   artery in 

animals [ 22 ]. The Amplatzer Ductal Occluder device worked 

well in these animals, completely occluding the surgically 

created PDA with endothelialization within 3 months. In animal 

trials, there were no complications, the device was retrievable, 

and there were no residual hemodynamic abnormalities. 

 Subsequent to the successful animal studies, clinical trials 

were undertaken with a high rate of success in occluding 

various sizes of PDAs in patients [ 23 ]. Yet with more exten-

sive clinical use, a few case reports began to surface of par-

tial obstruction of the descending thoracic aorta by the 

retention disc of the Amplatzer Ductal Occluder device. This 

was the result of the angle (approximately 65°) of insertion 

of the naturally occurring PDA with the descending aorta. In 

these cases, the superior portion of the retention disc was 

shown to be angled into the aorta by the plug within the PDA 

(Fig.  37.4 ), sometimes producing partial aortic obstruction in 

smaller patients with larger PDAs. It should be noted that the 

surgically created experimental PDA in the animal model 

was sewn at a 90° angle to the aorta, so this complication was 

not predicted by the anatomically inaccurate orientation.

37.6.2        Animal Trials Designed to Test 
Prototype Angled Amplatzer Ductal 
Occluder Devices 

 To reduce the complexity of manufacturing  the   Amplatzer 

Ductal Occluder device and, at the same time, address the 

issues of the angle of the descending aorta with the PDA, a 

new device was  designed   with an angled retention disc; the wire 

  Fig. 37.3    Amplatzer  Ductal 

Occluder device  . ( A ) 

Photograph of the device with 

clearly visible suturing of the 

baffl e and stuffi ng to the 

ductal plug. ( B ) Aortogram 

immediately after device 

placement. The aortic disc is 

fl at against the aortic wall 

with the plug within the 

ductal lumen. There is no 

fl ow through the ductus and 

no obstruction of the aorta or 

left pulmonary artery       
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count was also increased from 72 to 144 wires, thus eliminating 

the need for fabric in the device [ 24 ]. For animal testing of 

this new design in next stage trials, a synthetic tube was sewn 

between the pulmonary artery and aorta at the angle of the 

more naturally occurring human PDA. Subsequently, in all 

animals in this preclinical trial, the angled Amplatzer Ductal 

Occluder device was successful in occluding the created 

PDA (Fig.  37.5A ); however, the initial human use of the 

device revealed shortcomings with these animal trials. 

Specifi cally, an angled Amplatzer Ductal Occluder was suc-

cessfully placed in a young infant with initial success, which 

also avoided any protrusion of the device into the aorta; 

however, after 3 months, the device expanded the PDA 

resulting in “recanalization” (Fig.  37.5B ) [ 25 ]. This compli-

cation was considered to result from two unanticipated 

design problems. First, the hoop strength of the angled 

Amplatzer Ductal Occluder was suffi cient to dilate the PDA 

in a young infant. This, in turn, resulted in an increase in the 

distance between the radial “spokes” of the device, with less 

occlusive resistance. In retrospect, the animal model trial 

used a non-expandable PDA with small diameters that lim-

ited the distance between the wires of the device.

37.6.3        Redesign of a Device Without Fabric 
and Flexible Retention Disc 
Orientation 

 The latest iteration of the Amplatzer  family   of ductal 

occluder  devices   (Amplatzer Ductal Occluder device 2—

ADO2) is longitudinally symmetrical with retention discs on 

each end and with fl exibility at the connection of the reten-

tion discs to the occluding plug (Fig.  37.6 ). This allows the 

retention discs to angle and lie smoothly against the aortic or 

pulmonary wall. To create an animal model for testing this 

device, infant piglets had balloon dilation of the probe PDA 

so that an anatomically true defect was available [ 26 ]. 

Subsequently, the size of the discs was further reduced to 

allow implantation in smaller infants (ADO2-Additional 

Sizes, ADO2-AS). This device was tested after ductal dila-

tion in newborn piglets weighing 1800–2200 g and implanted 

under echocardiography to mimic occlusion in a premature 

infant in the isolette, similar to surgical ligation in this popu-

lation. The animal testing was successful [ 27 ], and there are 

early positive results in clinical trials of premature infants 

outside the United States [ 28 ].

37.7         Muscular Ventricular Septal Defect 

    Muscular ventricular septal defects    can occur in the lower, 

thicker ventricular septum. Closure of such defects is clini-

cally recommended for the same indications as ASDs and 

PDAs—eliminating overwork of the heart and overcircula-

tion of the lungs. However, unlike for the other two defects, 

surgery to close a muscular ventricular septal defect is gener-

ally not a simple or low risk option. More specifi cally, the 

surgical closure of muscular ventricular septal defects can be 

diffi cult at best, e.g., the right ventricular aspect of the defect 

can be hidden from the surgeon’s view by trabeculations 

within the right ventricular cavity. This, in turn, can result in 

a high incidence of residual leaks with a right ventricular 

approach. On the other hand, directly incising the left ven-

tricle would allow clearer visualization of the defect mar-

gins, but left ventricular aneurysms or diminished left 

ventricular function has resulted in some cases [ 29 ]. These 

surgical diffi culties make the transcatheter closure of such 

ventricular defects an attractive alternative. 

 In general, the Amplatzer Muscular Ventricular Septal 

Occluder is very similar to the Amplatzer Septal Occluder. 

Like a secundum ASD, muscular ventricular septal defects 

are separated from cardiac valves by myocardium; the obvi-

ous difference is the thickness of the ventricular myocar-

dium. Therefore, these devices were designed with greater 

distances between the discs to accommodate for the differ-

ences in myocardial thickness (Fig.  37.7 ). Greater stability 

was found to be produced by the radial force applied against 

  Fig. 37.4    An aortogram recorded in lateral projection after placement 

of an Amplatzer Ductal Occluder device, fully deployed before release. 

The aortic retention rim protrudes superiorly ( arrow ) into the aortic 

lumen (Ao). The angle of the human patent ductus arterosus is at an 

angle of approximately 65°, instead of 90° in the animal model. This 

device is oversized and can be retrieved using the delivery cable still 

attached to the device       
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the thicker muscular ventricular septum, thus the retention 

disc diameters were decreased to 6–8 mm larger than the 

waist. From a design standpoint, it should be noted that ini-

tial attempts of transcatheter closure of muscular ventricular 

septal defects, using the Clamshell/CardioSEAL device, pro-

duced a 40 % incidence of residual leaks [ 30 ]. These devices 

have a central post instead of a waist the size of the defect. 

Therefore, a ventricular “retention” disc had to be sized at 

least twice the diameter of the defect; residual leaks could 

result from migration of the central post within the defect. In 

contrast, the self-centering Amplatzer Muscular Ventricular 

Septal Occluder is fi xed within the defect by its waist. 

Another advantage of the Amplatzer device is the smaller 

maximum device diameter required to close a muscular ven-

tricular septal defect, compared with central post devices.

37.7.1       Animal Trials Designed to Test 
Ventricular Closure Devices 

 It was the successful animal trials  to   close surgically created 

muscular ventricular septal defects [ 31 ] that eventually led to 

human use [ 32 ], but once again the clinical use in humans 

subsequently demonstrated the shortcomings of these pre-

clinical experimental models. In general, naturally occurring 

muscular ventricular septal defects in humans frequently are 

not circular (Fig.  37.8 ); at least 60 % are twice as wide as 

they are tall [ 33 ]. The typical method of sizing muscular ven-

tricular septal defects is to look at the vertical dimension of 

the defect using either echocardiography or angiography. 

Angiography, in particular, demonstrates only the vertical 

dimension, and, because the shunt occurs primarily during 

systole, the defect is best outlined during contraction when 

the diameter of the muscular ventricular septal defect is 

smallest. Measuring the muscular ventricular septal defect 

from en face or 3D echocardiographic imaging accounts for 

the oval shape of the defect and can be timed in diastole; note 

the capability of these imaging modalities has advanced dra-

matically in the last 5–10 years. The frequency of residual 

shunts is reduced by using a device with the same circumfer-

ence as the defect in diastole [ 33 ]. 

37.8         Perimembranous Ventricular Septal 
Defect 

  Amplatzer devices designed for closing secundum ASDs, 

PDAs, and muscular ventricular septal defects are concentri-

cally symmetrical, as there are typically no valves near the 

edges of the defects they are designed to close. In contrast, in 

  Fig. 37.5    ( A ) An  aortogram   is performed after placement and release 

of an angled ductal occluder device in a canine model with the artifi cial 

ductus sewn to mimic the natural angle of the human patent ductus 

arteriosus. The angled aortic retention disc lies fl at against the aortic 

wall with no protrusion into the aortic lumen. The “plug” of the device 

is compressed with immediate complete occlusion. ( B ) A similar angled 

patent ductus arteriosus device has been placed in a human infant. The 

angiogram is recorded 3 months after implantation. The device plug 

was initially compressed with minimal fl ow through the middle. After 

3 months, the device has expanded the ductus ( arrows ) with increased 

interwire distance and “recanalization”       
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perimembranous ventricular septal defects, both the aortic 

and tricuspid valves can be close to the defect margins. From 

a historic perspective,    early attempts were made to close 

perimembranous ventricular septal defects with the 

Clamshell and Sideris button devices. However, it was soon 

reported that distortions of the aortic valves resulted in aortic 

insuffi ciency and, in some cases, the devices were found to 

have embolized [ 34 ]. It was considered that the fl exibility of 

shaping the basic Amplatzer device frames could be advan-

tageous to produce an eccentric, asymmetric device. More 

specifi cally, an Amplatzer Perimembranous Ventricular 

Septal Occluder (Fig.  37.9 ) was designed with a minimal rim 

of the left ventricular disc (0.5 mm); to sit beneath the aortic 

valve, a longer (5.5 mm) inferior left ventricular disc and a 

short waist (1.5 mm) are needed to keep the right ventricular 

disc away from the tricuspid valve. In subsequent animal tri-

als, it was shown that an eccentric design protected the aortic 

and tricuspid valves, yet closed perimembranous ventricular 

septal defects [ 35 ].

   However, the diffi culty with such systems was in the reli-

ability of delivering the device in the proper orientation. 

Advancing a pigtail catheter from the pulmonary artery 

through a patent ductus often results in the curl of the cathe-

ter oriented along the lesser curvature of the aorta. Therefore, 

a sharply curved delivery sheath was designed to deliver 

these devices to the left ventricular apex, mimicking this 

property. In addition, simply advancing the asymmetric 

device through this sheath did not always result in proper 

device orientation. A sharply curved delivery catheter was 

designed that forced attachment of the device with the longer 

left ventricular disc along the lesser curvature of the catheter 

(Fig.  37.10 ). Yet, it was determined that when combined 

  Fig. 37.6    Amplatzer Ductal Occluder II device. The device is longitu-

dinally symmetrical allowing implantation from either the aortic or  pul-

monary approach.   The constriction of the device between the central 

plug and the retention discs allows the discs to swivel and align against 

the vascular wall of the aorta and pulmonary artery       

  Fig. 37.7    Amplatzer 

Muscular Ventricular Septal 

Occluder. ( A ) Photograph of 

the device; the waist is wider 

than that of the Amplatzer 

Septal Occluder to allow for 

the thicker  muscular 

ventricular   septum. ( B ) Left 

ventricular angiogram 3 

months after device 

placement showing complete 

occlusion of a mid-muscular 

ventricular septal defect       

 

 

37 Cardiac Septal Defects



694

  Fig. 37.9    Amplatzer 

Perimembranous Ventricular 

Septal Occluder device. ( A ) 

Photograph of the 

perimembranous device in 

which the delivery cable is 

attached to the right 

ventricular disc. The 

asymmetric left ventricular 

disc is positioned with the 

minimal rim of the subaortic 

portion at the top of the 

device. This prevents 

interference with the aortic 

valve. ( B ) Left 

 ventriculogram   after device 

placement. The asymmetric 

left ventricular disc avoids 

distortion of the aortic valve. 

There is no fl ow through the 

device immediately after 

deployment       

  Fig. 37.8    Echocardiographic 

images of a mid-muscular 

ventricular septal defect. ( A ) 

An apical four-chamber view 

is recorded. There is 

“dropout” of echoes from the 

mid septum ( arrow ) with a 

short vertical dimension. ( B ) 

An en face view of the right 

ventricular surface of the 

ventricular septum is recorded 

in the same patient. The 

ventricular septal defect is 

outlined by the dotted line. 

The vertical dimension is 

signifi cantly less than the 

horizontal one. If only the 

vertical dimension is 

considered in choosing the 

device size, there would be a 

signifi cant residual shunt, or 

device embolization might be 

possible.  LA  left atrium,  LV  

left ventricle,  RA  right atrium, 

 RV  right ventricle       

with the sharply curved delivery sheath positioned in the left 

ventricular apex, a device advanced to the tip of the delivery 

sheath assumed proper orientation [ 35 ]. This was confi rmed 

in human trials, and complete closures have subsequently 

been reported to occur in 96 % of patients. In these trials, 

there were also no serious complications, although the num-

ber of patients was notably small [ 32 ].

   With expanded clinical experience, reports of complete 

heart block after transcatheter closure of perimembranous 

ventricular septal defects ranged from 2.1 to 22 % [ 36 – 38 ]. 

This compared to a contemporary review of surgical closure in 

patients the same age and size range with an incidence of com-

plete heart block of only 0.8 % [ 39 ]. Interestingly, this compli-

cation did not occur in the preclinical animal trials or in the 
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initial reported use in humans [ 32 ]. Although some investiga-

tors continued to implant the pmVSO1 device by avoiding 

oversizing and aggressive manipulation, they still detected an 

incidence of heart block around 1 %, thus this complication 

remained. Possible explanations for this included: (1) trauma 

to the conduction system from the radial force of the device 

(exacerbated by oversizing), (2) compression of the conduction 

system by the short distance between the discs, and (3) abrasion 

from the elongated inferior left ventricular disc. Accordingly, 

the device was redesigned with an innovative double-walled 

construction—a stiff inner layer that maintained device con-

fi guration and a softer outer layer with reduced radial force. 

The interdisc distances were increased slightly to minimize 

the clamping forces on both the septum and conduction tissue. 

More specifi cally, the long, inferior left ventricular disc was 

reduced to remove a possible source of trauma, while the 

sideways wings of the left ventricular disc were expanded to 

maintain stability (Fig.  37.11 ). Improved control over the 

orientation of the left ventricular disc was also achieved. 

Subsequent preclinical animal testing of the new design con-

tinued to demonstrate high closure rates, with no trauma to 

either the aortic or tricuspid valves. As with the original 

design, there was no occurrence of complete heart block in 

the animal model [ 40 ]. Importantly, initial human experience 

with 1-year follow-up demonstrated no AV conduction prob-

lems in 18 human implants [ 41 ]. Validation in humans awaits 

further clinical trials.

37.8.1       Animal Trials Designed to Test 
Perimembranous Ventricular Septal 
Occluders 

 Unlike all the previously  described   surgically created animal 

models of congenital cardiovascular defects, the perimem-

branous ventricular septal occluder device was tested in a 

naturally occurring defect animal model (Yucatan mini pig). 

Morphologically, the porcine defect closely resembles that in 

humans [ 42 ]. It was shown that the device and its unique 

delivery system were successful in occluding these congenital 

defects [ 35 ]. More specifi cally, subsequent examination of 

pathological specimens in this animal model did not show any 

evidence to explain this complication [ 43 ]. It was considered 

  Fig. 37.10    Delivery system for an asymmetric device. ( A ) Photograph 

of the slot in the delivery catheter, fl at at the upper margin. This matches 

a fl attened area at the upper surface of the microscrew. The microscrew 

will only fi t into the slot in the correct orientation. ( B ) The asymmetric 

perimembranous ventricular septal occluder is attached to the curved 

delivery catheter. The longer rim of the left ventricular disc is oriented 

along the lesser curvature of the delivery catheter       

  Fig. 37.11    Amplatzer Perimembranous Ventricular Occluder device 2 

(pmVSO2). The central device with a narrow waist is made of heavier 

gauge wire with strength to maintain the device shape. A second softer 

device surrounding the stiff central device has a wider occluding waist 

( arrows ). This signifi cantly decreases the radial force against margins 

of the defect and the neighboring conduction system. The discs are also 

further apart than the original design decreasing the “clasping” force of 

the discs against the septum. The inferior edge of the left ventricular 

disc has been reduced to decrease possible trauma from contact with the 

left ventricular side of the septum, while side “wings” improve reten-

tion of the device in the defect       
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that this could be a result of minor differences in the conduc-

tion system of these mini pigs as compared to humans, or 

perhaps a consequence of the extremely low incidence of 

complications associated with these devices. Therefore, cau-

tion must be taken when selecting an animal model that 

mimics a human defect; in this case, it did not foresee a com-

plication when the device was taken to human trials (see also 

Chaps.   6     and   27    ). It should be noted that some of these 

reported problems may have resulted from implanting larger 

devices, as several European investigators continue to 

implant this device, minimizing the device size without suf-

fering the complication of complete heart block. Nevertheless, 

redesigning these devices and carefully avoiding oversizing 

during implant may aid to further reduce the incidence of 

complete heart block to acceptable clinical levels.    

37.9     Summary 

 The Amplatzer family of occluder devices has provided for 

unique minimally invasive methods for the transcatheter clo-

sure of congenital cardiovascular abnormalities. In general, 

the simple underlying device designs allow for easy modifi -

cation, thus enabling numerous different types and sizes of 

devices for treating a variety of abnormal cardiac communi-

cations. The unique characteristics of these devices include 

ease of delivery, small delivery systems, retrievability, safety, 

and effectiveness. 

 Despite the clinical success of these devices, the transi-

tion from an animal trial to the human condition clearly dem-

onstrated the failure of animal model designs to ideally 

mimic the intricacies of human cardiac anatomies (congeni-

tal and adult). Prior to the preclinical studies described here, 

many of these features had not been appreciated because sur-

gical treatment was easily adjusted to account for them. For 

example, suture closure of a secundum ASD did not pin the 

atrial free wall between a stiff device rim and an aorta pulsat-

ing with systemic pressure. Likewise, suture ligation of the 

PDA is not affected by the angle between the PDA and aorta, 

or the ability of the PDA to expand when internal force is 

placed against it. Furthermore, surgical patches can be easily 

and precisely shaped to fi t margins of an irregular muscular 

ventricular septal in a patient’s defect. Complete heart block 

was a known complication of surgical repair of perimembra-

nous ventricular septal defects, and this eventually led to the 

development of the cardiac pacemaker. The relative occur-

rence of complete heart block with device closure was not a 

total surprise due to the proximity of the penetrating bundle 

to ventricular septal defect margins, although it did not 

appear in preclinical trials. Therefore, one must consider that 

there may be minor variations in the relationship of the pen-

etrating bundle and the ventricular septal defect in the por-

cine perimembranous ventricular septal defect (or even from 

patient to patient) that account for this variability. On the other 

hand, one should not consider this as a failure of the animal 

model design; ASD, muscular ventricular septal defect, and 

PDA devices are symmetrical, and a central defect was pri-

marily created to test feasibility and effi cacy of the device. 

Thus, these devices functioned perfectly in these designed 

preclinical models. 

 It is important to consider that various factors—proximity 

of a patient’s ascending aorta to the anterior margin of a 

secundum ASD, angle of the PDA to the aorta, expansion of 

the PDA in younger patients, and frequent occurrence of oval 

muscular ventricular septal defects—all become signifi cant 

only under certain treatment conditions. For example, the 

anatomic details of secundum ASDs and PDAs become more 

signifi cant when interventional cardiologists tend to oversize 

devices, either in fear of embolization or due to a perceived 

lack of previous risk with oversized devices. This is likely 

also true with perimembranous ventricular septal occluder 

devices, where a small aortic rim may lead to the risk of 

embolization. Further, it is likely that an oversized ventricu-

lar septal occluder device will increase the pressures against 

the conduction system in perimembranous ventricular septal 

defects and thus increase the risk of complete heart block. 

 There are notable limitations in creating any preclinical 

animal model for studying therapies for congenital heart dis-

ease. For example, tearing the interatrial septum to create an 

ASD generally does not produce relatively large enough 

defects, and often there remains an anterior rim of atrial tis-

sue. Furthermore, acutely creating larger communications 

between systemic and pulmonary circulations (a PDA or 

ventricular septal defect) is poorly tolerated in these animals, 

and acute congestive heart failure and pulmonary edema 

soon develop; long-term animal survival in control groups 

can be quite low. Likewise, testing the ability of these devices 

to close large defects in the animal models is also diffi cult, 

i.e., even the porcine congenital perimembranous ventricular 

septal defect is small or moderate in size when the animal is 

ultimately ready to be used for a closure procedure. Despite 

these limitations, preclinical testing of any such device is 

exceedingly valuable to better defi ne device function prior to 

fi rst use in human procedures. 

 We consider here that when translating from a given animal 

model to human use, great care should be taken in defi ning the 

specifi c anatomies of a congenital heart defect to which the 

devices are to be applied therapeutically. In particular, we sug-

gest that careful review of pathological specimens should be 

supplemented by 3D imaging (echocardiographic, computed 

tomographic, or magnetic resonance imaging) to defi ne the 

proximity of critically important anatomical structures and 

their relative relationships, such as between the inferior vena 

cava and interatrial septum or between the aorta and PDA. 

Critical knowledge of prior surgical experience can also lend 

important insights to the anatomies of congenital defects, 

although some surgeons may be a bit reluctant to participate in 

creating “competitive” treatments. 
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 Finally, devices whose central cores expand to fi ll an abnormal 

communication should not be oversized. When possible, 

device edges should be smooth and rounded rather than sharp, 

as they may have unanticipated contact with critical cardiac 

structures. Nevertheless, device closures of congenital cardio-

vascular defects have revolutionized the care for children with 

congenital heart diseases. For many transcatheter closures, the 

Amplatzer devices have been the fi rst successfully employed 

nonsurgical treatment. Finally, animal testing is an integral 

part of the process for developing new devices, and the trans-

lation to human use requires careful thought.     
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      Harnessing Cardiopulmonary 
Interactions to Improve Circulation 
and Outcomes After Cardiac Arrest 
and Other States of Low Blood Pressure       

      Anja     Metzger       and     Keith     Lurie    

    Abstract  

  This chapter reviews the traditional therapies used to treat sudden cardiac arrest and shock 

(cardiopulmonary resuscitation or CPR) and presents modifi cations of this standard tech-

nique to enhance the delivery of oxygenated blood to the heart and brain. In addition, the 

authors provide descriptions of novel noninvasive technologies that can be used to increase 

the chance for survival, in particular technologies that provide intrathoracic pressure regu-

lation (IPR) therapy to improve perfusion in profound states of shock. Furthermore, imped-

ance threshold devices and active compression-decompression (ACD) CPR treatment are 

described, and the results of numerous animal and clinical studies are presented.  

  Keywords  

  Cardiac arrest   •   Sudden cardiac death   •   Shock   •   Intrathoracic pressure regulation  
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  Abbreviations 

   ACD    Active compression-decompression   

  ACD-CPR     Active compression-decompression cardio-

pulmonary resuscitation   

  BLS    Basic life support   

  CePP    Cerebral perfusion pressure   

  CPP    Coronary perfusion pressure   

  CPR    Cardiopulmonary resuscitation   

  DBP    Diastolic blood pressure   

  EMS    Emergency medical services   

  ETP    Endotracheal pressure   

  FDA    Food and Drug Administration   

  ICP    Intracranial pressure   

  IPR    Intrathoracic pressure regulation   

  ITD    Impedance threshold device   

  ITP    Intratracheal pressure   

  ITPR    Intrathoracic pressure regulator   

  LBNP    Lower body negative pressure   

  MAP    Mean arterial pressure   

  PEA    Pulseless electrical activity   

  RA    Right atrial   

  ROC    Resuscitation Outcomes Consortium   

  ROSC    Return of spontaneous circulation   

  SBP    Systolic blood pressure   

  VF    Ventricular fi brillation   

38.1           Introduction 

 Cardiac arrest and life-threatening hypotension typically 

occur suddenly and without warning. This chapter will 

briefl y review the traditional therapies used to treat sudden 

cardiac arrest and shock. In addition, we provide descrip-

tions of novel noninvasive technologies that can be used to 

increase the chance for survival, in particular technologies 

that provide  intrathoracic pressure regulation (IPR) therapy   

to improve perfusion in profound states of shock.  

             A.   Metzger ,  PhD       (*) •     K.   Lurie ,  MD    
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38.2     Sudden Cardiac Arrest 

 Despite the widespread practice of basic and advanced life sup-

port, the vast majority of patients in cardiac arrest never survive 

to hospital discharge.    The clinical toll is enormous—more than 

1000 adults die each day in the United States alone from an 

out-of-hospital cardiac arrest, and a similar number of individ-

uals die daily inside the hospital. Many of these patients have 

no prior warning signs and thus die in the prime of their lives. 

Sadly, little has changed in the practice of  cardiopulmonary 

resuscitation (CPR)   in the past 50 years; thus, it is not surpris-

ing that survival rates have remained relatively constant for 

decades at ~6 % nationwide for all patients with an out-of-hos-

pital cardiac arrest. For patients who present with  ventricular 

fi brillation (VF)  , survival rates range from 10 to 45 %, depend-

ing upon the city where they arrest. Since the frequency of VF 

is declining, and nearly 70 % of all patients currently present 

with either  pulseless electrical activity (PEA)   or asystole,    new 

approaches are desperately needed to decrease mortality from 

this nation’s #1 killer. While the differences in patient outcome 

between regions are due to many factors, the intrinsic mechani-

cal ineffi ciency of conventional manual CPR limits the poten-

tial of even the most highly skilled rescuers. Moreover, the vast 

majority of the 300,000+ cardiac arrests that occur annually in 

the United States occur in the home, and delays to treatment 

severely limit the chances for patient survival. As a result, even 

with the most effi cient emergency medical services (EMS), 

less than 20 % of all patients with an out-of- hospital cardiac 

arrests are discharged from the hospital with intact neurological 

function [ 1 ,  2 ]. 

 The immediate application of CPR is critical when sudden 

cardiac arrest occurs. The primary purpose of manual stan-

dard CPR is to pump blood from the heart to vital organs 

during the compression phase and to enhance the return of 

blood back into the heart (preload) during the chest wall 

recoil (or decompression) phase. Compression and decom-

pression are illustrated in Fig.  38.1 . Devices that optimize 

this cardiovascular physiology are helpful adjuncts and have 

been shown to improve outcomes after cardiac arrest. 

Conversely, there have been several common mistakes iden-

tifi ed in standard  CPR techniques   that result in suboptimal 

CPR quality, including: (1) not allowing full chest wall 

recoil, (2) inadequate compression forces, (3) incorrect com-

pression rates, and/or (4) hyperventilation.

   It is critical to understand that blood fl ow to the vital organs 

is severely reduced during standard CPR, even under the best 

of circumstances [ 3 ,  4 ]. During standard CPR, chest compres-

sion results in an elevation of intrathoracic pressure and indirect 

cardiac compression. Both of these mechanisms result in for-

ward blood fl ow out of the chest to perfuse the brain and other 

vital organs. However, the effectiveness of standard CPR is 

largely determined by the amount of blood returned to the chest 

to refi ll the heart after each compression phase. This process is 

highly dependent on the degree of chest wall recoil. When the 

chest recoils, intrathoracic pressures fall relative to extratho-

racic pressures, and venous blood returns to the right heart.  

  Fig. 38.1    Compression and decompression 

phases of cardiopulmonary resuscitation       
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38.3     The Impedance Threshold Device 
for Cardiac Arrest 

 Standard CPR by itself has been shown to be inherently inef-

fi cient, in large part due to the lack of adequate blood return 

to the thorax during the chest wall recoil phase [ 3 ,  4 ]. 

Moreover, the  coronary perfusion pressure (CPP)  , a critical 

determinant of CPR effi cacy, is only marginally adequate as 

the pressure gradient between the aorta, the right atrium, and 

left ventricle is far from optimal. During the decompression 

(or passive relaxation) phase of standard CPR, a small 

decrease in intrathoracic pressure (relative to atmospheric 

pressure) develops, which promotes blood fl ow back to the 

heart. Myocardial perfusion predominantly occurs during 

this decompression phase. Uniquely, the  impedance thresh-

old device (ITD)   (ResQPOD ® , Advanced Circulatory, 

Roseville, MN, USA) was designed to improve venous 

return to the heart during the decompression phase of CPR 

[ 3 – 9 ]. In so doing, the ITD increases the CPP during CPR, 

enhancing delivery of oxygenated blood to both the heart and 

brain. The ITD shown in Fig.  38.2  works effectively with 

both a face mask and an advanced airway (e.g., endotracheal 

tube, supraglottic airway).

   The concept underlying the ITD was fi rst discovered when 

measuring intrathoracic pressures in patients undergoing a 

new type of CPR,  active compression-decompression (ACD)   

CPR [ 10 ]. It was found that if the endotracheal tube was tran-

siently occluded during the active decompression phase, intra-

thoracic pressures became markedly more negative. This led 

to the idea of transiently blocking the airway or impeding 

inspiratory gas exchange during the chest wall decompression 

phase of CPR to create a greater pressure differential between 

the thorax and the rest of the body, thereby enhancing blood 

fl ow back into the thorax. As such, the ITD harnesses the 

kinetic energy of the chest wall recoil, thereby augmenting the 

“bellows-like” action of the chest with each compression-

decompression cycle [ 8 ,  9 ]. The ITD contains pressure-sensi-

tive valves that selectively impede the infl ux of inspiratory gas 

during chest wall decompression, thereby augmenting the 

amplitude and duration of the vacuum within the thorax. This 

vacuum draws more venous blood back into the heart, result-

ing in increased cardiac preload, followed by improved 

cardiac output and vital organ perfusion. During  chest com-

pression  , the one-way valve is open and does not cause any 

resistance to exhalation. When the resuscitation bag is 

squeezed for active ventilation, the one-way valve remains 

open and does not cause any resistance to gas exchange. 

In this manner, the ITD functions to lower intrathoracic pres-

sure only during the decompression phase of CPR without 

compromising patient ventilation. The ITD consists of a valve 

body, a one-way pressure-sensitive silicone valve, and a safety 

check valve [ 5 ]. When a spontaneous pulse returns, the ITD is 

removed from the respiratory circuit. The safety check valve 

serves as a precautionary measure to prevent negative pres-

sure pulmonary edema and potential barotrauma and to enable 

the patient to breathe if there is a return of spontaneous venti-

lation and the ITD has not been removed. 

 Positive data from animal studies and clinical trials, 

described in detail below, formed the basis for the American 

Heart Association’s Level IIb recommendations for the use 

of ITDs in the 2010  American Heart Association (AHA)   

 guidelines  . Today, the ResQPOD ®  is sold in the United States 

  Fig. 38.2     ResQPOD ®  impedance   

threshold device on a face mask 

and endotracheal tube       
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as a device that can be used to increase circulation in patients 

with low blood pressure, including patients in cardiac arrest. 

Further, Aufderheide et al. reported outcomes from the use 

of the ITD in seven EMS systems in the United States. They 

showed that the changes in CPR practice, which now empha-

size more compressions and fewer ventilations, complete 

chest wall recoil, uninterrupted chest compressions during 

advanced airway management, and the use of the ITD during 

basic life support (BLS) and advanced life support resulted 

in a doubling of hospital discharge rates for all patients, 

regardless of presenting heart rhythm, i.e., from 8 to 16 % 

[ 11 ]. In addition, the neurological outcomes were similar 

between groups, and patients who had an initial rhythm of 

ventricular fi brillation had a hospital discharge rate of 28.1 % 

compared with 17.2 % in the historical control group. 

 One of the fi rst animal studies performed with the ITD 

demonstrated that the use of the active ITD increased 24-h 

survival and preserved neurological function after cardiac 

arrest in swine [ 8 ]. There was a statistically signifi cant increase 

in both of these key outcome parameters, as shown in Fig.  38.3 . 

The improved neurological function was observed in the over-

all study group, as well as in the subset of animals that were 

resuscitated with defi brillation shock therapy and epinephrine. 

Blood gas data demonstrated that oxygenation was adequate 

in both groups and no differences were observed between 

groups on autopsy. The intrathoracic pressures were signifi -

cantly lower in the ITD group. Subsequent studies have dem-

onstrated that the use of the ITD also lowers intracranial 

pressures ( ICPs  )    more rapidly than in animals treated with 

standard CPR alone. It is hypothesized that these observations 

help to explain the markedly improved neurological outcomes 

in this porcine survival study [ 8 ].

   Importantly, the fi rst randomized double-blinded pro-

spective clinical trial showed that the use of the ITD during 

standard CPR resulted in an increase in systolic blood pres-

sure. However, in that study nearly all of the patients also 

received excessively high ventilation rates. Follow-up ani-

mal studies demonstrated that excessive ventilation (termed 

  hyperventilation   ) during cardiac arrest actually inhibited 

venous return, compromised hemodynamics, and resulted in 

increased mortality rates [ 12 ,  13 ]. In addition, frequent 

incomplete decompression of the chest was also witnessed 

and recorded in that study. Follow-up studies in animals 

demonstrated that incomplete chest wall recoil resulted in 

positive intrathoracic pressures, which in turn decreased 

venous return and caused markedly poorer cardiac and cere-

bral blood fl ows; incomplete decompression is thus a key 

component in the defi ciency of standard CPR [ 14 ]. These 

observations also demonstrate how important the cardiopul-

monary cerebral interactions are during CPR. 

 In the fi rst US double-blinded randomized survival study 

of the ITD, there was nearly a threefold increase in 1-h and 

24-h survival rates in patients with an initial rhythm of  PEA   

when comparing treatment with a sham versus active 

ITD. Figure  38.4  shows the relative percent survival in all 

subjects initially presenting with PEA. It is important to 

emphasize that the results from this study were observed in 

the setting of real-world CPR, prior to the use of tools to help 

control ventilation frequency or the adequacy of compres-

sion rates, depths, and complete chest wall decompressions. 

Figure  38.5  shows the percent survival in all subjects pre-

senting with various types of cardiac rhythms.

    The benefi ts of the ITD in patients with PEA can be bet-

ter understood by examining the hemodynamic tracings of 

one of the substudy group patients, as shown in Fig.  38.6 . 

When CPR was discontinued, there was a persistent regu-

lar electrical activity, but the aortic pressures were inade-

quate to generate a palpable pulse. This example of PEA 

demonstrates that although there were small rises in the 

arterial pressure with each cardiac contraction, this was 

insuffi cient to cause a palpable pulse or effective vital 

organ blood fl ows. Importantly, without effective vital 

  Fig. 38.3    Percentage of animals 

with 24-h survival and normal 

neurological function comparing 

standard CPR ( sCPR ) to 

impedance threshold device ( ITD ) 

+ standard CPR after cardiac 

arrest in pigs       
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  Fig. 38.4    Outcomes for all subjects initially presenting with pulseless 

electrical activity. * p  = 0.01, # p  = 0.02.  ROSC  return of spontaneous 

circulation,  1 HrS  1-hour survival;  ICU  ICU admission rate,  24 HrS  

24-hour survival         Fig. 38.5    Outcomes for all subjects presenting in all rhythms.  ROSC  

return of spontaneous circulation,  1 HrS  1-hour survival,  ICU  ICU 

admission rate,  24 HrS  24-hour survival       

  Fig. 38.6    Hemodynamic tracing of a patient with pulseless electrical activity ( PEA ).  BP  blood pressure,  CPR  cardiopulmonary resuscitation       
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organ perfusion, return of spontaneous circulation ( ROSC  )    is 

not possible. We speculate that the known increase in circu-

lation and blood pressures associated with the use of the 

ITD, in both animals and humans, is enough to increase 

the aortic systolic and diastolic pressures to a suffi cient 

level to allow for effective vital organ perfusion. It should 

be noted that the number of patients in VF treated with the 

ITD in that study was too low to defi nitively determine if 

the ITD would benefi t this patient subgroup. Nonetheless, 

hospital discharge rates were 6 % in the control group and 

14 % with the active ITD in that study.

   One of the most important fi ndings from the fi rst clinical 

study when the ITD was used with standard  CPR   was that 

the overall quality of administered CPR was very poor. 

Based on the hemodynamic substudy data collected in this 

clinical trial, hyperventilation was recorded in 100 % of 

cases, and incomplete chest wall recoil was recorded in 

approximately 50 % of cases. These critical fi ndings demon-

strated the challenges of performing standard  CPR   with a 

pair of human hands alone, and this resulted in a change in 

the initial design of the ITD; a timing light was added that 

fl ashes at 10 times per minute to provide the rescuer with 

guidance on when to ventilate the patient and how to assure 

that compressions are performed 100 times per minute (com-

press 10 times per light fl ash). In the future, the use of the 

ITD will be even more effective once improved standard 

CPR is practiced and performed uniformly. 

 It is also important to emphasize that one of the very 

exciting recent advances in CPR research has been the redis-

covered benefi t of therapeutic hypothermia after successful 

resuscitation. Several studies have demonstrated a 50 % 

increase in long-term survival rate and improved  neurological 

function in survivors of cardiac arrest with VF who received 

therapeutic hypothermia in the hospital shortly after resusci-

tation [ 15 – 17 ]. Therefore, when hypothermia is applied to 

patients resuscitated after PEA, there should be a similar 

increase in long-term survival rate with good neurological 

function. Fortunately, a growing number of patients are now 

routinely treated with therapeutic hypothermia after success-

ful resuscitation.  

38.4      Effects of Incomplete Chest Wall 
Recoil and Hyperventilation 
on the Quality of Standard CPR 

 The AHA recognized the ineffi ciencies of standard CPR in 

2000, 2005, and 2010 when they issued new guidelines for 

performing  CPR.   The latest guideline reinforces the impor-

tance of the chest decompression phase in teaching CPR: 

 Rescuers should allow complete recoil of the chest after each 

compression ,  to allow the heart to fi ll completely before the 

next compression  [ 18 ]. 

 As mentioned previously, Aufderheide et al. observed 

rescuers frequently leaning on the chest during the decom-

pression phase, thereby maintaining some residual and con-

tinuous pressure on the chest wall during the decompression 

phase of CPR. This prevented complete chest wall recoil. 

More specifi cally, airway pressures were consistently 

measured as positive during the decompression phase 

(>0 mmHg) in 6/13 (46 %) of consecutive adults. This was 

caused by incomplete chest wall recoil alone or combined 

with prolonged, positive ventilations. With standard CPR 

and incomplete chest wall recoil, insuffi cient intrathoracic 

vacuum pressures are achieved. In contradistinction, when 

active compression and decompression are performed in 

conjunction with the use of an ITD, a signifi cant intratho-

racic vacuum results. 

 In 2005, Yannopoulos et al. conducted an animal study to 

address the question of the physiological impact of incom-

plete chest wall recoil [ 14 ]. Nine pigs in VF for 6 min were 

treated with an automated CPR device with compressions at 

100/min, a compression depth of 25 % of the anteroposterior 

diameter, and a compression to ventilation ratio of 15:2. 

After complete (100 %) chest wall decompression for 3 min 

during standard CPR, the decompression depth was reduced 

to 75 % of complete decompression for one minute of CPR 

and then restored for another one min of CPR to 100 % 

decompression. CPP was calculated as the diastolic aortic—

right atrial (RA) pressure. Cerebral perfusion pressure 

(CePP) was calculated by measuring the area between the 

aortic pressure curves and the ICP curves. Figure  38.7  sum-

  Fig. 38.7    Aortic pressures,  coronary perfusion pressure ( CPP )  ,  intrathoracic pressure ( ITP   ), and  cerebral perfusion pressure ( CePP )   decreases 

when complete decompression is not allowed (75 %). * p  < 0.05       
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marizes the results of this study including the differences in 

aortic systolic pressure, CPP, intratracheal pressure (ITP), 

and CePP. With 100 %–75 %–100 % chest wall recoil, the 

CPP was 24.2 ± 2.0, 15.0 ± 1.2, and 15.6 ± 1.3 mmHg 

( p  < 0.05); CePP was 320 ± 120, 95 ± 15, and 

150 ± 30 mmHg min ( p  < 0.05); diastolic aortic pressure was 

26.8 ± 2.8, 18.9 ± 2.3, and 18.2 ± 2.1 mmHg ( p  < 0.05); ICP 

during decompression was 18.1 ± 2.8, 21.6 ± 2.3, and 

17.4 ± 2.6 mmHg ( p  < 0.05); RA diastolic pressure was 

2.7 ± 1.9, 3.9 ± 1.9, and 2.7 ± 1.6 mmHg ( p  < 0.05); and mean 

arterial pressure (MAP) was 41.4 ± 2.8, 32.5 ± 2.2, and 

36.6 ± 1.9 mmHg ( p  < 0.05). The CPP and CePP never fully 

recovered after treatment with the 75 % incomplete chest 

wall decompression. It is striking that a small reduction of 

chest wall recoil (1 cm), which is a common occurrence dur-

ing the performance of CPR, resulted in such a marked 

reduction in cerebral and CPPs.

   The effect of incomplete chest wall recoil on reducing 

cerebral perfusion can be seen graphically in Figs.  38.8  and 

 38.9  [ 14 ]. Figure  38.8a  represents, condensed in time, the 

sequential 100 % chest recoil, 75 % chest wall recoil, and 

return to 100 % chest wall recoil. Tracings of ITP, aortic 

pressure (AoPr), and ICP with 200 ms per division are indi-

cated with arrows. Piston throw (in cm) is also shown to 

sequentially demonstrate the complete (100 %) chest wall 

recoil ( 38.8b ), 75 % chest wall recoil ( 38.8c ), and return to 

complete chest wall recoil ( 38.8d ). The positive area between 

the AoPr and ICP tracing represents cerebral perfusion 

(marked as black). Note how the area decreases, especially 

during decompression with incomplete chest wall recoil 

(75 %) and that it partially recovers when full recoil was 

restored. Figure  38.9  shows the effect of positive pressure 

ventilation on CePP. The fi rst tracing shows the aortic and 

ICP waveforms with full chest wall recoil after a ventilation 

cycle, while the second tracing shows the aortic and ICP 

waveforms with incomplete chest wall recoil after a ventila-

tion cycle. Positive pressure gradient (Ao-ICP) is colored 

black. Note the marked difference in total area during each 

compression-decompression cycle with and without a posi-

tive pressure breath. The bar graphic shows the mean 4-beat 

area of all animals during and after a ventilation cycle. The 

mean ± SEM values during 100 and 75 % decompression 

have been graphed. During positive pressure ventilation, ICP 

rises and the positive gradient disappears. There was effec-

tively no blood fl ow to the brain (Fig.  38.9 , second panel). 

This study demonstrated that incomplete decompression has 

signifi cant deleterious effects on both CPP and CePP. The 

residual positive intrathoracic pressure during the decom-

pression phase associated with incomplete chest wall recoil 

decreased forward blood fl ow, impeded venous return, 

increased ICP, and undermined the effi ciency of CPR. These 

recent animal studies underscore the fundamental hemody-

namic importance of complete chest wall decompression 

during CPR. Whether rescuers can be retrained to allow for 

complete chest wall decompression during standard CPR 

remains an important issue.

    A change in CPR technique to allow for the palm of the 

compressing hand to lift off the chest at the end of decom-

pression may be important to assure full chest wall recoil 

during standard CPR. Accordingly, Aufderheide et al. 

  Fig. 38.8    Effect of incomplete 

chest wall recoil on reducing 

cerebral perfusion (see text for 

details).  AoPR  aortic pressure, 

 ICP  intracranial pressure,   ITP    

intrathoracic pressure,  blue  

tracings = aortic pressure,  pink  

tracings = intracranial pressures       
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  Fig. 38.9    Effect of incomplete chest wall recoil on reducing cerebral perfusion (see text for details).   CerPP    cerebral perfusion pressure       

implemented a randomized prospective clinical trial using 

an independent group of 30 actively practicing and certifi ed 

EMS providers, not aware of the ongoing trial, in a con-

trolled setting using a recording CPR manikin. The purpose 

of the study was to evaluate three alternative CPR techniques 

to determine if they would improve complete chest wall 

recoil compared with standard CPR while maintaining 

adequate compression depth and proper hand position 

placement. The three alternative CPR techniques were: (1) 

two-fi nger fulcrum technique (lifting the heel of the hand 

slightly but completely off the chest during the decompres-

sion phase of CPR while using the thumb and little fi nger as 

a fulcrum), (2) fi ve- fi nger fulcrum technique (lifting the heel 

of the hand slightly but completely off the chest during the 

decompression phase of CPR, using all fi ve fi ngers as a ful-

crum), and (3) hands-off technique (lifting the heel and all 

fi ngers of the hand slightly but completely off the chest 

during the decompression phase of CPR). 

 In this study, during standard CPR using the traditionally 

taught hand position (standard hand position), complete 

chest wall decompression was recorded in only 16.3 % of all 

compression-decompression cycles, adequate depth of com-

pression in 48.5 %, and acceptable hand placement in 85.0% 

of compression-decompression cycles. When compared with 

standard CPR, the hands-off technique achieved the highest 

rate of complete chest wall recoil (95.0 % versus 16.3 %, 

 P  < 0.0001) and was 129 times more likely to provide com-

plete chest wall recoil (OR: 129.0; CI: 43.4–382.0) [ 19 ]. 

There were no signifi cant differences in the accuracy of hand 

placement, depth of compression, or reported increase in 

fatigue or discomfort with its use compared with the stan-

dard hand position. The hands-off technique was easily 

learned and applied by participating EMTs, because it uses 

the same hand confi guration as is currently recommended by 

the AHA .  

38.5     Optimizing Outcomes with Standard 
CPR and the Impedance Threshold 
Device 

   Aufderheide and colleagues have recently analyzed and 

applied the combined lessons learned from the initial clinical 

trials of the ITD and standard  CPR  . They analyzed data from 

seven EMS systems that serve a population of more than 

3 million patients and reported that, when CPR is performed 
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correctly with the ITD and the  mistakes   described above are 

reduced or eliminated by rigorous training and correct ITD 

used, survival rates increased from 7.9 to 15.7 % for all 

patients who presented with cardiac arrest; survival rates for 

those with an initial rhythm of VF increased from 17 to 28 % 

[ 11 ]. Therapeutic hypothermia was not yet in use in these 

EMS systems and their associated hospitals when these data 

were obtained. Similar benefi ts from performing CPR 

according to the AHA 2005 and 2010 guidelines and the use 

of the ITD have also been reported for patients in in-hospital 

cardiac arrest. For example, Thigpen reported that hospital 

discharge rates in one large Mississippi hospital increased 

from 17 to 28 % with the administration of this new resusci-

tation approach [ 20 ,  21 ]. Similar data from St. Cloud 

Hospital in Minnesota are shown in Fig.  38.10 ; data from 

before the change in practice in July 2006 were compared to 

data after implementation of the new CPR techniques and 

the ITD. Importantly, the survival rates after an in-hospital 

cardiac arrest nearly doubled.

   A study by Lick et al. investigated the effects of stricter 

adherence to the AHA guidelines for CPR which included 

the recommended use of the ITD. The  Take Heart America  

initiative was started in an attempt to increase survival from 

cardiac arrest by focusing on the implementation of the 2005 

and 2010 AHA guidelines. It is centered not on a single treat-

ment but rather on a bundle of care approach including 

community- wide initiatives, including: (1) increased cardiac 

arrest awareness, (2) increased bystander CPR rates, (3) 

 promoting the use of automated external defi brillator, and (4) 

the administration of immediate high-quality CPR with the 

use of the ITD throughout the duration of the code. Further, 

additional in-hospital treatments such as therapeutic hypo-

thermia, revascularization, and implantable cardiac defi bril-

lators were also emphasized. Survival and outcomes data for 

patients receiving the bundled interventions were compared 

to control data prior to implementation of the initiative. 

Importantly, survival to hospital discharge increased signifi -

cantly from 8.5 to 19.0 %. These differences were especially 

striking in the subset of patients who had VF as the initial 

arrest rhythm; their numbers increased from 17.0 % versus 

41.0 % [ 22 ]. These results show that when focus is applied to 

the AHA guidelines including recommended use of the ITD, 

cardiac arrest survival rates can be greatly improved. In sum-

mary, with greater attention to enhancing circulation, based 

on the newly discovered mechanisms underlying circulation 

during CPR, signifi cant progress has been made by simply 

using a pair of hands and the ITD. 

 It should be noted that a large multicenter study con-

ducted by the Resuscitation Outcomes Consortium (ROC) 

group looked at outcomes from cardiac arrest using an active 

ITD versus a sham ITD. The results, originally published in 

2011, reported no statistical differences in survival with good 

neurological function in the active group and the sham group 

[ 23 ]. Additional analyses revealed that the chest compres-

sion rates varied widely throughout the study, ranging from 

50 compressions/minute to 240 compressions/minute [ 24 ]. 

When the subset of patients received compressions at a rate 

of 100 ± 10 compressions/minute, the active device showed a 

marked benefi t on survival with good neurological function 

compared to the sham device. There was also a signifi cant 

benefi t identifi ed for subjects who suffered VF arrests. This 

second look at the ROC data shows that when CPR is per-

formed correctly, per AHA guidelines, the ITD can increase 

the rate of survival to hospital discharge with improved neu-

rological function. 

 Another analysis of the ROC data was independently 

performed by Yannopoulos et al. [ 25 ]. In addition to investi-

gating compression rates as a surrogate for quality CPR, they 

also included only subjects receiving CPR at a depth of 

4–6 cm (AHA recommends depth of 2 in or 5 cm) and a 

compression fraction (% of time performing chest compres-

sions in a given minute) of >50 %. When these fi lters were 

  Fig. 38.10    Code blue survival 

rates in St. Cloud, Minnesota 

(January 2005 to December 

2007).  CPR  cardiopulmonary 

resuscitation       
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applied, 7.2 % of subjects receiving CPR with the active ITD 

survived to hospital discharge with good neurological func-

tion, while the rate was only 4.1 % for subjects receiving 

CPR with the sham ITD ( p  = 0.006). This represents a 43 % 

increase in survival rate with good neurological function 

with the active ITD, over the sham ITD. Again, when quality 

CPR is delivered according to guidelines, the use of an ITD 

provides benefi ts to patients.    

38.6     Active Compression-Decompression CPR 

   It has been shown that despite training, it is diffi cult to per-

form standard manual  CPR   correctly, e.g., allowing for the 

chest to fully recoil following each compression. These 

problems result in signifi cantly less blood fl ow back to the 

heart and reemphasize that perhaps another device is needed 

to correct this widespread problem. Correction of this basic 

fl aw (incomplete chest wall recoil) through the use of a tech-

nique that ensures full chest wall recoil and user guidance 

has the potential to signifi cantly improve the chance for sur-

vival after cardiac arrest. One such technique is ACD- CPR   

which is performed with an ACD-CPR device. 

 More specifi cally, ACD-CPR increases the naturally 

occurring negative intrathoracic pressure by physically lift-

ing the chest wall and helping it to return to its resting 

decompressed position. During standard CPR, the chest 

wall’s natural elasticity will partially recoil from compres-

sion. Several factors can contribute to less than optimal 

recoil: (1) patient age, (2) brittle or broken ribs, (3) a sepa-

rated or broken sternum, (4) a barrel-shaped chest, (5) the 

presence of chest concavity, and/or (6) the tendency for 

rescue personnel to lean on the chest and thus cause incomplete 

chest wall recoil during performance of CPR. The use of an 

ACD-CPR helps ensure that the chest re-expands to generate 

the negative intrathoracic pressure needed to allow passive 

fi lling of the heart. 

 For example, ACD-CPR can be performed with a hand-

held suction device (ResQPUMP ® , Advanced Circulatory 

Systems) fi xed on the anterior chest wall. During the com-

pression phase, the chest is compressed, and blood is forced 

out of the heart to perfuse the vital organs, as with standard 

CPR. Next, when the chest is actively pulling up with the 

device, a vacuum is created within the thorax, drawing more 

blood back into the heart. This technique improves hemody-

namics [ 26 ,  27 ] and, in some studies, long-term survival 

rates with patients in cardiac arrest, as compared with 

patients receiving standard CPR alone [ 28 ,  29 ]. The ACD- 

CPR device is currently being used in many countries 

throughout the world including France and Israel, as well as 

parts of China, Japan, and Germany (Fig.  38.11 ). ACD-CPR 

in combination with the ITD, known as the ResQCPR TM  

System, received regulatory clearance in May of 2015 from 

the Food and Drug Administration (FDA) with an indication 

for use as a CPR adjunct to improve the likelihood of sur-

vival in adult patients with non-traumatic cardiac arrest.

   It should also be noted that ACD-CPR + ITD has been 

evaluated in multiple animal and clinical trials and is cur-

rently recommended in the AHA guidelines as an alterna-

tive to standard CPR. Importantly, the device combination 

has been shown to quadruple blood fl ow to both the heart 

and brain, compared with manual standard CPR alone. 

  Fig. 38.11    ResQPUMP ® , the US 

version of the active 

compression-decompression 

cardiopulmonary resuscitation 

device. The force gauge and 

metronome are used to guide the 

rescuer in the proper performance       
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This device combination also signifi cantly increases blood 

pressures and survival rates [ 29 – 31 ]. 

 Lurie et al. specifi cally studied the effects of ACD-CPR and 

an ITD on blood fl ow; the results are summarized in Fig.  38.12 . 

Preclinical animal studies demonstrated that left ventricle and 

cerebral blood fl ows were markedly improved with ACD-

CPR + ITD [ 10 ,  32 ]. In these studies, CPPs were >20 mmHg, 

the minimum CPP thresholds needed to optimize the chance 

for survival in both humans and in a porcine model of cardiac 

arrest [ 33 ,  34 ]. The device combination also optimized perfu-

sion within the brain, which was found to be even greater than 

baseline levels after a prolonged arrest, when comparing stan-

dard CPR to the combination of ACD-CPR + ITD [ 10 ]. The 

investigators believe that one of the reasons that the clinical 

trials with ACD-CPR + ITD have been successful is secondary 

to the marked increases in cerebral perfusion that can be 

achieved with this new approach. These fi ndings have been 

reproduced by several other investigators using both pediatric 

and adult pigs in cardiac arrest [ 4 ,  35 ]. Improved forward blood 

fl ow and vital organ perfusion with use of ACD-CPR + ITD 

also enhances drug effi cacy during CPR [ 36 ]. For example, it 

was shown that the effects of exogenous vasopressin were sig-

nifi cantly enhanced with ACD-CPR + ITD for hypothermic 

pigs, as refl ected by higher coronary and CePPs and improved 

cerebral metabolic profi les.

   In general, the use of the combination of ACD-CPR and 

the ITD can be considered to be synergistic. To date, four 

randomized clinical trials have been performed to evaluate 

the relative effectiveness and safety of the ACD-CPR + ITD 

in humans [ 30 ,  31 ,  37 ,  38 ]. The fi rst blinded randomized 

clinical trial focused on resultant hemodynamics in patients 

with out-of-hospital cardiac arrest [ 37 ]. Eleven patients were 

treated with an active (functional) ITD and 10 with a sham 

(placebo) ITD. In that study, end-tidal carbon dioxide 

(ETCO 2 ) levels rose more rapidly and reached higher levels 

with the active ITD; systolic and diastolic blood pressures 

were nearly normal in the active ITD group (109/57 mmHg) 

versus the sham ITD group (89/35 mmHg,  P  < 0.01). In addi-

tion, ROSC occurred more rapidly in the active ITD group 

compared with the sham ITD group. Based upon these data, 

the use of ACD-CPR + ITD was recommended as an alterna-

tive to standard CPR in the 2000 AHA guidelines [ 39 ]. 

 Another study demonstrated that the ITD augments nega-

tive intrathoracic pressure when applied to a face mask [ 38 ]. 

This is important because it indicates that inspiratory imped-

ance can be added during BLS airway management (by fi rst 

responders and perhaps even lay rescuers prior to intuba-

tion). Patients with out-of-hospital cardiac arrest were ran-

domized prior to endotracheal intubation to either a sham or 

active ITD, and intrathoracic pressure tracings were recorded. 

Addition of the active ITD to the face mask resulted in an 

immediate decrease in intrathoracic pressures during ACD- 

CPR. Each time the active ITD was used, there were signifi -

cant reductions in the decompression phase intrathoracic 

pressures. These studies demonstrated, for the fi rst time, the 

degree of negative intrathoracic pressures achieved with 

ACD-CPR + ITD in humans. The average maximum nega-

tive intrathoracic pressure was −7.3 mmHg with the active 

ITD on an endotracheal tube versus only −1.3 mmHg with 

the sham ITD. A second important fi nding was that it took up 

to 5 compression-decompression cycles to achieve the maxi-

mum negative intrathoracic pressures, as respiratory gases 

are expelled from the chest and prevented from reentry. This 

mechanism plays a key role in the function of the ITD. Each 

time an active, positive pressure, ventilation was delivered, 

the decompression phase intrathoracic vacuum was lost and 

required regeneration. Thus, the less frequently the ventila-

tion rate was employed, the greater the blood fl ow back to 

the heart. A recent study using standard CPR with the ITD in 

pigs confi rmed this important observation [ 12 ]. This has 

become an important theme for all types of CPR; ventila-

tions interrupt CPP and should be reduced to the minimum 

required to maintain oxygenation and transpulmonary 

circulation. 

  Fig. 38.12    Blood fl ow in a 

 porcine model  . The cumulative 

effect of ACD-CPR and ITD 

devices [ 9 ]. Solid horizontal line 

represents normal baseline 

values.  STD  standard,  ACD  active 

compression-decompression, 

 CPR  cardiopulmonary 

resuscitation,  ITD  impedance 

threshold device       
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 It is generally accepted that ACD-CPR with an ITD 

improves short-term survival rates after cardiac arrest. A 

recent prospective controlled trial was performed in Mainz, 

Germany [ 37 ]; patients with out-of-hospital arrest of pre-

sumed cardiac etiology were sequentially randomized to 

ACD-CPR + ITD or standard CPR (control subjects) by the 

advanced life support team after intubation. Patients with an 

identifi ed initial heart rhythm of VF (42 % of the total), who 

could not be resuscitated by BLS early defi brillation, were 

enrolled in this clinical trial, as well as patients with an initial 

rhythm of asystole or PEA. The primary endpoint was 1-h 

survival after a witnessed arrest. With ACD-CPR + ITD 

( n  = 103), ROSC, 1-h and 24-h survival rates were 55 %, 

51 %, and 37 % versus 37 %, 32 %, and 22 % for standard 

CPR alone ( n  = 107;  p  = 0.016, 0.006, and 0.033), respec-

tively (shown in Fig.  38.13 ).

   One-hour and twenty-four-hour survival rates in patients 

with a witnessed arrest were dramatically higher after 

ACD = CPR + ITD—68 and 55 %, respectively, versus 27 

and 23 % with standard CPR ( p  = 0.002 and 0.009) (shown in 

Fig.  38.14 ).

   Hospital discharge rates were 18 % after ACD-CPR + ITD 

versus 13 % in control subjects ( P  = 0.41). Overall 

 neurological function trended higher with ACD-CPR + ITD 

versus control subjects ( P  = 0.07). 

 Importantly, patients randomized >10 min after the call 

for help to the ACD + ITD CPR group had a greater than 

three times higher 1-h survival rate (44 %) than control sub-

jects (14 %) ( P  = 0.002). These time-related benefi ts were 

observed regardless of presenting rhythm. It should be noted 

that neurological outcomes in the survivors with delays to 

treatment with ACD-CPR + ITD were similar to those who 

were treated with ACD-CPR + ITD more rapidly. 

 Another prospective blinded study performed in France 

also demonstrated signifi cantly increased 24-h survival rates 

with use of ACD-CPR + ITD [ 31 ]. In one arm of this study, 

200 patients were treated by advanced life support personnel 

with ACD-CPR and an active ITD, and another 200 patients 

were randomized to the control group and received treatment 

with ACD-CPR and a sham ITD. As in other studies from 

France, most of the patients had an initial rhythm of asystole 

[ 28 ,  29 ]. The group treated with ACD-CPR and an active 

  Fig. 38.13    Outcomes associated with 

comparison of  standard cardiopulmonary 

resuscitation (STD)   and ACD-CPR + ITD 

( n  = 210) in Mainz, Germany.  1HrS  1-hour 

survival,  24HrS  24-hour survival,  ACD  active 

compression-decompression,  Admis  hospital 

admission,  CPR  cardiopulmonary resuscitation, 

 Disch  hospital discharge,  ITD  impedance 

threshold device,  ROSC  return of spontaneous 

circulation       

  Fig. 38.14    Outcomes in patients randomized 

with either standard CPR (STD) or ACD- 

CPR + ITD with witnessed ventricular fi brillation 

in Mainz, Germany ( n  = 70).  1HrS  1-hour 

survival,  24HrS  24-hour survival,  ACD  active 

compression-decompression,  Admis  hospital 

admission,  CPR  cardiopulmonary resuscitation, 

 Disch  hospital discharge,  ITD  impedance 

threshold device,  ROSC  return of spontaneous 

circulation       
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ITD had 24-h survival rates of 32 % compared with 24-h sur-

vival rates of 22 % in the control population ( P  < 0.05). 

Because of long EMS response times, survival rates in both 

groups were very low, but differences in neurological func-

tion in the survivors trended in favor of the ACD-CPR + ITD 

group. Only 1/8 (12 %) of survivors treated with the sham 

device had normal cerebral function at the time of hospital 

discharge, versus 6/10 (60 %) in the functional ITD group 

( p  < 0.07). 

 Perhaps the most defi nitive proof of the effect of ACD- 

CPR + ITD on long-term survival was demonstrated in a 

large prospective, randomized clinical trial funded by the 

National Institutes of Health [ 40 ]. This out-of-hospital study 

compared ACD-CPR plus an ITD to manual standard CPR 

in adult, nontraumatic cardiac arrest patients. A total of 

2470 subjects were randomized and received CPR with one 

of the two CPR methods, with 1653 subjects meeting fi nal 

inclusion criteria: 813 in the control group (standard CPR) 

and 840 in the intervention (ACD-CPR + ITD) group. First, 

the results of the study demonstrated that the use of these 

devices was safe. The overall rate of major adverse events, 

including chest fractures, was not signifi cantly different 

between groups, although there were more reports of pul-

monary edema in the intervention group; this was coexistent 

with increased survival in this group. Neurological function 

was similar between groups at 90 days and one year after 

cardiac arrest. There were no increases in the number of 

patients with severe neurological impairments in the inter-

vention group. 

 This study also demonstrated the effi cacy of these 

employed devices. ACD-CPR with the augmentation of neg-

ative intrathoracic pressure using an ITD improved long- 

term survival (to hospital discharge) with favorable 

neurological function by 53 % ( p  = 0.019), and the survival 

benefi ts persisted to a 1-year time point following cardiac 

arrest, as shown in Fig.  38.15 . In the patient population 

which typically resulted in poor neurological function at 

hospital discharge, the use of ACD-CPR with an ITD and 

therapeutic hypothermia resulted in a sixfold improvement 

in neurological function by 90 days, compared to standard 

CPR with therapeutic hypothermia [ 41 ]. In patients with out-

of- hospital cardiac arrest from a variety of nontraumatic eti-

ologies, ACD-CPR with an ITD resulted in a 38.5 % increase 

in survival to hospital discharge, with favorable neurological 

function ( p  = 0.027) and a 35.4 % increase in survival at 1 

year with favorable neurological function (not signifi cant), 

compared to patients receiving S-CPR [ 42 ]. In the absence of 

treatment with therapeutic hypothermia after cardiac arrest, 

survival rates with favorable neurological function at hospi-

tal discharge and 90 days after cardiac arrest were nearly 

twice as high with ACD-CPR plus an ITD compared to 

standard CPR, indicating that the combination therapy is 

neuroprotective, independent of in-hospital therapeutic 

hypothermia  .

38.7        Treatment of Life-Threatening 
Hypotension with the ITD 
in Spontaneously Breathing Patients 

     Shock    can be defi ned as  life-threatening hypotension   and 

results in inadequate tissue perfusion. Hypovolemia caused 

by uncontrolled hemorrhage in trauma is the most common 

form or cause of shock and is referred to as  hemorrhagic 

  Fig. 38.15    Percentage survival to hospital 

discharge with favorable neurological outcome in 

patients randomized to either standard CPR 

(S-CPR) or ACD-CPR + ITD ( n  = 1653). 

 ACD-CPR  active compression-decompression 

cardiopulmonary resuscitation,  ITD  impedance 

threshold device       
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shock . Death following severe blood loss commonly devel-

ops secondary to profound hypotension and vital organ isch-

emia. In other words, in the absence of a critical central 

blood volume, both stroke volume and cardiac output are 

decreased and hypotension ensues. 

 Intravenous fl uids and vasopressor agents have tradition-

ally been the mainstay of therapy for patients with marked 

 hypotension  . Commonly, intravenous fl uids and blood 

replacement, together with intravenous therapies such as epi-

nephrine and other vasopressors, have been effective as 

short-term therapies, i.e., providing a bridge to more defi ni-

tive repair of the primary injury. Yet, their use is also associ-

ated with signifi cant clinical shortcomings such as the 

following: (1) they require intravenous or intraosseous 

access; (2) nonblood volume expanders can decrease the 

effectiveness of normal thrombus formation (by dilution of 

critical clotting factors); and (3) their use can ultimately 

reduce the oxygen carrying capacity of the blood. In addi-

tion, massive intravenous fl uid replacement can in turn cause 

both pulmonary and peripheral edema (in some cases, cere-

bral edema), as well as  hypothermia  . Furthermore, vasopres-

sors can also cause ischemia, especially to the gut. 

Vasopressors and fl uids have been associated with “popping 

the clot” in the patient with signifi cant blood loss secondary 

to sudden increases in blood pressure to normal or above 

normal values. Moreover, vasopressors like epinephrine can 

cause supraventricular or ventricular tachycardias, which 

can lead to a further compromise of the patient’s already 

tenuous hemodynamic status. It should be noted that even 

the sinus tachycardia that is normally observed after epi-

nephrine therapy can be detrimental in the setting of shock, 

as it results in a decreased amount of time for cardiac fi lling 

after each ventricular systole. This is an important issue 

since blood fl ow back to the heart is markedly decreased 

because of the low central venous pressures. In other words 

in this setting, one needs more time (and thus a slower heart 

rate) for effective refi lling of the heart after each 

contraction. 

 As such, there is strong evidence that one of the primary 

mechanisms that contribute to reduced cardiac fi lling, 

decreased stroke volumes, and ultimately shock following an 

acute hemorrhage is the reduction in the circulating blood 

volume and a subsequent reduction in cardiac fi lling pres-

sures (i.e., lower central venous pressures or cardiac pre-

loads). Therefore, countermeasures designed to increase 

venous return and decrease cardiac fi lling without causing 

hemodilution and without “popping the clot” may be an 

effective therapy for the acute treatment of massive blood 

loss. It is important to recognize that the primary goal of any 

therapy used for the treatment of hemorrhagic shock is the 

restoration of suffi cient vital organ perfusion to prevent death, 

even if the primary cause of the blood loss has not yet been 

established or repaired. Such therapies should act primarily to 

increase stroke volumes rather than to increase peripheral 

resistance, as the latter may cause more harm than good. 

Ideally, a new therapy designed to improve vital organ perfu-

sion in the setting of hemorrhagic shock should act primarily 

to optimize stroke volumes, improve vital organ blood fl ow 

by a mechanism that is independent of increasing peripheral 

vascular resistance, and help to stabilize a permissive hypo-

tensive state that provides adequate cerebral perfusion. 

 Building upon the needs described above, two new tech-

nologies have been developed by Advanced Circulatory 

Systems to treat clinically signifi cant hypotension. One is 

termed the ITD for spontaneously breathing patients 

(ResQGARD ®  ITD), and the other is called the intrathoracic 

pressure regulator (ITPR, CirQlator ® ). The ResQGARD, 

shown in Fig.  38.16 , is designed for the spontaneously 

breathing patient and can be considered as a natural exten-

sion of a normal physiological process, i.e., the transforma-

tion of the normal respiratory muscle function from a primary 

gas exchange function to the dual functions of gas exchange 

and augmentation of venous return, as well as enhancement 

of cardiac stroke volume. The ITPR was designed for the 

mechanically ventilated patient where it actively provides a 

low level of negative pressure during the expiratory phase of 

ventilation, thereby increasing venous return and improving 

cardiac output, stroke volume, and blood pressure. To avoid 

confusion, the differences between the ITDs and the ITPR 

device are summarized in Fig.  38.17 .

  Fig. 38.16     ResQGARD ®  impedance   threshold device on a face mask       
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    The ITD works by  lowering intrathoracic pressure   in the 

thorax with each inspiration, thereby enhancing venous 

blood fl ow back to the heart and lowering ICPs. These mech-

anisms serve to enhance both cardiac output and blood pres-

sure. There is also experimental data suggesting that the use 

of the ITD will reduce the amount of vasopressors needed, 

since it increases overall cardiac outputs and circulation [ 36 ]. 

In this manner, the ITD provides an indirect drug-enhancing 

effect, enabling the rescuers to use less of a vasopressor 

drug, and perhaps less fl uid resuscitation, to obtain the same 

or greater hemodynamic effectiveness. 

 The  spontaneously breathing version   of the ITD is a small 

disposable plastic airfl ow regulator that can be attached to a 

face mask, mouthpiece, or tracheal tube. The device has a 

spring-loaded diaphragm that requires a certain threshold 

( cracking pressure ) to be achieved before it opens to allow 

airfl ow, thus functioning like a partial Mueller maneuver 

(inhaling against a closed glottis) to augment negative intra-

thoracic pressure with each inspiration [ 9 ]. In this manner, 

the device harnesses the patient’s own respiratory pump to 

enhance circulation. In 1947, Cournand was the fi rst to show 

that  increases  in mean airway pressure result in decreased 

systemic venous return, decreased pulmonary blood fl ow, 

and a fall in cardiac output. Lower negative intrathoracic 

pressure during spontaneous inspiration, however, represents 

a natural mechanism for enhancing venous return and car-

diac fi lling. Several natural physiological refl exes, such as 

gasping and the Mueller maneuver, augment negative intra-

thoracic pressure and increase cardiac output. Several authors 

have shown that artifi cially induced negative pressure venti-

lation can be used to increase cardiac output [ 43 ,  44 ]. The 

ITD has been evaluated in animals and humans for the treat-

ment of: (1) cardiac arrest, (2) hemorrhagic and heat shock, 

and (3) orthostatic hypotension and (4) for enhancing blood 

donation. 

 In 2004, Lurie et al. demonstrated that spontaneous 

breathing through the ITD during hemorrhagic and heat 

shock in a porcine animal model resulted in an immediate 

sustained rise in  systolic blood pressure   in both conditions 

[ 45 ]. As shown in Fig.  38.18 , addition of the ITD (set to open 

at a cracking pressure of −12 cmH 2 O) after an acute hemor-

rhage resulted in immediate rises in systolic blood pressure 

that was sustained for 30 min. Upon removal of the ITD, the 

blood pressure decreased back to values identical with the 

controls. These studies showed a 30 % increase in cardiac 

output when the ITD was utilized for the pigs in shock. 

Subsequent studies showed that the use of the ITD in 

 spontaneously breathing pigs after severe hemorrhage 

resulted in increased cardiac output, blood pressure, cardiac 

chamber dimensions, transvalvular blood fl ow, and survival 

rates [ 46 ]. These studies demonstrate how the ITD augments 

cardiac output, improves hemodynamics, and increases sur-

vival in spontaneously breathing pigs under conditions of 

hypovolemic hypotension [ 47 ].

  Fig. 38.17    Differences between 

an impedance threshold device 

( ITD ) for spontaneously 

breathing patients and for those in 

cardiac arrest and the 

intrathoracic pressure regulator 

( ITPR )       
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   More recently, Metzger et al. studied the use of the ITD in 

a  porcine hemorrhagic model      to determine if the negative 

intrathoracic pressure therapy provided by the device could 

improve systolic blood pressure but still allow permissive 

hypotension, thereby avoiding “popping the clot” [ 48 ]. They 

compared the use of the ITD to the current standard of care, 

i.e., infusing normal saline to treat a 55 % hemorrhage. 

Maximum systolic blood pressure during 15 min of treat-

ment was signifi cantly higher in the normal saline group 

compared to the ITD and control groups, but at a level of 

131 ± 7.6 mmHg, it was well above the threshold believed for 

the risk clot dislodging in animals (94 ± 3 mmHg). 

Conversely, pigs treated with the ITD had signifi cant 

improvements in systolic blood pressure throughout the 

30-min course of treatment compared to controls, but the 

levels were much more moderate and well within the levels 

of permissive hypotension. Another benefi t to the ITD was 

that blood pressures were considered adequate for organ per-

fusion, but importantly the ICPs were not elevated. This 

allowed for improved perfusion to the brain, while increased 

ICP resulting from normal saline infusion would likely 

impede cerebral blood fl ow. These results show that the ITD 

can be effective in treating hypotension secondary to trauma 

or hemorrhage without the negative effects associated with 

excessive systolic blood pressure. 

 The ITD with a  cracking pressure   of −6 cmH 2 O was fi rst 

studied in normal volunteers by Convertino et al. at NASA, 

in studies related to post-fl ight orthostatic hypotension [ 49 ]. 

Inspiration through the ITD increased cardiac output by 

about 1.5 L/min in supine subjects and was well tolerated. 

The ITD increased stroke volume and was shown to maintain 

blood pressure in normal volunteers subjected to acute ortho-

static stresses and later in patients with symptomatic ortho-

static hypotension. The use of the ITD in normal volunteers 

resulted in: (1) an immediate increase in cardiac stroke vol-

ume, (2) increases in both systolic blood pressure and heart 

rate, and (3) improved cardiac output as shown in Fig.  38.19  

[ 50 ]. It was also observed that total peripheral resistance was 

reduced by the ITD.

   Also highly relevant is how the ITD affects the work of 

 breathing  . To assess the work of breathing associated with 

the use of the ITD, the power of breathing was measured in 

collaboration with NASA scientists in 9 female and 9 male 

subjects breathing through a face mask at two separate ITD 

conditions: (1) −6 cmH 2 O and (2) control (0 cmH 2 O). The 

results from this study demonstrated that breathing through 

the ITD was well tolerated by all subjects. For the sham and 

active ITD groups, respectively, peak inspiratory pressures 

were −1.13 ± 0.63 cmH 2 O and −9.92 ± 6.2 cmH 2 O 

( p  < 0.0001); tidal volumes were 958 ± 396 mL and 

986 ± 389 mL (not signifi cant); and inspiratory times were 

189 ± 81 ms and 296 ± 109 ms ( p  = 0.002). For the sham and 

active ITD groups, respectively, imposed work of breathing 

(WOBi) was 0.064 ± 0.04 J/L and 0.871 ± 0.117 J/L 

( p  < 0.0001); power of breathing (POBi) was 0.88 ± 0.63 J/

min and 7.56 ± 3.55 J/min ( p  < 0.0001); peak inspiratory 

pressures were −1.13 ± 0.63 cmH 2 O and −9.92 ± 6.2 cmH 2 O 

( p  < 0.0001); tidal volumes were 958 ± 396 mL and 

986 ± 389 mL (not signifi cant); and inspiratory times were 

189 ± 81 ms and 296 ± 109 ms ( p  = 0.002). Interestingly, there 

were no signifi cant observable differences between men and 

women in terms of work of breathing [ 51 ]. 

 To put these data into perspective, one must understand 

the power of breathing for a normal individual, where power 

is work per unit time (W = W ×  f , where  f  is respiratory fre-

quency). The maximal power output for normal young adults 

is 613 cal/min (range: 500–860) [ 52 ]. Thus, the amount of 

power output required during quiet breathing or the use of 

the ITD seems rather minimal, amounting to less than 1.0 % 

of maximum. Vigorous exercise requiring minute volume of 

60–80 L requires ~80 J/min of power. The −6 cmH 2 O ITD 

requires about 1–2 cal/min of respiratory power. For the ITD 

to be functional, the energy required for its operation should 

not exceed the energy available in the patient population in 

  Fig. 38.18    Changes in  systolic 

blood pressure ( SBP )   with and 

without impedance threshold 

device ( ITD ) breathing following 

controlled hemorrhage and shock 

in spontaneously breathing pigs       
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  Fig. 38.19    Hemodynamic results. Systolic and diastolic blood pres-

sures, heart rate, stroke volume, cardiac output, and total peripheral 

vascular resistance during (breath) and after (5-min recovery) spontane-

ous breathing on the impedance threshold device ( ITD ) at 0 cmH 2 O 

resistance (sham control,  open bars ) and −6 cmH 2 O resistance ( solid 

bars ) ( n  = 20)       
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which it is expected to be applied, for example, ill and 

injured patients with hypotension. It is known that ill patients 

who require mechanical ventilator support use about 1–2 cal/

min for self-triggered ventilation and are generally able to 

sustain this level of effort for long periods (hours to days) 

[ 52 ]. Therefore, we expect that most patients will be able to 

tolerate the use of the ITD without excessive fatigue, given 

that it requires only a fraction of the respiratory power 

needed for a similarly ill group of patients to self-trigger a 

mechanical ventilator. Based on these measurements, we 

conclude that the vast majority of conscious but hypotensive 

patients will be able to inspire through the ITD with a resis-

tance of −7 cmH 2 O and should therefore benefi t hemody-

namically from the device. 

 Most recently, the ITD was studied by Convertino et al. at 

the US Army Institute of Surgical Research, using a  lower 

body negative pressure chamber (LBNP)   to lower central 

blood volume and thus induce a state of severe hypotension 

[ 53 ]. A photo of the  LBNP chamber   is shown in Fig.  38.20 . 

The application of negative pressure to the lower body 

(below the iliac crest) results in a redistribution of blood 

away from the upper body (head and heart) to the lower 

extremities and abdomen. Thus, this model provides a unique 

method of investigating interventions such as the ITD 

under conditions of controlled, experimentally induced 

 hypovolemic hypotension. Absolute equivalence between 

the magnitude of negative pressure applied and the magni-

tude of actual blood loss has recently been evaluated in a 

baboon model which demonstrated the absolute equivalence 

between the simulated bleed and the actual blood loss [ 54 ]. 

On the basis of the magnitude of central hypovolemia 

induced, Convertino et al. provide data to support that 

10–20 mmHg negative pressure induces hemodynamic 

responses that are equivalent to those resulting from blood 

loss ranging from 400 to 550 mL, 20 to 40 mmHg negative 

pressure induces hemodynamic responses that are equivalent 

to those resulting from blood loss ranging from 550 to 

1000 mL, and greater than 40 mmHg negative pressure 

induces hemodynamic responses that are equivalent to those 

resulting from blood loss approximating 1000 mL or more 
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  Fig. 38.21    Representative 

tracings of beat-to-beat mean 

arterial blood pressure obtained 

from the same subject while 

breathing on a sham impedance 

threshold device (ITD;  top panel ) 

and active ITD ( bottom panel ) 

during the fi nal two minutes of 

lower body negative pressure 

chamber exposure prior to 

cardiovascular collapse       

  Fig. 38.20    Lower body negative 

pressure chamber used to 

simulate severe hypotension       

[ 53 ]. Nine healthy normotensive volunteers completed two 

counterbalanced protocols with (active) and without (sham) 

an ITD set to open at −6 cmH 2 O pressure. Continuous non-

invasive measures of systolic (SBP), diastolic (DBP), and 

mean (MAP) arterial blood pressures were obtained during a 

LBNP protocol consisting of a 5-min rest period (baseline) 

followed by 5 min of chamber decompression at −15, −30, 

−45, and −60 mmHg, as well as additional increments of 

−10 mmHg every 5 min until the onset of cardiovascular col-

lapse. Overall, SBP (79 ± 5 mmHg), DBP (57 ± 3 mmHg), 

and MAP (65 ± 4 mmHg) at the time of cardiovascular col-

lapse were lower ( P  < 0.02) when subjects breathed through 

the sham ITD than when they breathed through the active 

ITD at the same time points of LBNP (102 ± 3, 77 ± 3, 

87 ± 3 mmHg, respectively). Elevated blood pressures were 

associated with a 23 % increase ( P  = 0.02) in LBNP tolerance 

using an active ITD (1639 ± 220 mmHg-min) compared with 

a sham ITD (1328 ± 144 mmHg-min). A representative trac-

ing of data obtained in these studies is shown in Fig.  38.21 .

    These results are the fi rst to demonstrate, in humans, that 

the time to cardiovascular collapse associated with progres-

sive reduction in central blood volume and subsequent 
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development of severe hypotension can be signifi cantly 

improved by inspiratory resistance induced by spontaneous 

breathing through an ITD. The results from the present 

experiment demonstrated an average elevation in SBP of 

23 mmHg when estimated central blood volume was reduced 

by more than 2 L [ 53 ]. 

 Importantly, the use of an ITD also has striking effects on 

cerebral artery blood fl ow. With each inspiration through the 

ITD, ICPs are lowered, and simultaneously cardiac output is 

increased. Measurement of middle cerebral intracranial 

Doppler demonstrated that the use of the ITD increased mid-

dle cerebral artery blood fl ow in spontaneously breathing 

adult humans, as shown in Fig.  38.22  [ 55 ].

   Our group recently performed another clinical trial which 

evaluated the use of the ITD to treat non-life-threatening 

hypotension (SBP < 95 mmHg) in the emergency room set-

ting. In this randomized double-blind clinical trial, patients 

received the current standard of care for hypotension, which 

consists of controlling the bleeding, reversing other potential 

causes of  low blood pressure   such as correcting hyperther-

mia, and administering fl uids, oxygen, and/or blood products 

as appropriate. The use of the ITD did not interfere with 

standard therapy. Once it was determined that the subjects 

met enrollment criteria based upon the inclusion and exclu-

sion criteria and informed consent was obtained, subjects 

were randomized to either a sham ITD or an active (func-

tional) ITD; the sham and active ITDs appeared identical. 

The devices were kept in an opaque package, preventing 

anyone involved with the study from knowing whether any 

given device was a sham or active ITD based upon visual 

inspection. Baseline blood pressure, heart rate, respiratory 

rate, oxygen saturation, and clinical fi ndings including qual-

ity of the pulse and quality of respirations were recorded 

immediately. The ITD was then placed, and hemodynamic 

parameters were assessed every 2 min, for a minimum of 

6 min and up to 10 min. Standard therapies, including intra-

venous fl uids, were administered as deemed clinically neces-

sary, regardless of the effect of the ITD. The active device 

was found to be signifi cantly more effective than the sham. 

Specifi cally, the mean rise in SBP for the active ITD group 

was 13.2 ± 7.8 mmHg ( n  = 16) versus 5.9 ± 5.5 mmHg for the 

sham ITD group ( n  = 19) ( p  = 0.003). Mean fl uids given dur-

ing the study were 92 ± 170 ml for the active ITD group and 

192 ± 200 ml for the sham ITD group ( p  = 0.13). In a sub-

group of patients that received no fl uids during device use, 

the maximum rise in SBP (mean ± STD) was 12.8 ± 7.8 mmHg 

for the active ITD group and 5.6 ± 5.0 mmHg for the sham 

ITD group ( p  = 0.04). MAP was also statistically higher in 

the active ITD group (9.2 ± 7.8 versus 4.8 ± 3.3,  p  = 0.03) 

[ 56 ]. 

 More recently, a study conducted by Wampler et al. 

looked at the use of the ITD in patients with hypotension, 

which was defi ned as a SBP less than 90 mmHg [ 57 ]. The 

primary endpoint was MAP before application of the ITD 

versus MAP after 2–4 min of ITD use. They found that aver-

age systolic and diastolic blood pressures and MAPs all 

increased by a statistically signifi cant amount with ITD use 

in all patients (78 ± 13 mmHg versus 97 ± 19 mmHg, 

51 ± 13 mmHg versus 63 ± 15 mmHg, and 60 ± 10 mmHg 

versus 70 ± 15 mmHg, respectively). Additionally, systolic 

and diastolic pressures were increased for the subset of 

patients who elicited hypotension due to trauma. These fi nd-

ings support the use of the ITD as a safe and tolerable means 

to treat hypotension from traumatic and nontraumatic causes. 

 It is now the general consensus that the ITD harnesses the 

patient’s own thoracic pump to enhance circulation and 

offers a noninvasive means to treat some of these patients. 

However, the spontaneous breathing version of the ITD 

requires that patients be able to breathe on their own, and 

most patients in severe shock are usually intubated and 

require assisted ventilation. To fi ll this gap, the ITPR was 

developed. This technology was developed based on the con-

cept of lowering intrathoracic pressures to enhance circula-

tion for patients with life-threatening hypotension that are 

dependent upon assisted ventilation  .  

38.8     ITPR Therapy: A Potential Novel 
Treatment of Severe Hypotension 
in Severely Ill Patients 

 To date, the  ITPR   described below has been tested in animals 

and in limited clinical studies. It combines a way to generate 

a controlled intrathoracic vacuum with a method to provide 

controlled positive pressure ventilation. It can be used for the 

treatment of cardiac arrest, multiple forms of shock to buy 

time until more defi nitive therapy is available, or cerebral 

  Fig. 38.22    Typical continuous recording of mean  cerebral blood fl ow 

( CBF )   velocity in a subject before, during (On ITD), and at the cessa-

tion (Off ITD) of spontaneous breathing on the impedance threshold 

device ( ITD )       
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injuries. The device can be used with a handheld resuscitator 

bag or it can be attached to a mechanical ventilator or anes-

thesia machine. While multiple designs are possible to 

embody this concept, the main function of the ITPR is to 

create a preset continuous and controlled expiratory phase 

negative intrathoracic pressure that is interrupted only when 

positive pressure ventilation is needed to maintain oxygen-

ation and provide gas exchange. Today, the ITPR has been 

cleared for sale by the FDA with the approved indication of 

a device to “temporarily decrease intrathoracic pressure to 

increase blood circulation.” 

 It was recognized from the start of device development 

that it would be important to develop a modifi cation of the 

ITD for the use with nonbreathing and more critically ill 

hypotensive patients; this resulted in the concept of the 

ITPR. The ITPR employs an external vacuum source to 

lower intrathoracic pressures and thus enhance venous blood 

fl ow back to the heart in nonbreathing hypotensive patients. 

This refi nement is based on the breakthrough in our clinical 

understanding of the basic physiological principles of blood 

fl ow in hypotensive states. By transforming the chest into an 

active bellows during  CPR  , the combination of a relatively 

low level expiratory phase intrathoracic vacuum and inter-

mittent positive pressure ventilation results in a signifi cant 

augmentation of venous blood fl ow to the right heart, thereby 

increasing both stroke volume and cardiac output. 

 Contemporaneously, the decrease in intrathoracic pres-

sure results in decreases in ICP and thus provides an addi-

tional mechanism whereby the ITPR increases CePP; this is 

illustrated in Fig.  38.23 . When the ITPR is turned on, the 

intrathoracic pressure between positive pressure breaths is 

lowered immediately, as is the ICP. Based on these fi ndings, 

the ITPR may also ultimately have the potential for treat-

ment of brain injury.

   To date, the potential benefi cial  effects   of the ITPR have 

been studied in pigs in VF during CPR. In this setting, the ITPR 

was used to lower intrathoracic pressure and thus enhance 

venous return to the heart and increase overall effi cacy [ 58 ]. 

Vital organ perfusion pressures and end-tidal carbon dioxide 

levels were signifi cantly improved with ITPR-CPR, and ani-

mal survival was 100 % (10/10) with ITPR-CPR versus 10 % 

(1/10) with standard CPR alone. The use of ITPR-CPR 

improved hemodynamics, vital organ perfusion pressure, and 

carotid blood fl ow in animals eliciting both VF and hypovole-

mic cardiac arrest. Figure  38.24  demonstrates the signifi cant 

hemodynamic differences observed when using the ITPR dur-

ing standard CPR in this animal model of cardiac arrest.

   The physiological goals of the ITPR are to  lower intratho-

racic pressure   during the expiratory phases of ventilation and 

provide positive pressure ventilation in patients requiring 

assisted ventilation. The fi rst preclinical studies evaluating 

the effects of the ITPR on vital organ perfusion pressure were 

performed in both normovolemic and hypovolemic swine 

[ 59 ,  60 ]. Six anesthetized animals received 5-min interven-

tions with endotracheal pressure (ETP) set to 0, −5, 0, −10, 0, 

−10, 0, −5, 0 mmHg during euvolemia and then after a fi xed 

hemorrhage of 50 % of their total blood volumes. 

Hemodynamic parameters were continuously measured, and 

blood gases were obtained at the end of the fi rst four 5-min 

intervals. Under both euvolemic and hypovolemic condi-

tions, right atrial pressure and ICP decreased proportionally 

to the intrathoracic pressure, with the more marked changes 

observed with hypovolemic conditions. By contrast, the 

increases in MAP, coronary perfusion pressure, and CePPs 

  Fig. 38.23    Changes in airway pressure and 

 intracranial pressure ( ICP )   when the intrathoracic 

pressure regulator ( ITPR ) is turned on and then 

off again       
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were inversely proportional to the negative intrathoracic pres-

sure both in the normovolemic pigs and after induced hemor-

rhage. These data are consistent with fi ndings in spontaneously 

breathing adult and pediatric swine models of shock and the 

use of the ITD [ 45 ,  46 ]. The major hemodynamic parameters 

for 0, −5, −10 mmHg of ETP are shown in Table  38.1 . Based 

on the data available to date, we believe that the generation of 

intrathoracic pressures greater than −15 mmHg may be exces-

sive and not benefi cial with long- term use.

   Our initial studies demonstrated that the ITPR could 

reproducibly decrease  ETP  , intrathoracic pressure (as seen 

by the decreases in right atrial pressure), and ICP. The ITPR 

provided hemodynamic improvements with no acid-base 

changes during normovolemia. We have applied the ITPR in 

euvolemic anesthetized pigs for up to 6 h, with an intratho-

racic vacuum set to −9 mmHg, without obvious adverse 

effects on gas exchange or the overall metabolic state of 

these animals. The long-term benefi ts of the ITPR after hem-

orrhage are considered to be much more dependent upon the 

degree of hypotension. During 50 % hypovolemia, there was 

more acidosis associated with the generation of negative 

ETP, as refl ected by a lower pH and higher PaCO 2 . However, 

   Table 38.1    Basic hemodynamic parameters with endotracheal pressure set at 0, −5, and −10 mmHg with the ITPR for  blood volumes   after 0 and 

50 % blood loss   

 Blood loss (%)  ETP  0  −5  −10 

 0  MAP  89.9 ± 4.5  104.3 ± 7.3*  108.5 ± 6.1* 

 RAP  1.8 ± 0.4  −0.8 ± 0.6*  −4.8 ± 0.4 †, * 

 CPP  80 ± 3.9  94.2 ± 6.4*  103.3 ± 5.3* ,†  

 CerPP  74 ± 4.8  90.3 ± 7.4*  95.1 ± 6* 

 ICP  15.6 ± 0.6  14 ± 0.7  13.5 ± 0.6* 

 50  MAP  28.8 ± 4.3  39.8 ± 5.9*  47.3 ± 7.3* ,†  

 RAP  −2 ± 0.9  −5.7 ± 0.6*  −9.3 ± 0.3* ,†  

 CPP  25.8 ± 5  38.5 ± 3.7*  48.3 ± 3.8* ,†  

 CerPP  18.1 ± 4.4  32.9 ± 5.8*  43.1 ± 7.2* ,†  

 ICP  10.7 ± 1.3  6.8 ± 1.4*  4.2 ± 1* ,†  

   ETP  endotracheal pressure,  MAP  mean arterial pressure,  RAP  right atrial pressure,  CPP  coronary perfusion pressure,  CerPP  cerebral perfusion 

pressure,  ICP  intracranial pressure 

 *Statistically signifi cant difference (0.05 >  p  > 0.001) when compared to the values with ETP of 0 mmHg 

  † Statistically signifi cant difference between values with −5 and −10 mmHg of ETP ( p  < 0.05)  

  Fig. 38.24    Effect of  intrathoracic pressure regulator ( ITPR )   CPR on carotid blood fl ow, coronary perfusion pressure, blood pressure, and cerebral 

perfusion pressure compared to standard CPR ( Std-CPR ).  BP  blood pressure,  CPR  cardiopulmonary resuscitation       
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despite the lower pH values, which may be secondary to 

greater clearance of lactate, ITPR use increased blood pres-

sure, pulse pressure, vital organ perfusion pressure, and 

ETCO 2  levels suggesting there was improved balance 

between the increase in circulation and the potential for 

induced metabolic acidosis with ITPR use. Oxygenation 

saturations remained at 100 % with ITPR use. 

 To date, the 510k cleared IPR device (CirQlator ® ) has 

been used by emergency medical personnel in Toledo, Ohio, 

during CPR administration [ 61 ]. In these cases, end-tidal CO 2  

(ETCO 2 ) was assessed as an indirect surrogate for circulation. 

ETCO 2  values in 11 patients were compared pre- and during 

IPR therapy and then compared to 74 patients that were not 

treated with IPR therapy, but that were treated with an 

ITD. ETCO 2  levels increased from 21 ± 1 mmHg immedi-

ately prior to IPR application to an average of 32 ± 5 mmHg 

and a maximum of 45 ± 5 mmHg during IPR treatment 

( p  < 0.0001). Note that ETCO 2  levels did not change signifi -

cantly in the group not receiving active IPR therapy. More 

importantly, ROSC rates were 46 % in the standard CPR plus 

ITD group (34/74) and 74 % in the IPR-treated group (8/11) 

( p  < 0.001). Huffmyer et al. reported that in 20 patients about 

to undergo coronary artery bypass graft surgery, thermodilu-

tion cardiac output increased signifi cantly with the applica-

tion of the ITPR (4.9 versus 5.5 L/min,  p  = 0.017); similarly, 

cardiac output measured by transesophageal  echocardiography 

was 5.1 versus 5.7 L/min, respectively ( p  = 0.001). There 

were also signifi cant increases in pulmonary artery systolic 

blood pressure (35 mmHg versus 38 mmHg,  p  < 0.001) and 

mean pulmonary artery pressure (24 mmHg versus 26 mmHg, 

 p  = 0.008) with this therapy [ 62 ]. 

 Additional clinical experiences with the IPR device have 

further demonstrated the potential of this technology to treat 

brain insult. For example, Kiehna et al. recently reported the 

fi rst use of the ITPR (10-min applications) in 10 patients 

with compromised cerebral perfusion, highlighting increases 

in CePP and decreases in ICP with use of this new technol-

ogy [ 63 ]. 

 To date, studies on the potential  benefi ts   of longer-term 

application of negative intrathoracic pressure have been 

initiated in a preliminary manner. For example, in pilot 

studies on spontaneously breathing swine, in collaboration 

with researchers at the US Army Institute of Surgical 

Research, we applied the ITD to spontaneously breathing 

animals in severe hemorrhagic shock, an uncontrolled 

model of severe blood loss [ 47 ,  64 ]. These splenectomized 

swine were subjected to a 60 % blood loss, followed by a 

4 mm hole created in their abdominal aortas. Remarkably, 

the use of the ITD in pilot studies stabilized these animals 

for about 60 min after the hemorrhage and injury occurred. 

However, after 75 min, we observed the development of a 

signifi cant metabolic acidosis, as refl ected by a progressive 

negative base excess. At that point, the swine were hemo-

dynamically stable, but shortly thereafter they became 

extremely agitated, hypotensive, and then died [ 47 ]. These 

pilot studies provided us with some fundamental insights 

related to the limitations of using the ITD, and by analogy 

the ITPR by itself, in the setting of severe blood loss. While 

these devices can be used to “buy time,” ultimately some 

fl uid resuscitation and correction of the underlying causes 

of the blood loss are essential. Although some fl uids are 

ultimately needed, we hypothesize that the use of the ITD 

and ITPR can function by actually being fl uid sparing and 

will extend the window of opportunity to provide lifesav-

ing care in the setting of severe blood loss. 

 The ITPR was designed to provide a noninvasive means 

to increase  MAP   in the setting of cardiac arrest and signifi -

cant hypotension in apneic patients. The effects are rapid and 

can be turned on or off by the fl ip of a switch, unlike more 

long-lasting and sometimes harmful effects of fl uid and drug 

administration. This switch-like effect is shown in Fig.  38.23 . 

In another study (shown in Fig.  38.25 ), the intrathoracic 

pressures were varied between 0, −5, and −10 mmHg; with 

each change, there were rapidly adjustments in key hemody-

namic variables and ICPs. Based upon the combined effects 

of the ITPR shown in multiple preclinical studies, we believe 

  Fig. 38.25    Sequential changes 

in  mean arterial pressure ( MAP )  , 

coronary perfusion pressure 

( CPP ), cerebral perfusion 

pressure ( CerPP ), right atrial 

pressure ( RAP ), and intracranial 

pressure ( ICP ) for sequential 

changes of endotracheal pressure 

(a surrogate for intrathoracic 

pressure) of 0, −5, 0, −10, 0, −10, 

0, −5, 0 mmHg during 50 % 

hypovolemia. Differences 

between the values of all 

parameters are statistically 

signifi cant with  p  < 0.05       
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that that ITPR has the potential to become a  fi rst-line therapy  

for all patients in cardiac arrest, as well as provide benefi ts 

for many individuals eliciting hypotension from a wide vari-

ety of causes. Importantly, the device can be applied quickly, 

often before intravenous access and intraosseous access, or 

fl uids may be available, and it safely and quickly increases 

systemic, coronary, and CePPs. Based upon our experience 

in noncardiac preclinical arrest models, the use of the ITPR 

may be of signifi cant benefi t after traditional therapies have 

been provided, in that the ITPR application may reduce: (1) 

the amount of fl uid volume needed for resuscitation from 

multiple etiologies, (2) secondary brain injury, and/or (3) the 

amount of vasopressors needed to maintain “permissive 

hypotension.” The clinical use of ITPR may thereby become 

a commonplace therapy in both operating rooms and inten-

sive care units, to help maintain vital organ perfusion. To 

date, the ITPR has been used in patients with acute hypoten-

sion intraoperatively; it has been well tolerated and resulted 

in signifi cant increases in MAP, pulse pressure, and systolic 

blood pressure in the absence of fl uid administration or vaso-

pressor therapy [ 65 ].

   Studies to date have also shown that the application of 

ITPR therapy in  cardiac arrest   cases results in marked 

improvements in hemodynamics in both human and animal 

models. Application of the device in hypovolemic pigs was 

shown to enhance circulation, stroke volume, MAP, CPP, 

and CePP and decrease ICP. Studies in a porcine model of 

peritonitis (septic shock) have indicated an augmentation in 

cardiac index and MAP while simultaneously lowering pul-

monary artery pressure during ITPR use [ 66 ,  67 ]. Yet, it 

should be noted that the longer-term potential consequences 

of the ITPR remain unknown. One known limitation is that, 

in order for this technology to be of clinical benefi t, the tho-

rax must be intact; otherwise, it is not possible to generate 

expiratory phase negative intrathoracic pressure with the 

ITPR. Furthermore, it is not possible to lower the expiratory 

phase intrathoracic pressure and use positive end expiratory 

pressure concurrently, unless the ITPR is used as a pulsed 

therapy (currently under evaluation). Thus, the benefi t of cir-

culatory enhancement with the ITPR must be balanced clini-

cally with the need to concurrently maintain at least 

minimally adequate ventilator support. Animal studies to 

date have suggested the ITPR can provide both circulatory 

and ventilatory support for up to 24 h in duration, without 

negative pulmonary consequences.  

38.9     Summary 

 Clinicians and researchers continue to investigate methods 

for enhancing standard CPR techniques and design various 

novel devices to treat sudden cardiac arrest and shock. The 

limitations of standard CPR are discussed, as well as meth-

ods to improve this technique to enhance the delivery of oxy-

genated blood to the heart and brain. A recent advance in 

CPR research has been the rediscovered benefi t of therapeu-

tic hypothermia after successful resuscitation, a therapy that 

has shown increased long-term survival rates and improved 

neurological function. Further, we described some novel 

noninvasive technologies that can be used to increase the 

patient’s chance for survival, such as IPR therapy to improve 

perfusion in profound states of shock, impedance threshold 

devices, and ACD-CRP treatment.     
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39.1         Introduction 

 Approximately fi ve million Americans have congestive heart 

failure (CHF), and approximately 50,000 new cases are 

diagnosed every year. Furthermore, CHF is the most fre-

quent cause of hospital admissions in patients older than 

65 years, and it is the largest single expense for Medicare [ 1 ]. 

To date, with current medical management the 5-year mor-

tality rate of CHF can be as high as 50 %. Fortunately, 

advances in medical therapy such as biventricular pacing, 

defi brillator implantation, and the ability to successfully per-

form surgery in high-risk patients have revolutionized the 

management of patients with CHF and greatly delayed the 

progression of CHF to end stage. Note that once a patient 

develops end- stage CHF, the treatment options are limited 

and typically ineffective, and thus subsequent mortality is 

high. In such patients, heart transplant becomes the last 

resort. Yet, in general, it is a very effective therapy which 

offers an excellent short-term and long-term survival bene-

fi ts (over 90 and 50 % survival rates at one year and 10 years, 

respectively); most patients enjoy a near-normal lifestyle 

after heart transplant [ 2 ]. However, the donor hearts avail-

able for transplantation are limited to an average of 2200 per 

year, compared to over 35,000 people per year who could 

benefi t from such a therapy [ 1 ]. 

 Besides the scarcity of donor hearts, many patients die 

each year while waiting for an acceptably matched donor 

heart. Importantly in the past fi fteen years, ventricular assist 

devices (VADs), especially left ventricular assist devices 

(LVADs), have been increasingly used to support such patients 

as a  bridge to transplant  [ 3 ]. After the landmark REMATCH 

trial, the LVAD has been used more and more as the  destina-

tion therapy  for end-stage CHF [ 4 ,  5 ]. In addition to the 

increased use of these devices, newer generations of VADs 

with better mechanics, smaller size, and longer durability 

have been developed in recent years [ 6 – 11 ]. Nevertheless, the 

ultimate goal of future VAD development is to produce a 

small, totally implantable, biocompatible, and durable heart 

pump that can physiologically function like a human heart. 

Clinically effective VADs should be judged by a variety of 

mechanical and physiological performance parameters; spe-

cifi cally, they should: (1) provide suffi cient cardiac output to 

allow patients to perform their usual daily activities, (2) have 

a low risk of thromboembolism and pump or driveline infec-

tions, (3) have a low incidence of device malfunction, (4) be 

easily implantable and removable, and (5) be small in size.  

      End-Stage Congestive Heart Failure 
in the Adult Population: Ventricular 
Assist Devices       
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39.2     Classifi cation of VADs 

 In general, VADs can be classifi ed based on: (1) their inter-

nal mechanics (volume displacement, axial fl ow, or centrifu-

gal), (2) therapeutic purposes (temporary, bridge to decision, 

bridge to recovery, bridge to transplant, and destination), (3) 

sites of support (LVAD, right VAD, or BiVAD), (4) location 

of the pump (implantable, paracorporeal, or extracorporeal), 

and/or (5) implanting approaches (sternotomy, thoracotomy, 

laparotomy, subcostal, or percutaneous).  

39.3     VADs Defi ned by Mechanics 
and Clinical Applications 

39.3.1     Volume Displacement Pumps 
(Pulsatile Pumps) 

 The functioning human left and right ventricles are physio-

logic volume displacement pumps. During each cardiac 

cycle, they generate over 60 cc of stroke volume, and each 

ventricle has a pair of infl ow and outfl ow valves to maintain 

a unidirectional blood fl ow. The end result is that a human 

heart generates a pulsatile blood pressure and yet a steady 

cardiac output. The mitral and tricuspid valves function as 

the infl ow valves, while the aortic and pulmonary valves 

function as outfl ow valves. A volume displacement VAD 

functions exactly like human ventricles; it has a pump cham-

ber that generates a stroke volume between 40 and 80 cc dur-

ing each cardiac cycle, and it has two artifi cial valves—either 

bioprostheses or mechanical valves. 

 The valves used inside VADs (i.e., bioprosthetic versus 

mechanical) are considered to ultimately determine the dura-

bility of the VAD and the need for anticoagulation. More 

specifi cally, bioprostheses may have the advantage of not 

requiring anticoagulation therapy, thus reducing the patient’s 

risk for thromboembolism. However, the valve’s limited life 

span inside the VAD may result in premature VAD failures, 

thus requiring VAD replacement. On the other hand, mechan-

ical valves have the advantage of being durable, but then the 

patient will require adequate anticoagulation therapy to pre-

vent clotting. Under- or over-anticoagulation treatment can 

increase the risk of thromboembolism or bleeding which can 

subsequently affect the patient’s outcome. 

 Typically one of the two mechanisms is used to eject blood 

in this type of VAD: (1) compressed air is employed to 

squeeze the blood-fi lled sac or to displace a fl exible dia-

phragm within a hard shell to generate stroke volume, or (2) a 

slow torque electrical motor is used to displace a fl exible dia-

phragm inside the implantable unit within a hard shell 

to generate stroke volume. In general, the compressed air 

approach seems to provide a simple and reliable way of either 

moving the diaphragm or compressing the sac, with a pres-

sure more comparable to a physiologically acceptable 

waveform. However to date, this design has required a bulky 

driving console, compromising the patient’s mobility. In addi-

tion such driving consoles typically will make loud noises. 

If the diaphragm is propulsed by an electrical motor within a 

noncompressible metal chamber, the early systolic pressure 

generated by this pump is much higher than the pump driven 

by the compressed air. It has been found that such unphysio-

logically high pressures can speed the calcifi cation process 

in the infl ow bioprostheses and/or even cause early valve 

failures [ 12 ]. 

 The blood to pump contact surface interaction plays an 

important role in determining the relative degree of resultant 

thrombogenicity of the pump and therefore the required needs 

for anticoagulation. This is particularly important for volume 

displacement pumps, because of their relatively large contact 

surface areas with blood, as compared to an axial fl ow pump. 

Historically, fi rst the smooth surface was pursued during 

VAD design and then manufactured to avoid thrombosis, but 

later it turned out that an evenly distributed textured surface 

actually generated less thrombosis. More specifi cally, such 

textured surfaces promote early platelet and fi brin depositions 

during initial contact with blood, which in turn results in for-

mation of stable pseudointima which subsequently prevents 

the formation of thrombosis [ 13 ]. 

 Common volume displacement pumps include: (1) 

HeartMate ®  XVE LVAD (Figs.  39.1  and  39.2 ) and (2) Thoratec 

VAD (Fig.  39.2 ) (Thoratec Corp., Pleasanton, CA, USA). The 

HeartMate XVE was once the mostly implanted and most 

studied pulsatile LVAD worldwide until axial fl ow pumps, the 

second-generation LVAD such as HeartMate II, demonstrated 

the superiority in durability, easy to implant, and pump-related 

complications. It was approved by the FDA for use as both a 

bridge to heart transplant and as destination therapy for end-

stage CHF. This system is driven by an electrical motor, but it 

can also be driven by compressed air if and when the electrical 

motor wears out. It is implantable and powered through the 

driveline which exits from the abdominal wall; common 

implant locations are in the abdomen or in the preperitoneal 

space. The infl ow cannula is inserted into the left ventricle via 

an opening in the left ventricular apex, and the outfl ow graft is 

connected in the proximal ascending aorta. It has textured 

interface surfaces and thus has a very low risk of thromboem-

bolism (Fig.  39.3 ). Therefore, patients with these implanted 

systems do not need to be anticoagulated with coumadin or 

Plavix, yet it is recommended that they take aspirin once a day.

     The HeartMate XVE LVAD is no longer used in the adult 

clinical setting, yet it played a very signifi cant historical role in 

demonstrating that end-stage CHF patients could be 

 success fully supported with an LVAD. When compared to maxi-

mal medical management including home inotropic therapy, 

the use of the HeartMate XVE LVAD signifi cantly improved 

the quality of life and survival of end-stage CHF patients [ 5 ]. 
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  Fig. 39.1    Schematic of a 

HeartMate SNAP-VE 

ventricular assist device 

system. One can see the 

internal connections at the 

apex of the left ventricle 

where there is infl ow into the 

device and outfl ow connected 

directly to the aorta. This 

system utilizes an external 

battery pack and controller 

system.  LVAD  left ventricular 

assist device       

  Fig. 39.2    Thoratec 

ventricular assist device 

( VAD ).  Left : pump with both 

infl ow and outfl ow valve 

housing connectors pointing 

upward and the compressed 

air driveline pointing 

downward.  Right : cannulas 

and grafts are implanted 

inside the body cavity, while 

the pumps are connected 

outside the body cavity       
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It is the fi rst implantable LVAD that was approved as the 

 destination therapy for end-stage heart failure in the USA. 

However, the disadvantages of this system include (1) its over-

all heavy weight, (2) its bulky size, and (3) frequent infl ow 

valve and/or electrical motor failures, after an average of 

12 months of implantation [ 3 – 5 ,  14 ,  15 ]. 

 The Thoratec VAD [ 16 ] can be used as an LVAD, RVAD, 

or BiVAD. It is commonly described as an implanted para-

corporeal pump, with the infl ow cannula inserted in the left 

ventricle via the left ventricular apex and the outfl ow graft 

sewed to the ascending aorta when used as an LVAD (or the 

infl ow cannula inserted in the right atrium and the outfl ow 

graft sewed to the pulmonary artery as an RVAD). This sys-

tem allows for numerous cannulation options. Its pump is 

made of a fl exible sac housed in a plastic ball-shaped con-

tainer. Currently, the sac material is composed of Thoralon 

which has a smooth surface to reduce the risk of thrombosis. 

This sac is squeezed by the compressed air via an air-driven 

console, and it has two mechanical valves, one as an infl ow 

and the other an outfl ow valve. Importantly, these units can 

be implanted in small- or large-size patients (weight between 

17 and 144 kg) and can be readily employed for short-term 

as well as long-term support. To date, this device is approved 

by the FDA to be used as a bridge to heart transplant and 

as postcardiotomy support to recovery. The disadvantages of 

this system include the paracorporeal pump being attached 

outside the body, which can be inconvenient to patients, and 

patients require anticoagulation with coumadin to maintain 

an INR between 2.5 and 3.0 to prevent thromboembolism.  

39.3.2     Continuous Flow Pumps: Axial Design 

 The axial fl ow pumps are typically regarded as second- 

generation VADs, as compared to the fi rst generation of vol-

ume displacement pumps. Such pumps incorporate both 

continuous fl ow and rotary pump technologies as the 

 foundation of their design and construction. They have an 

impeller inside the pump that can generate high-speed rota-

tions in a blood system (Fig.  39.4 ). Depending on the motor 

capacity and rotational speed, an axial fl ow pump can func-

tion either as a partial-fl ow or full-fl ow support VAD. The 

speed of a rotor can reach an RPM of 9000, and it can gener-

ate up to 10 L/min of fl ow with a mean pressure of 100 mmHg.

   Initially, serious doubts about the utility of such pumps 

were raised due to the concerns of red blood cell destruction 

and heat generated by the high-speed motor inside the blood 

system. But (starting with conjunction) such theoretical con-

cerns were discarded when a Hemopump was successfully 

used in a clinical setting without signifi cant hemolysis [ 17 ]. 

The Hemopump thus set the stage for evaluation of other 

types of axial fl ow pumps that could be used to pump blood 

in the human body [ 6 ,  7 ,  9 – 11 ]. 

 The common features of axial fl ow pumps include the 

 following: (1) the simpler design of continuous fl ow rotary 

  Fig. 39.3    Textured inner surface of HeartMate XVE left ventricular 

assist device. The textured surface promotes formation of pseudointima 

which subsequently prevents thrombosis formation       

  Fig. 39.4    HeartMate II left ventricular assist device. ( A ) HeartMate II 

pump and the high-speed rotor. The infl ow cannula is connected to the 

pump. ( B ) Size comparison between the HeartMate VE and HeartMate 

II pumps. The infl ow cannulas of both pumps are the same       
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pump technology promises increased long-term mechanical 

reliability; (2) they do not require valves to create a unidirec-

tional fl ow nor do they require an external vent or a compli-

ance chamber, thus making them more likely to be used as 

the platform for future development of a totally implantable 

VAD; (3) the infl ow cannulas are inserted into the left ven-

tricular apexes or totally inside the left ventricle, and the 

 outfl ow grafts can be connected to either the ascending or 

descending thoracic aorta (i.e., which is important if abnor-

malities in the ascending aorta exist); (4) the size of such 

pumps is relatively small, one-fi fth to one-seventh the size of 

the volume displacement pumps, thereby extending therapy 

to underserved patient populations including women and 

even some children; and/or (5) these pumps are associated 

with minimal noise generation and overall greater patient 

comfort [ 6 ,  7 ,  9 – 11 ,  14 ,  15 ]. 

 The HeartMate II LVAD (Thoratec Corp.), the DeBakey 

MicroMed LVAD (MicroMed Cardiovascular, Inc., Houston, 

TX, USA), and Jarvik 2000 (Jarvik Heart, Inc., Manhattan, 

NY, USA) are currently available representatives of this 

group of VADs. Among them the HeartMate II and the 

DeBakey MicroMed LVAD have many similarities: (1) they 

are about the same size, (2) both devices consist of an inter-

nal blood pump with a percutaneous lead that connects the 

pump to an external system driver and power source, and 

(3) both pumps can generate up to 10 L/min of fl ow. The 

initial results appeared to be encouraging, with data support-

ing effective circulatory support and durability [ 6 ,  7 ,  9 – 11 , 

 14 ,  15 ]. Of particular interest is that the diminished pulse 

pressures that are associated with utilizing an axial fl ow 

pump seemed to be tolerated well in patients, at least for the 

short term. Importantly, the long-term consequences of using 

axial fl ow pumps have yet to be evaluated. Additionally, 

hemolysis associated with the use of axial fl ow pumps has 

been detectable, yet the level has been considered clinically 

insignifi cant. Nevertheless, these pumps seem to activate 

platelets because of the physical strain on blood cells; such 

activation could be an important source of intravascular 

thrombosis and/or embolic complications. It should be noted 

that the incidence of thromboembolism seems to be parti-

cularly high for the MicroMed LVAD. Therefore, intense 

anticoagulation regimens targeting platelet activation and 

clotting cascade have been employed to deal with these 

potential problems. A combination of coumadin and Plavix 

has been recommended for patients who have been provided 

with a MicroMed LVAD. 

 The HeartMate II LVAD has shown improved clinical 

outcomes both as bridge to transplant and destination ther-

apy, with markedly better functional status and quality of 

life. An actuarial survival of 89 % at 1 month and 75 % at 

6 months was reported [ 14 ]. The HeartMate II LVAD has 

proven to be safe and effective as bridge to transplantation. 

Furthermore, compared to HeartMate XVE, the HeartMate 

II signifi cantly reduced the device- and surgery-related 

 complications. It is considered that the lower incidence of 

postoperative bleeding and device-related infection may be 

due to its smaller size and the lack of need for a large pocket 

to house its pump and smaller driveline. The absence of a 

large preperitoneal pocket (which was required with the 

larger pulsatile devices) has reduced: (1) the need for exten-

sive dissection, (2) postoperative bleeding, and (3) LVAD 

pocket hematomas and the development of pocket infection. 

Based on multiple clinical trial outcomes [ 14 ,  15 ,  18 ], the 

FDA approved the HeartMate II LVAD to be used as bridge 

to transplant as well as destination therapy for end-stage 

CHF patients in 2008 and 2010, respectively. To date, the 

clinical use of the HeartMate II LVAD has increased rapidly 

since FDA approval, and thus far over 17,000 patients 

have received implantation of the HeartMate II LVAD 

worldwide.  

39.3.3     Continuous Flow Pumps: 
Centrifugal Design 

 The continuous fl ow pumps with centrifugal designs are con-

sidered the third-generation VADs. The technology used in 

these pumps includes noncontact bearings and hydrody-

namic levitation that offer the advantages of (1) minimizing 

the friction of blood fl ow, (2) reducing platelet damage, and 

(3) reducing wear of the rotor (Fig.  39.5 ). The HeartWare 

pump (HeartWare, Framingham, MA, USA) is representa-

tive of this type of LVAD.

   Compared to the HeartMate II system, the HeartWare 

pump is smaller and can fi t inside the pericardial space; ana-

tomically, it can fi t into smaller adults as well as congenital 

patients. The pump can be inserted via a minimally invasive 

procedure, and this, in turn, potentially minimizes blood 

transfusions. Today, this is the only pump that can be readily 

used as an implantable RVAD and thus can be used for 

BiVAD support in those patients requiring such therapy. 

 Initial clinical trials of the HeartWare LVAD as bridge to 

heart transplant showed that patients’ 30-day and 1-year sur-

vival rates were 99 and 86 %, respectively [ 19 ]. The pump 

received FDA approval for implantation as bridge to heart 

transplantation in 2012 and currently is in clinical trials to 

assess its use as destination therapy for end-stage CHF 

patients. So far over 6000 thousand patients have received 

HeartWare LVAD implantation worldwide.   

39.4     VAD Implantation Techniques 

 In general, the implantation techniques currently employed 

for these three types of VADs are not very different from 

each other. The implantation for the latter two VADs is 
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 probably easier because the need for tissue dissection is less 

for the smaller pumps and subsequently there is less bleeding. 

Typically a median sternotomy is made, and the patient is 

placed on cardiopulmonary bypass. The HeartMate II pump is 

inserted in the pre-created preperitoneal pocket, below the 

posterior rectus sheath. The HeartWare LVAD is inserted 

inside the pericardial space. The infl ow cannula is inserted 

through a cored out portion of the apex of the left ventricle. 

The outfl ow graft is sewn to a longitudinal aortotomy in the 

proximal ascending aorta. Following appropriate connections, 

the patient is weaned off cardiopulmonary bypass, and the 

pump is started. Optimizing pump speed is performed under 

echocardiographic guidance, as well as by continuously mon-

itoring the patient’s hemodynamic status. Adequate fl ow is 

achieved by adjusting pump speed and by ensuring adequate 

preload and appropriate inotropic support for right ventricular 

function. After meticulous hemostasis is achieved, the chest is 

closed with appropriately placed chest tubes. The HeartWare 

LVAD can be inserted via a combination of left mini-thoracot-

omy and upper sternotomy or right mini-thoracotomy.  

39.5     Device Management 

 It is imperative that standard postoperative care is used in the 

management of these patients. First, device settings can be 

monitored and adjusted based on patient hemodynamics as 

well as echocardiographic fi ndings. Additionally, a combina-

tion of aspirin and warfarin is typically used as part of the 

anticoagulation protocol to maintain an INR between 2.5 and 

3.5 for all the devices, except for patients with the HeartMate 

XVE for which only aspirin is needed. The VAD fl ow is 

 generally maintained above 4 L/min, and the mean blood 

pressure is maintained over 60 mmHg. After LVAD place-

ment, typically a patient does not change defi brillator and/or 

biventricular pacing settings if s/he had such a device 

implanted prior to VAD implantation. Finally, all patients 

undergo a standard postoperative rehabilitation program.  

39.6     University of Minnesota VAD 
Experience 

 The University of Minnesota VAD and heart transplant pro-

gram is one of the largest programs in the world. We have been 

among the participating centers and leaders in multiple NIH-

sponsored clinical trials. Ten different types of VADs had been 

tried or used at our center. Since 1995, we have implanted 700 

VADs, including over 250 continuous fl ow VADs for bridge 

to heart transplantation, bridge to bridge, bridge to recovery, 

and/or for destination therapy. We developed an effective VAD 

implantation algorithm to successfully treat patients with 

refractory acute cardiogenic shock and multiorgan failure who 

would typically die (Fig.  39.6 ) [ 20 ]. We also pioneered a mini-

mally invasive LVAD exchange technique to avoid sternotomy 

(Figs.  39.7  and  39.8 ) [ 21 ].

39.7          Summary 

 Over the last 15 years, VADs (especially continuous fl ow 

LVADs) have been increasingly used in the clinical manage-

ment of the chronic heart failure patient, as either a bridge 

to transplant or as the destination therapy. Abundant and 

important knowledge and experience has been obtained 

from the early clinical use of VADs. We believe that the 

future of VADs is very promising. The ideal design of any 

future VAD should embody, at a minimum, the following 

features:

    1.    It can provide adequate blood fl ow to meet the various 

physiological requirements.   

   2.    It must be reliable and durable. For a VAD to be used as a 

destination therapy, 5–7 years has been suggested as an 

acceptable length of time for durability.   

   3.    It must be biocompatible with the host patient and also 

require no, or minimal, anticoagulation therapy.   

  Fig. 39.5    HeartWare left 

ventricular assist device 

pump. ( A ) HeartWare pump. 

( B ) Cross section of the inside 

structure of the pump 

showing the contactless 

design as well as magnetic 

and hydrodynamic bearings       
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  Fig. 39.6    Algorithm 

depicting the management of 

patients with refractory acute 

cardiogenic shock with 

multiorgan failure       

  Fig. 39.7    Left ventricular assist 

device exchange is performed 

via laparotomy only; sternotomy 

is avoided       

   4.    It must be small in size to minimize patient discomfort 

and ensure an improved quality of life.   

   5.    It should be easy to implant, preferably through develop-

ing minimally invasive approaches.     

 It is considered that within the next ten years, we will 

see the birth of the “dream” VAD that meets these criteria. 

Perhaps one day implanting a VAD will be similar to implanting 

a prosthetic valve. Ultimately, the future of treating end- stage 

CHF lies in the cell therapy which can either reverse myocar-

dium remodeling or regrow new myocardium, yet such a 

therapy may require VAD support of the patient during admin-

istration. For additional information on LVADs and their use 

in congenital populations, the reader is referred to Chap.   11    .     
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      Cell Transplantation for Ischemic Heart 
Disease       
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    Abstract  

  Recent studies support the notion that cardiomyocyte regeneration may occur during 

physiological and pathological states in the adult heart. These data highlight the possibili-

ties that myocardial regeneration may occur via cardiomyocyte proliferation and/or differ-

entiation of putative cardiac stem cells. To date, various cell types have been used for 

cardiac repair, including skeletal myoblasts, bone marrow-derived cells, mesenchymal stem 

cells (MSCs), endothelial progenitor cells (EPCs), umbilical cord blood (UCB) stem cells, 

cardiac stem cells, and embryonic stem cells (ESCs). This chapter will review each of these 

different stem cell populations in regards to the potential treatment of heart disease. We will 

examine the in vitro and in vivo animal studies, and then briefl y discuss the cell therapy 

clinical trials that are currently underway for the treatment of ischemic heart disease.  
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  Abbreviations 

   CPCs    Cardiac progenitor cells   

  EPCs    Endothelial progenitor cells   

  ESCs    Embryonic stem cells   

  HGF    Hepatocyte growth factor   

  hiPSCs    Human induced pluripotent stem cells   

  IGF-1    Insulin-like growth factor   

  LV    Left ventricular   

  MI    Myocardial infarction   

  MSCs    Mesenchymal stem cells   

  Sca-1    Stem cell antigen-1   

  SDF-1    Stromal cell-derived factor-1   

  SP     Side population   

  UCB    Umbilical cord blood   

  VEGF    Vascular endothelial growth factor   

40.1           Introduction 

 Although coronary interventions and associated medical 

therapies have improved postinfarction cardiac function in 

patients with coronary artery disease, approximately half of 

the patients will still progress to end-stage or advanced heart 

failure [ 1 ]. To date, cardiac transplantation remains the only 

defi nitive therapy for replacing the lost muscle, but it is a 

widespread approach limited by the inadequate supply of 

donor hearts (approximately 2000 donor hearts are available 

each year in the USA). An alternative potential therapy for 

limiting postinfarction left ventricular (LV) remodeling, and 

thus the development of congestive heart failure, is the 

directed replacement of infarcted myocardium with the new 

myocardium being generated from transplanted stem cells. 
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 Recent studies have provided evidence to support the 

notion that cardiomyocyte regeneration may occur during 

physiological and pathological states in the adult heart. 

These data highlight the possibility that myocardial regen-

eration may occur via cardiomyocyte proliferation and/or 

differentiation of putative cardiac stem cells [ 2 ]. To date, 

various cell types have been used for cardiac repair includ-

ing skeletal myoblasts, bone marrow-derived cells, mesen-

chymal stem cells (MSCs), endothelial progenitor cells 

(EPCs), umbilical cord blood (UCB) stem cells, cardiac 

stem cells, and embryonic stem cells (ESCs). This chapter 

will review each of these different stem cell populations 

with regard to their potential treatment of heart disease. We 

will begin by examining the in vitro and in vivo animal stud-

ies, and then briefl y discuss the cell therapy clinical trials 

that are currently underway for treating ischemic heart dis-

ease. We will conclude by summarizing selected techniques 

that have been used to enhance the benefi cial effects of stem 

cell transplantation.  

40.2     Cells for Myocardial Repair in Ischemic 
Heart Disease 

40.2.1     Embryonic Stem Cells 

 ESCs can  differentiate   into all three developmental  germ   lay-

ers (including the mesoderm,  which   is the  source   of the car-

diac lineage) and can proliferate with self-renewal in an 

unlimited fashion. Thus, ESCs have the potential of produc-

ing a limitless number of cells and cell types for regenerative 

therapy. However, ESCs must be differentiated into specifi c 

cell lineages before transplantation as the ESCs themselves 

are tumorigenic [ 3 ], and the cells derived from ESCs must be 

administered with immunosuppressive therapy [ 4 ] because 

ESCs can only be obtained from an allogenic source. Yet, the 

use of human ESCs (hESCs) is limited due to ethical con-

cerns regarding the need to destroy human embryos in order 

to produce hESCs. 

40.2.1.1     Mouse ESCs 

   The cardiogenic potential of mouse ESCs was fi rst demon-

strated in 1985 when these cells were cultured in suspension 

and formed 3D cystic bodies, termed   embryoid bodies   , 

which differentiated into cell types of the visceral yolk sac, 

blood islands, and myocardium [ 5 ]. Currently, such cells are 

separated from their feeder layer and then resuspended in 

leukemia inhibitory factor-free culture medium at a low den-

sity [ 6 ]. Mouse ESCs are then cultured in small drops which 

are formed on the lid of tissue culture dishes. When kept in 

this hanging droplet setting for 2 days, the cells aggregate 

and form differentiating embryoid bodies [ 6 ]. Embryoid 

bodies are then transferred into ultralow attachment dishes 

where they further differentiate. Spontaneous contracting 

cells (cardiomyocytes) can be observed between 7 and 8 

days of differentiation [ 6 ]. This process of cardiac differen-

tiation can be further enhanced by the use of selective growth 

factors and inhibitors of signaling pathways. 

 Importantly, mouse ESCs have been shown to  engraft   and 

regenerate myocardium after an  experimentally   induced 

myocardial infarction (MI) [ 7 – 9 ]. These cells can form car-

diomyocytes that electrically couple with the host myocar-

dium,  endothelial   cells, and blood vessels [ 7 – 9 ]. More 

recently, multipotent cardiac progenitor cells (CPCs) derived 

from mouse ESCs have been characterized from three inde-

pendent laboratories [ 10 – 12 ]; Brachyury+/Flk+ and Isl1+ 

CPC cell lines were shown to differentiate into cardiomyo-

cytes, endothelial cells, and smooth muscle cells, while 

Nkx2-5/c-kit CPCs could differentiate into cardiomyocytes 

and smooth muscle cells.    

40.2.1.2     Human ESCs 

   Human ESCs were fi rst isolated from the human blastocyst in 

1998 [ 3 ], and later it was shown that they could differentiate 

into cardiomyocytes [ 13 ]. Human ESCs also form embryoid 

bodies when cultured in suspension form; these are positive 

for cardiomyocyte markers such as myosin heavy chain, 

α-actinin, desmin, and troponin I [ 13 ]. Electrophysiological 

studies showed that most of the human ESC-derived cardio-

myocytes resemble human fetal ventricular myocytes that can 

propagate action potentials [ 14 ]. Human ESCs can also dif-

ferentiate into endothelial and smooth muscle cell lineages. 

 Initial in vivo studies have demonstrated that human ESC- 

derived cardiomyocytes can form new myocardium in the 

uninjured heart of athymic rats [ 15 ] or immunosuppressed 

pigs [ 14 ]. It was shown that the size of the graft could be 

increased fourfold by prior heat shock treatment of the cells 

[ 15 ]. When human ESCs are implanted in animal models 

that have a slow heart rate (such as in pigs or guinea pigs), 

they can form pacemakers when the native pacemaker (node) 

is dysfunctional, implying electrical integration with sur-

rounding cardiomyocytes [ 14 ,  16 ]. However, when these 

cells are transplanted in the setting of MI, only 18 % form 

myocardial grafts and these grafts also contain substantial 

noncardiac elements [ 17 ]. To enhance the yield and purity of 

cardiomyocytes from human ESCs, Lafl amme et al. devel-

oped a new technique to direct the differentiation of human 

ESCs into cardiomyocytes using sequential treatment of 

high-density undifferentiated monolayer cultures with 

activin A and bone marrow morphogenic protein 4 [ 17 ]. This 

protocol has yielded greater than 30 % cardiomyocytes, as 

compared to less than 1 % with the embryoid body-based 

system which used serum to induce differentiation [ 17 ]. 

Furthermore, Percoll gradient centrifugation, which allows 

specifi c enrichment of human ESC-derived cardiomyocytes, 

resulted in cultures containing 82.6 ± 6.6 % cardiomyocytes 
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[ 17 ]. Moreover, this laboratory used a prosurvival engraft-

ment cocktail to improve graft survival in infarcted hearts. 

This cocktail included Matrigel to prevent anikis, a cell- 

permeant peptide from Bcl-XL to block mitochondrial death 

pathways, cyclosporine A to attenuate cyclophilin 

D-dependent mitochondrial pathways, a compound that 

opens ATP-dependent K+ channels (pinacidil) to mimic 

ischemic preconditioning,  insulin-like growth factor (IGF-1)   

to activate Akt pathways, and the caspase inhibitor ZVAD- 

fmk [ 17 ]. Importantly, transplantation of human ESC- 

derived cardiomyocytes, in combination with this prosurvival 

cocktail into infarcted hearts, resulted in myocardial grafts 

with improved ventricular function [ 17 ]. The other intrigu-

ing aspect of this study was that almost all noncardiac human 

ESC-derived cells died by the 4-week period [ 17 ].     

40.2.2     Human Induced Pluripotent 
Stem Cells 

  The immunogenicity and ethical concerns associated with 

hESCs have led to the development of  human induced plu-

ripotent stem cells (hiPSCs)  , which possess an ESC-like 

capacity for differentiation and self-replication but can be 

generated from an individual patient’s own somatic cells. 

The somatic cells are reprogrammed with pluripotency fac-

tors such as Oct3/4, Sox2, Klf4, and c-Myc; however, hiP-

SCs (like hESCs) can be tumorigenic and must be 

differentiated into specifi c cell types before administration. 

Effective protocols for differentiating  hiPSCs into smooth- 

muscle cells (hiPSC-SMCs)   have been available for several 

years [ 18 ,  19 ], while methods for obtaining suffi ciently 

large, pure, and stable populations of hiPSC-derived endo-

thelial cells (hiPSC-ECs) [ 20 ] and cardiomyocytes (hiPSC- 

CMs) [ 21 ,  22 ] have recently been established. Studies in pigs 

with  experimentally   induced ischemia-reperfusion injury 

indicate that all three hiPSC-derived cell lineages are retained 

at the site of administration for at least 4 weeks after injec-

tion, and that the combined treatment can lead to improve-

ments in contractile performance, myocardial wall stress, 

and cellular metabolism [ 22 ]; furthermore, treatment with 

hiPSC-CMs alone was not associated with arrhythmogenic 

complications such as those reported when  hESC-derived 

cardiomyocytes (hESC-CMs) were   administered to monkeys 

[ 23 ], perhaps because the number of cells administered was 

much smaller (i.e., 10 million hiPSC-CMs versus 1 billion 

hESC-CMs). 

 Although hiPSCs can in principle be used to generate 

cells of any lineage, the effi ciency of the differentiation 

protocol and function of the hiPSC-derived cells after 

transplantation may be infl uenced by epigenetic factors that 

the hiPSCs retain from their tissues of origin [ 24 ,  25 ]. Thus, 

hiPSC-derived cells may be more effective for regenerative 

myocardial therapy if the hiPSCs were reprogrammed from 

cardiac lineage cells rather than from other organ-specifi c 

lineages. Notably, Zhang et al. [ 26 ] have successfully gen-

erated hiPSCs from cardiac fi broblasts which were obtained 

from the hearts of patients who were undergoing open-

chest surgery. When these  cardiac lineage hiPSCs (hciP-

SCs)   were used to generate sheets of cardiomyocytes, the 

effi ciency of the differentiation protocol exceeded 92 %, 

compared to 60–85 % when dermal- or cord blood lineage 

hiPSCs have been used [ 21 ]. Approximately 30 % of the 

hciPSC-derived cardiomyocytes were retained for at least 

28 days after administration to the infarcted hearts of 

immunodefi cient mice.   

40.2.3     Adult Stem Cells 

40.2.3.1       Skeletal Myoblasts 

 Skeletal myoblasts can be derived from myogenic stem cells 

also known as satellite cells. These myogenic stem cells are 

quiescent and located in a niche; they are sublaminar and 

sandwiched between the basal lamina and the plasmalemma 

of the skeletal muscle fi bers. In response to injury, the myo-

genic stem cells become activated, they proliferate and dif-

ferentiate, and typically completely restore the skeletal 

muscle architecture [ 27 ]. Previous studies have demon-

strated that skeletal myoblasts form viable, long-term skel-

etal myotube grafts following transplantation into adult 

hearts [ 28 ]. In one study, it was shown that transplantation 

of autologous skeletal myoblasts in cryoinfarcted rabbit 

myocardium leads to myoblast engraftment by 3 weeks with 

subsequent improvement in systolic performance [ 27 ]. 

Importantly, as these cells are specifi ed and committed to 

the skeletal muscle lineage, they do not differentiate into 

cardiomyocytes [ 29 ], and thus they are also not electrome-

chanically coupled to each other or to the surrounding car-

diomyocytes of the host [ 30 ,  31 ].    

40.2.3.2     Bone Marrow-Derived Stem Cells 

   The bone  marrow   contains  many    adult stem cells      which have 

been used to treat hematological disorders for decades. It has 

recently been shown that bone marrow-derived stems can 

traverse cell lineage boundaries and, upon appropriate stimu-

lation, transdifferentiate into hepatocytes, endothelial cells, 

skeletal muscle, and/or neurons [ 32 – 34 ]. Yet, the ability of 

bone marrow-derived cells to differentiate into cardiomyo-

cytes remains controversial. For example, Bittner et al. were 

the fi rst researchers to suggest that cardiac muscle cells may 

be derived from bone marrow cells [ 35 ]. Goodel et al. dem-

onstrated that transplantation of murine bone marrow side 

population (SP) cells (c-kit+, Sca-1+, CD34−/low) resulted 

in donor-derived cells with cardiomyocyte morphologies, as 

well as smooth muscle and endothelial cells which were 
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found in the heart following left anterior descending coro-

nary artery ligation [ 36 ]. Orlic et al. [ 37 ] demonstrated that 

transplantation of GFP-labeled Lin − c-kit +  cells (presumably 

containing both hematopoietic stem cells and MSCs) into the 

ventricular wall after left anterior descending coronary artery 

ligation resulted in improved function of the ventricle, and 

they also detected a large number of GFP +  cells that coex-

pressed myocardial proteins in the myocardium. In contrast 

to these fi ndings, other laboratories using genetic mouse 

models to label cell populations (and their derivatives) have 

shown that lineage negative, c-kit-positive cells were not 

able to differentiate into cardiomyocytes [ 38 ,  39 ]. 

Alternatively, Anversa and colleagues have shown, using 

similar genetic techniques, that c-kit+ bone marrow cells can 

engraft in the injured myocardium and differentiate into cells 

of the cardiogenic lineage, forming functionally competent 

cardiomyocytes and vascular structures [ 40 ].    

40.2.3.3     Mesenchymal Stem Cells 

    Phenotype and Differentiation Potential 

  In the late 1980s  and    through   the 1990s, Caplan’s laboratory 

 identifi ed   a subset of cells within the bone marrow which 

gave rise to osteoblasts and adipocytes. These cells were 

termed MSCs [ 41 ]. MSCs  are   present in many different 

organs of the body including muscle, skin, adipose tissue, 

and bone marrow. They can be isolated from the bone mar-

row by a simple process involving Ficoll centrifugation and 

adhering cell culture in a defi ned serum-containing medium. 

In the early studies, MSCs were shown to be expanded for 

4–20 population doublings only [ 42 ], with preservation of 

the karyotype, telomerase activity, and telomere length [ 43 , 

 44 ]. Phenotypically, these cells were negative for CD31, 

CD34, and CD45, unlike hematopoietic progenitors from 

bone marrow, and were positive for CD29, CD44, CD71, 

CD90, CD105, CD106, CD120a, CD124, SH2, SH3, and 

SH4 [ 45 ,  46 ]. In the bone marrow, only 0.001–0.01 % of the 

initial unfractionated bone marrow mononuclear cell popula-

tion consists of MSCs [ 33 ,  36 ]. However, in a number of 

rodent studies, the adherent fi broblastic cells obtained from 

the unfractionated mononuclear class of the bone marrow are 

termed MSCs [ 47 ,  48 ]. 

 MSCs were reported to have the potential to differenti-

ate into any tissue of mesenchymal origin [ 41 ]. MSCs 

derived from rodent marrow aspiration have been shown to 

differentiate into cardiomyocyte-like cells in the presence 

of 5- azacytidine [ 49 ,  50 ]. The cellular morphology changes 

from spindle-shaped to ball-shaped, and fi nally a rod-

shaped form; thereafter, these cells fuse together to form a 

syncitium which resembles a myotube [ 51 ]. In addition, 

these cells exhibit markers of fetal cardiomyocytes [ 50 ]; 

specifi c transcription factors of the myocyte and cardiac 

lineage including GATA4, Nkx2.5, and HAND 1/2 can be 

detected [ 49 ]. Yet compared to native cardiomyocytes, 

there are noteworthy differences in those which are derived 

from MSCs. First, the β-isoform of cardiac myosin heavy 

chain is more abundant than the α-isoform in these cells. 

Second, there is increased α-skeletal actin relative to 

α-cardiac actinin; myosin light chain 2v is also present. 

Third, both MEF2A and MEF2D isoforms replace MEF2C 

from early to late passages. Additionally, it was reported 

that these cells will beat spontaneously and synchronously, 

which is most likely due to the formation of intercalated 

discs, as has been shown when they are co-cultured with 

neonatal myocytes [ 52 ]. Finally, the differentiated cells 

will express competent α- and β-adrenergic and muscarinic 

receptors, as indicated by increased rates of contraction in 

response to isoproterenol and by decreased rates of con-

traction induced by β-adrenergic blockers [ 53 ]. Yet, it 

should be noted that other studies suggest that bone mar-

row stem cells cannot differentiate to cardiac myocytes 

[ 38 ,  39 ]. Whether or not MSCs can differentiate into func-

tional cells of the other three lineages will require further 

investigation.   

   MSCs for Myocardial Repair 

   MSCs have several unique features that make them attractive 

candidates for cell transplantation. First, as they are easily 

accessible and expandable, MSCs could potentially become 

a so-called “off the shelf” allogeneic product, one which 

would be more cost-effective, easier to administer, and allow 

a greater number of cells to be transplanted. Additionally, 

they may also permit transplantation at the time of urgent 

interventions, e.g., to relieve ischemia and injury such as per-

cutaneous or surgical revascularization procedures. 

Importantly, these cells appear to be hypoimmunogenic [ 54 –

 56 ]. Additionally, these cells lack MHC-II and B-7 costimu-

latory molecule expression and thus limit T-cell responses 

[ 57 ,  58 ]. Yet, they are considered to directly inhibit infl am-

matory responses via paracrine mechanisms including pro-

duction of transforming growth factor beta 1 and hepatocyte 

growth factor (HGF) [ 59 ,  60 ]. Importantly, all the above 

properties taken together make them attractive candidates for 

cell transplantation. 

 It should be noted that MSC transplantation was tested in 

a study in which isogenic adult rats were used as donors and 

recipients to simulate autologous transplantation clinically. 

MSC intracoronary delivery in these rat hearts following an 

experimentally induced MI showed that there was a milieu- 

dependent differentiation of these cells, a fi broblastic pheno-

type within the scar, and cardiomyocyte phenotype outside 

the infarction area [ 61 ]. However, direct intramyocardial 

injection of autologous MSCs into the region of the scar 

resulted in the focal differentiation of these cells into 

“cardiac- like” muscle cells within the scar tissue. There was 

also noted increased angiogenesis and improved myocardial 

function [ 62 ]. In a different approach, the delivery of MSCs 
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via direct left ventricular cavity infusion in a rat MI model 

resulted in the preferential migration and colonization of 

these cells in the ischemic myocardium (i.e., at 1 week) [ 63 ]. 

This MSC infusion also resulted in both increased vascular-

ity and improved cardiac function 2 months following deliv-

ery in a canine model of chronic ischemic disease [ 64 ]. 

However, it should be noted that Kloner’s laboratory, using a 

rat model of postinfarction LV remodeling, found that the 

benefi cial effects on left ventricular function were short term 

and were absent after 6 months [ 65 ]. 

 Importantly, MSC transplantation has been reported to 

result in functional improvement in large animal ischemic 

models. For example, the direct intramyocardial injection of 

5-azacytidine-treated autologous MSCs was performed 4 

weeks after MI in a swine model; these injected cells formed 

islands of cardiac-like tissue, induced angiogenesis, pre-

vented thinning and  dilatation   of the infarct  region  ,  and   ulti-

mately improved regional and global contractile functions 

[ 66 ]. Similarly, allogeneic intramyocardial transplantation of 

MSCs in a porcine model of MI resulted in profound 

improvements in border zone energetics and regional con-

tractile function [ 67 ]. These latter fi ndings were hypothe-

sized to be related to a paracrine mechanism, as evidenced 

by increased vascularity in the border zone and spared native 

cardiomyocytes in the infarct zone [ 67 ]. Finally, the percuta-

neous delivery of allogenic MSCs 3 days after MI in a por-

cine model resulted in long-term engraftments (detected at 8 

weeks), profound reductions in scar sizes, and near normal-

ization of cardiac function [ 68 ].      

40.2.3.4     Endothelial Progenitor Cells 

   EPCs were fi rst  isolated   from blood in 1997 [ 69 ]. They origi-

nate from a common hemangioblast precursor in the bone 

marrow [ 70 ]. However, many other cells including myeloid/

monocyte (CD14+) cells and stem cells from adult organs 

can also differentiate into cells with EPC characteristics. 

Thus, circulating EPCs are a heterogeneous group of cells 

originating from multiple precursors within the bone marrow 

and can be isolated in different stages of endothelial differen-

tiation within peripheral blood. Therefore, the characteriza-

tion of these cells can be challenging because they share 

certain surface markers of hematopoietic cells and adult 

endothelial cells. Typically, they express CD34 (a hemato-

poietic cell characteristic), CD-133 (a more specifi c marker 

of EPCs), and KDR (kinase insert domain-containing recep-

tor), which is the receptor for vascular endothelial growth 

factor (VEGF). Interestingly, in a study of sex-mismatched 

bone marrow transplant patients by Hebbel and coworkers, 

95 % of circulating endothelial cells in the peripheral blood 

of transplant patients had the recipient genotype, but 5 % had 

the donor genotype [ 71 ]. It was found that the endothelial 

cells with the donor phenotype had delayed growth in cul-

ture, but had a high proliferative capacity with more than a 

1000-fold expansion within 1 month; these were termed 

  endothelial outgrowth cells   . It was concluded that the endo-

thelial outgrowth cells were of bone marrow origin [ 71 ]. In 

contrast, the cells with the recipient phenotype only had a 

17-fold expansion within the same time period; these circu-

lating endothelial cells most likely originated from the vessel 

wall [ 71 ]. 

 EPCs have been used for  treatment   in different animal 

models of cardiovascular disease. For example, the intrave-

nous delivery of CD34+ cells into athymic nude rats follow-

ing MI was shown to promote angiogenesis in the peri-infarct 

region, leading to decreased myocyte apoptosis, reduced 

interstitial fi brosis, and improvement of left ventricular func-

tion [ 72 ]. Similarly, intramyocardial implantation of CD34+ 

selected human peripheral blood mononuclear cells into 

nude rats after MI resulted in neovascularization and 

improved LV function [ 73 ].    

40.2.3.5     UCB Stem Cells 

   Human UCB is rich in stem and progenitor cells, which have 

high proliferative capacities [ 74 – 76 ]. Human UCB also con-

tains fi broblast-like cells termed   unrestricted somatic stem 

cells   , which adhere to culture dishes, are negative for c-kit, 

CD34, and CD45, and differentiate both in vitro and in vivo 

into a variety of tissue types, including cardiomyocytes [ 77 ]. 

Direct intramyocardial injection of these human unrestricted 

somatic cells into the infarcted hearts of immunosuppressed 

pigs resulted in: (1) improved perfusion and wall motion; (2) 

reduced infarct size; and (3) enhanced cardiac function [ 78 ]. 

Further, intravenous injection of human mononuclear UCB 

cells, a small fraction of which were CD34+, into NOD/

SCID mice led to enhanced neovascularization with capil-

lary endothelial cells of both human and mouse origin and 

reduced infarct sizes [ 79 ]. However, no myocytes of human 

origin were found, thus arguing against cardiomyogenic dif-

ferentiation and regeneration of cardiomyocytes from donor 

cells. Finally, the direct intramyocardial injection of UCB 

CD34+ cells into the peri-infarct rim in a rat model resulted 

in improved cardiac function [ 80 ]. To date, there have been 

no reported clinical studies of UCB transplantation for car-

diac repair.    

40.2.3.6     Cardiac Progenitor Cells 

  The innate ability of the cardiomyocytes to replicate has 

been a highly controversial issue for a long time. Previous 

studies have established that increases in cardiac mass in 

mammals during fetal life occur mainly due to cardiomyo-

cyte proliferation. However, during the perinatal period, 

mammalian cardiomyocytes withdraw from the cell cycle, 

thus limiting their ability to divide and increase in number 

[ 81 – 83 ]. Thus, normal postnatal growth and adaptive 

increases in cardiac mass in adults, as a result of hemody-

namic burden, are achieved mainly through the increases in 
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cell sizes, known as   hypertrophy    [ 81 – 83 ]. This belief was 

supported by the inability to identify mitotic fi gures in myo-

cytes, as well as the observation that regions of transmural 

infarction evolved into essentially avascular, thin collage-

nous scar. This paradigm of heart growth had been dominant 

over the past 50 years, i.e., the heart is a postmitotic organ, 

consisting of a predetermined number of parenchymal cells, 

that is defi ned at birth and preserved throughout life until the 

death of the organ and/or organism. However, recent studies 

have challenged this concept of the heart being a postmitotic 

organ, one being incapable of regeneration. For example, it 

has been shown that the human heart contains cycling myo-

cytes undergoing mitosis and cytokinesis under normal and 

pathological conditions [ 84 – 87 ]. The occurrence of these 

mitotic events is considered to support the hypothesis that 

CPC populations reside in the adult heart and can contribute 

to limited growth, turnover, and/or regeneration. This notion 

further supports that the adult heart belongs to the group of 

renewable adult tissues, and that this capacity for renewal is 

provided by a population of stem cells (i.e., CPCs) that reside 

in the myocardium [ 88 ,  89 ]. 

   Origins of CPCs 

  To date, the primary origins of CPCs remain unclear. It is 

feasible that the cycling cardiomyocytes might be derived 

from uncommitted stem-like population cells that reside in 

the heart which expand and differentiate into cardiomyo-

cytes in response to signals and cues in response to growth 

and/or injury. Alternatively, these stem-like cells may 

reside in extracardiac tissues such as the bone marrow, and 

are capable of being recruited into the circulation and 

induced to home to the heart by signals emanating from the 

injured heart. 

 For example, Mouquet et al. demonstrated that cardiac SP 

cells are maintained by local progenitor cell proliferation 

under physiological conditions [ 90 ]. After MI, this cardiac 

SP is decreased by as much as 60 % in the infarct and to a 

lesser degree in the noninfarct regions within 1 day. Cardiac 

SP pools are subsequently reconstituted to baseline levels 

within 7 days after MI, through both proliferation of resident 

cardiac SP cells and by homing of bone marrow-derived 

stem cells to specifi c areas of myocardial injury. These cells 

then undergo immunophenotypic conversions and adopt a 

cardiac SP phenotype (CD45+ to CD45−) [ 90 ]. Interestingly, 

bone marrow-derived stem cells accounted for approxi-

mately 25 % of the SP cells in the heart under pathological 

conditions, as compared to <1 % under physiological condi-

tions [ 90 ]. In addition to these CD45+ cells that Mouquet 

et al. reported, bone marrow also contains CD45−, CXCR4+, 

and Sca-1+ cells within the nonadherent, nonhematopoietic 

mononuclear fraction, which will express early cardiac 

markers such as Nkx2.5 and GATA-4 [ 91 ]. These cells can 

also mobilize into the blood after MI and eventually home to 

the infarcted myocardium in mice. Cerisoli et al. [ 92 ] also 

demonstrated that (at least in pathological conditions) a sub-

population of the c-kit+ CPC population may derive from 

cells that originate in the bone marrow which are capable of 

contributing to myocardial regeneration in a similar fashion 

as the CPCs that are resident in the adult heart.   

   Number of CPCs 

  In 2005, Anversa and coworkers proposed that CPCs are 

undifferentiated multipotent cells that express the stem cell- 

related antigens, c-kit, MDR-1 (another ABC transporter), 

and Sca-1, in variable combinations [ 93 ]. Quantitative data 

from mouse, rat, dog, and human hearts were provided that 

demonstrated there is approximately one CPC for every 

30,000–40,000 myocardial cells. Interestingly, ~65 % of all 

CPCs possess the three stem cell antigens, ~20 % express 

two stem cell antigens, and ~15 % express only one; roughly 

5 % each of these CPCs exclusively express c-kit, MDR1, or 

Sca-1 [ 93 ]. 

 Importantly, none of the above-mentioned reports demon-

strated a signature CPC phenotype; this cell population also 

has signifi cant overlap in the expression of other surface 

markers. It remains to be determined whether these CPCs are 

actually the same stem cell type and that differing surface 

markers refl ect differing developmental phases or qualita-

tively separate subpopulations. Nevertheless, it is believed 

that these CPCs may participate in myocyte turnover, the rate 

of which remains to be determined.   

   Isolation of CPCs 

  CPCs have been isolated based on their expression (or 

absence) of specifi c cell surface markers, proteins, and/or tis-

sue culture methods using the following strategies:

    1.    Isolation based on expression of the cell surface stem cell 

marker c-kit;   

   2.    Isolation based on expression of the cell surface stem cell 

marker Sca-1;   

   3.    Isolation based on the ability to effl ux Hoechst 33342 dye 

(SP cells);   

   4.    Isolation based on the expression of the islet-1 transcrip-

tion factor;   

   5.    Tissue culture of cardiac explants resulting in the sponta-

neous shedding of CPCs in vitro.      

   Isolation Based on Expression of the Cell Surface Stem 

Cell Marker c-kit 

  Belrami et al. [ 94 ] isolated cells expressing the tyrosine 

kinase receptor for stem cell factor (also referred to as steel 

factor; c-kit) from the interstitial regions of the adult rat 

heart. The highest density of these lineage negative (lin-), 

c-kit+ stem cells was in the atria and ventricular apex. 
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These cells were identifi ed to be self-renewing, clonogenic, 

and multipotent. Further, they had the ability to differentiate 

into cardiomyocytes, endothelial cells, and smooth muscle 

cells. Moreover, the delivery of these c-kit-expressing clono-

genic stem cells following myocardial injury resulted in both 

improved functional recovery and evidence of myocardial 

regeneration. Recently, the same laboratory expanded their 

analyses to include preclinical studies using large animal 

models. They have demonstrated that the canine model also 

harbors a c-kit-expressing stem cell population in the adult 

heart that is clonogenic, multipotent, and capable of activa-

tion following injury. In response to myocardial injury, these 

c-kit-expressing stem cells are activated by cytokines 

(including HGF and insulin-like growth factor 1), and also 

home to areas of injury to participate in repair and regenera-

tion. These preclinical studies have been further extended to 

the study of the human heart. A similar c-kit-expressing stem 

cell population (c-kit-positive but negative for the expression 

of the hematopoietic and endothelial antigens including 

CD45, CD31, and CD34) has been isolated from the adult 

human heart that was identifi ed to be multipotent (capable of 

forming myocyte, smooth muscle cell, and endothelial cell 

lineages) in vivo and in vitro [ 95 ,  96 ]. Moreover, studies 

have established that these human c-kit-expressing cardiac 

stem cells undergo both symmetrical and asymmetrical cell 

divisions [ 96 ]. Importantly, these studies are also currently 

being validated by other cardiac stem cell laboratories. 

For example, van Berlo et al., utilizing genetic labeling strat-

egies, demonstrated that c-kit-expressing stem cells were 

able to daughter cardiomyocytes, yet this was an infrequent 

event [ 97 ]. Rather, these investigators showed that c-kit-

expressing stem/progenitors give rise largely to the endothe-

lial cell population within the adult mouse heart. These 

studies underscore the ongoing controversies associated with 

many therapeutic approaches being developed within this 

fi eld [ 98 ].   

   Isolation Based on the Expression of the Cell Surface Stem 

Cell Marker Sca-1 

  Resident murine CPCs have also been isolated on the basis 

of stem cell antigen-1 (Sca-1) expression [ 98 ]. These Sca-1- 

expressing CPCs were small interstitial cells that lacked 

hematopoietic lineage markers such as CD45, B220, 

TER119, or Flk-1, and they lacked c-kit expression, support-

ing the notion that they are distinct from the c-kit stem cell 

population. Using RT-PCR analyses, the Sca-1-expressing 

CPC population expressed the vascular marker CD31 and 

the cardiogenic transcription factors including Gata4, Mef2c, 

and TEF-1 (but lacked expression of Nkx2-5). A small per-

centage of these Sca-1-expressing CPCs activated cardiac 

genes, but did not exhibit spontaneous contractile properties 

in response to DNA demethylation with 5-azacytidine [ 98 ]. 

This laboratory further examined the abilities of the Sca-1 

CPCs to form cardiomyocytes independent of fusion to the 

differentiated host cardiomyocytes, using genetic mouse 

models (Cre/Lox and the R26R genetic mouse models) for 

cellular labeling. Genetically tagged Sca-1 CPCs isolated 

from the αMHC-Cre transgenic mouse model and delivered 

into the R26R (all host cells are labeled with LacZ) injured 

these hearts. Two weeks following injury, the animals were 

sacrifi ced and hearts were examined for Cre and LacZ 

expression. Interestingly, approximately half of the cells 

expressing αMHC-Cre did not express LacZ, suggesting that 

the Sca-1-expressing cells are capable of myocardial differ-

entiation independent of fusion to existing (host) cardiomyo-

cytes [ 98 ]. Additional studies from another laboratory 

(Matsura and coworkers) have also isolated Sca-1+ cells 

from adult murine hearts, and have demonstrated that they 

are capable of differentiation into beating cardiomyocytes in 

the presence of oxytocin but not 5-azacytidine [ 99 ]. These 

Sca-1 CPCs are heterogeneous, but a subpopulation is capa-

ble of effl uxing Hoechst 33342 dye.   

   Isolation Based on the Ability to Effl ux Hoechst 33342 Dye 

(SP Cells) 

  Other laboratories have utilized fl ow cytometry to identify an 

adult stem cell population that is capable of effl uxing Hoechst 

33342 dye. Due to their ability to effl ux Hoechst 33342 dye, 

these cells were located as a side population using fl ow 

cytometry and were termed SP cells. Subsequently, these SP 

cells have been isolated from a number of lineages including: 

adult bone marrow, skeletal muscle, lung, brain, liver, and 

mouse ESCs. These respective SP cell populations are mul-

tipotent when placed in a permissive environment. The abil-

ity of the SP cells to effl ux the Hoechst dye is due to the 

presence of multidrug resistance proteins. Studies have dem-

onstrated that Abcg2 is a member of the ATP [ 100 ] binding 

cassette (ABC) transporters (also known as multidrug resis-

tance proteins), and is the molecular determinant for the SP 

cell phenotype. Both specifi c (FTC) and nonspecifi c (cal-

cium channel blockers such as verapamil) blockers of Abcg2 

prevent Hoechst 33342 dye exclusion. Abcg2-expressing SP 

cells participate in cardiac development and reside in the 

adult mouse heart. Following injury, these Abcg2-expressing 

cardiac SP cells increase in number and form fetal cardio-

myocytes. In addition to serving as a marker for the SP cell 

population, Abcg2 has a cytoprotective function in response 

to oxidative stress. Moreover, previous studies have demon-

strated that Hif2α is a direct upstream regulator of the Abcg2 

gene. These results support the notion that CPCs in the adult 

heart likely play a protective role that promotes survival fol-

lowing injury. 

 To date, whole genome analyses using microarray plat-

forms have examined the molecular signature of adult cardiac 

SP cells, adult bone marrow SP cells, adult skeletal muscle SP 

cells, and SP cells isolated from ESCs. As expected, cardiac 
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SP cells express Abcg2, Sca-1, and c-kit. They also have 

induction of signaling pathways including the notch signaling 

pathway and the Wnt signaling pathway, which are character-

istic of a number of other stem cell populations. Yet, the car-

diac SP cells largely lack expression of hematopoietic markers 

(CD45 and TER119). Importantly, the cardiac SP cells appear 

to be a subpopulation of the Sca-1- expressing CPCs. Other 

groups have isolated the so-called SP cells from mouse hearts 

based on their ability to exclude Hoechst 33342 dye [ 100 ,  101 ]. 

These cells express Abcg2, an ATP-binding cassette (ABC) 

transporter, and they are Sca-1+ and c-kit low, and differentiate 

into cardiomyocytes after co-culture with rat cardiomyocytes.   

   Isolation Based on  Islet - 1 Gene  Expression 

   Recent studies by Laugwitz et al. have identifi ed Isl-1- 

expressing cells as an important stem cell population during 

cardiac development [ 102 ]. The heart is derived from a pri-

mary heart fi eld and a secondary heart fi eld which segregate 

from a common progenitor during gastrulation. The primary 

heart fi eld (which gives rise to the cardiac crescent) contrib-

utes to the left ventricle and atria, while the secondary heart 

fi eld (which is derived from the pharyngeal mesoderm) gives 

rise to the right ventricle and the outfl ow tract. Utilizing a 

gene disruption strategy, embryos lacking Isl-1 are lethal and 

lack a secondary heart fi eld (i.e., right ventricle and outfl ow 

tract), supporting the notion that Isl-1 is a critical regulator 

for cardiac development. Additional studies have further 

uncovered an Isl-1-expressing multipotent cardiac stem cell 

population that expresses Nkx2-5 and Flk-1 and gives rise to 

all the cardiac lineages (cardiomyocyte, smooth muscle, and 

endothelial cells) during heart development. While Isl-1- 

expressing cells are resident in the neonatal heart, there is no 

evidence of an Isl-1-expressing CPC population in the unper-

turbed or injured adult heart. Future studies will be necessary 

to defi ne distinct and common molecular pathways that gov-

ern stem cell populations during cardiac development and 

regeneration of the adult injured heart. For more information 

on cardiac development, refer to Chap.   3    .    

   Tissue Culture of Cardiac Explants with Spontaneous 

Shedding of CPCs In Vitro 

  In 2004, Messina et al. isolated undifferentiated cells that 

grew as self-adherent clusters (termed  cardiospheres ) from 

subcultures of postnatal atrial or ventricular human biopsy 

specimens and also from murine hearts [ 103 ]. These cardio-

spheres varied in size (20–150 μm) and were observed to 

beat spontaneously in culture. The cardiosphere-forming 

cells had the properties of adult cardiac stem cells as they 

were clonogenic, they expressed stem and EPC antigens/

markers (c-kit, Sca-1, CD31, and Flk-1), were capable of 

long-term self-renewal, and could differentiate in vitro and 

in vivo into myocytes and endothelial cells [ 103 ]. Importantly, 

the expansion of the cardiosphere-forming cells resulted in 

more than one million human cardiospheres within a 1-month 

period. These studies were confi rmed and expanded as 

Marban’s laboratory obtained ventricular tissue from percu-

taneous endomyocardial biopsies from both humans and 

pigs. These ventricular biopsy specimens were cultured to 

form cardiospheres, which were further plated to yield 

cardiosphere- derived cells [ 104 ]. Cardiospheres and 

cardiosphere- derived cells expressed antigenic characteris-

tics of stem cells at each stage of processing, as well as pro-

teins vital for cardiac contractile and electrical function 

[ 104 ]. Human and porcine cardiosphere-derived cells co- 

cultured with neonatal rat ventricular myocytes exhibited 

biophysical signatures characteristic of myocytes, including 

calcium transients synchronous with those of neighboring 

myocytes [ 104 ]. Moreover, the delivery of cardiosphere- 

derived cells following myocardial injury resulted in 

improved myocardial function compared to their respective 

controls.    

   Myocardial Regeneration from CPCs 

  Anversa and coworkers demonstrated that the direct intra-

myocardial injection of c-kit+ cells into an ischemic rat heart 

reconstituted well-differentiated myocardium, comprised of 

new blood-carrying vessels and cardiomyocytes with the 

characteristics of fetal cells; these cells were present in 

approximately 70 % of the ventricle [ 95 ]. Later, it was also 

shown that intracoronary delivery of these cardiac stem cells 

in an ischemia/reperfusion rat model resulted in myocardial 

regeneration, infarct size reduction of 29 %, and improve-

ment of LV function [ 105 ]. Given intravenously after isch-

emia/reperfusion, Sca-1 cells also homed to injured 

myocardium and differentiated into cardiomyocytes [ 98 ]. 

The relative contributions of regenerated cardiomyocytes 

and preservation of injured native cardiomyocytes in these 

studies requires clarifi cation. 

 Wang et al. recently reported that heart-derived Sca-1 + /

CD31 −  cells possess stem cell characteristics and play an 

important role in cardiac repair [ 106 ]. In that study, immuno-

fl uorescent staining and fl uorescence-activated cell sorter 

analysis indicated that endogenous Sca-1 + /CD31 −  cells sig-

nifi cantly increased in the infarct and peri-infarct areas at 3 

and 7 days after MI. Western blot analyses confi rmed elevated 

Sca-1 protein expression 7 days after MI. Sca-1 + /CD31 −  cells 

cultured in vitro were induced to express both endothelial cell 

and cardiomyocyte markers. Transplantation of Sca-1 + /

CD31 − cells into a murine model of MI led to functional 

preservation and decreased remodeling after MI [ 106 ]. 

Immunohistochemical data indicated a signifi cant increase of 

neovascularization, but a low level of cardiomyocyte regen-

eration at the infarct border zone. Despite the absence of sig-

nifi cant cardiomyocyte regeneration, cell transplantation 
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remarkably improved myocardial bioenergetics [ 106 ]. These 

fi ndings provide evidence that Sca-1 + /CD31 −  cells possess 

both endothelial cell and cardiomyocyte progenitor cell 

characteristics. However, this study also reported that the 

regeneration rates of cardiomyocytes and/or endothelial cells 

from the engrafted stem cells were very low. Hence, trophic 

effects associated with the transplanted cells were most likely 

the primary basis of the benefi cial effects of these cells [ 106 ]. 

Nevertheless, the expansion of these progenitor cells may 

have therapeutic applicability for the treatment of MI. 

 CPCs and early committed cells have been shown to: (1) 

express c-Met and IGF-1 receptors; and (2) synthesize and 

secrete the corresponding ligands, such as HGF and IGF-1 

[ 107 ]. HGF mobilizes cardiac stem cells-early committed 

cells, and IGF-1 promotes both their survival and prolifera-

tion [ 107 ]. Therefore, in a separate study,  HGF   and IGF-1 

were  injected   in mice following MI and a growth factor gra-

dient was introduced between the site of storage of primitive 

cells in the atria and the region bordering the infarct to facili-

tate homing. Importantly, the newly formed myocardium 

contained arterioles, capillaries, and functionally competent 

myocytes that increased in size over time. This  regenerative   

 response   was  associated   with improved  ventricular   perfor-

mance  and   overall  increased   survival. Surprisingly, this 

 intervention   rescued  animals   with  infarcts   that comprised as 

much as 86 % of ventricular mass,  which   implied the elicited 

low ejection fractions. Subsequently, the  above   fi ndings 

were  replicated   in a  dog   model, where HGF and IGF-1 were 

also used to stimulate resident cardiac stem cells after MI; 

noteworthy growth factor therapy again resulted in improve-

ment of myocardial function [ 108 ]. 

 Before they can be used therapeutically, CPCs have to be 

isolated from fragments of the myocardium and subse-

quently expanded in vitro. This was achieved in a pig model 

[ 109 ] where c-kit+ cells were isolated and each cell was 

propagated to form approximately 400,000 cells. Another 

group performed autologous transplantation of CPCs in an 

ischemia/reperfusion swine model [ 110 ]. To accomplish 

this, each pig had an initial biopsy from the right ventricular 

septum at the time of injury. The biopsies weighed approxi-

mately 92 mg, and yielded mean cell counts of 14.2 × 10 6  

cells after isolation and expansion (after 2.8 cell passages 

over 23 days). Intracoronary delivery was then performed 4 

weeks after injury; engraftment primarily occurred in the MI 

border zone and islands of engrafted cells were present 

within the scar 8 weeks after coronary delivery [ 110 ]. 

 Human CPCs have also been isolated from the myocar-

dium, expanded in vitro, and then used for transplantation in 

animal models of ischemic myocardium. For example, 

Hosoda et al. isolated human CPCs from surgical samples 

[ 111 ], then these c-kit+ human CPCs were injected into the 

hearts of immunodefi cient mice and rats. Foci of myocardial 

regeneration were identifi ed at 2–3 weeks which consisted of 

myocytes, resistance arterioles, and capillaries [ 111 ]. The 

presence of connexin 43 and N-cadherin in the developing 

human myocytes strongly suggested that the  engrafted   

 human    cells    were    functionally   competent. Two-photon 

 microscopy   was  used    to    further    demonstrate   the functional 

integration of enhanced green fl uorescent protein-positive 

human myocytes with the surrounding myocardium [ 111 ]. 

More recently, Torella et al. [ 112 ] also isolated human CPCs 

from myocardial samples from all four chambers of the 

human heart; these were c-kit+, MDR-1+, and CD133+. In 

these studies, one clone was shown to generate over 5 × 10 9  

cells and form functional myocardium after injection into 

infarcted rat hearts [ 112 ]. 

 Altogether, these studies provide early evidence of the 

rationale for the use of human CPCs in patients with isch-

emic heart disease. These cells appear to be excellent candi-

dates for exogenous stem cell therapy, yet they must be 

harvested from patients and expanded ex vivo to generate 

numbers suffi cient for transplantation. To date, there have 

been no reported clinical trials of human CPC therapy.       

40.3     Update of Clinical Trials of Stem Cell 
Treatment in Heart Disease 

  Skeletal myoblasts were the fi rst cell type to be used in thera-

peutic clinical trials. These cells can be transplanted in an 

autologous fashion without immunosuppression, and have 

several advantages including a high proliferative potential 

that allows an initial biopsy to be easily expanded in vitro. 

They are also terminally differentiated, thus decreasing the 

chances of tumorigenesis, and are known to be resistant to 

ischemia, allowing them to survive in scar or peri-scar areas 

where there is minimal perfusion. To date, there have been 

six phase I safety and feasibility studies of skeletal myoblast 

transplantation in patients with severe LV dysfunction caused 

by MI. Four of these studies [ 113 – 116 ] were surgical and 

entailed myoblast implantation at the time of coronary artery 

bypass grafting or left ventricular assist device implantation, 

and two were catheter-based trials [ 117 ,  118 ] using an endo-

ventricular or coronary sinus transvenous approach. 

Although not the primary outcome of these studies, modest 

left ventricular functional improvement was noted following 

transplantation. Engraftment of myoblasts has been docu-

mented in pathological specimens up to 18 months after 

transplantation [ 115 ,  119 ]. Yet, some concerns regarding the 

development of ventricular tachycardia have prompted the 

use of intracardiac defi brillators in protocols for skeletal 

myoblast transplantation. Future studies may utilize the use 

of skeletal muscle stem cells (i.e., satellite cells) as opposed 

to well-differentiated myoblasts. 

 Bone marrow cells have also received intense interest as a 

cell therapy for patients with cardiovascular disease. 
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Importantly, the  Transplantation of Progenitor Cells and 

Regeneration Enhancement in Acute Myocardial Infarction 

(TOPCARE-AMI) trial   revealed signifi cant improvement in 

LV ejection fraction as well as signifi cantly enhanced myo-

cardial viability and regional wall motion in the infarct 

regions following transplantation of bone marrow mononu-

clear cells or blood-derived progenitor cells [ 120 ,  121 ]. The 

 BOOST   (bone marrow cell transfer to enhance ST-elevation 

infarct regeneration) study [ 122 ] also resulted in an increase 

in LV ejection fraction at 6 months following cell transplan-

tation, but surprisingly there was no statistical difference 

between the treated and placebo groups at 18 months. The 

 Reinfusion of Enriched Progenitor Cells and Infarct 

Remodeling in Acute Myocardial Infarction (REPAIR-AMI) 

trial   [ 123 ] randomized 204 patients with acute MI to receive 

either an intracoronary infusion of progenitor cells derived 

from bone marrow or a placebo medium into the infarct 

artery 3–7 days after successful reperfusion therapy. It was 

reported that the absolute increase in LV ejection fraction 

was signifi cantly greater (2.5 %) in the bone marrow cell 

group than in the placebo group at 4 months, although this 

represents a modest improvement. However, other trials (i.e., 

ASTAMI—Autologous Stem Cell Transplantation in Acute 

Myocardial Infarction and STEMI—ST-elevation Acute 

Myocardial Infarction) [ 124 ,  125 ] have shown negative 

results with no improvement in ejection fraction with cell 

transplantation; differences in cell preparation [ 126 ] and 

numbers have been proposed as possible causes for these 

confl icting results. Bone marrow cells have also been used in 

the chronic heart failure setting. For example, in the 

 Transplantation of Progenitor Cells and Recovery of LV 

Function in Patients with Chronic Ischemic Heart Disease 

(TOPCARE-CHD) trial   [ 127 ], 75 patients with stable isch-

emic heart disease who had a MI at least 3 months previously 

were assigned to receive: (1) no cell infusion; (2) infusion of 

circulating progenitor cells; or (3) bone marrow cell into the 

patent coronary artery supplying the most dyskinetic LV 

area. It was reported that the transplantation of bone marrow 

cells was associated with a moderate (2.9 percentage points), 

but signifi cant improvement in LV function 3 months 

post-transplantation. 

 MSC transplantation has been used therapeutically in 

patients with acute MI 18 days after primary percutaneous 

intervention, and this resulted in signifi cant improvement in 

LV ejection fraction up to 6 months following delivery [ 128 , 

 129 ]. Furthermore, this was associated with a signifi cant 

reduction in the size of the perfusion defect measured by 

positron emission tomography at 3 months following deliv-

ery [ 127 ,  129 ]. More recently, it has been demonstrated in a 

randomized double-blind placebo controlled trial that intra-

venous delivery of allogenic human MSCs led to improved 

ventricular function after MI [ 130 ]. Yet, the degree of 

response to intravenous therapy occurred early after MI, and 

compared favorably with previous studies using intracoro-

nary infusions of bone marrow cells [ 130 ]. 

 The clinical application of EPCs is limited by the fact that 

it is diffi cult to expand them into suffi cient numbers without 

either inducing a change in their phenotype or the develop-

ment of cell senescence. Recently, Erb et al. randomized 

patients with chronically occluded coronary arteries to 

receive intracoronary progenitor cells or a placebo; they 

mobilized bone marrow cells using GCSF, harvested them 

from peripheral blood, and expanded them ex vivo. 

Subsequently, the intracoronary delivery of these cells led to 

improvement in coronary fl ow reserve and cardiac function 

at 3 months post-transplant [ 131 ]. Currently, clinical trials 

using CD34+ cells from bone marrow that are enriched in 

EPC content are underway. 

 Phase I clinical studies that deliver cardiosphere-derived 

cells (CADUCEUS or CArdiosphere-Derived aUtologous 

stem CELLs to reverse ventricular dysfunction) following 

MI have been evaluated at 6 months and 1 year postdeliv-

ery. As these were Phase I safety studies and were not asso-

ciated with major complications, they also supported the 

notion that cell therapy was associated with reduced scar 

size and improved regional function of injured myocar-

dium. Future studies will require larger patient numbers 

which will have the statistical power to determine func-

tional improvement [ 132 ]. 

 Similarly, Phase I clinical studies to assess the safety of 

autologous c-kit+ cells isolated from the patient’s heart and 

delivered at the time of surgical revascularization supported 

the notion that this cell population also was safe, reduced 

scar formation and was associated with increased left ven-

tricular viable mass compared to controls [ 133 ]. These stud-

ies will warrant further analysis to determine their impact as 

a putative therapeutic approach.   

40.4     Cardiac Patches 

  Stem cells, and more frequently, fully differentiated cardiac 

cells can be used to engineer a patch of myocardial tissue by 

either (1) culturing the cells in a monolayer until confl uence 

[ 26 ,  134 ] or (2) seeding the cells into a scaffold of biomaterial, 

and the biomaterial can be modifi ed to contain factors that 

enhance neovascularization and cell survival. For example, 

when gelatin microspheres containing  thymosin β4 (Tβ4)  , 

which promotes angiogenesis while impeding infl ammation 

and apoptosis, were incorporated into an MSC- containing 

fi brin patch, the engraftment and survival of the transplanted 

cells increased, and more endogenous CPCs were recruited to 

the site of injury [ 135 ]. More mature and structurally aligned 

patches can be created by constructing a ring of cardiac-cell-

containing fi brin and then rhythmically stretching the ring for 

several days before implantation over the injury site; when 
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tested in a rat model of myocardial injury, this approach was 

associated with a remarkable (>77 %) decline in infarct size 

and complete functional recovery. Note that this was only 

when the cells seeded into the rings included a population of 

cardiomyocytes [ 136 ]. A recent, and much more extensive, 

review of the various materials and methods used to create 

myocardial patches has been published elsewhere [ 137 ].   

40.5     Mechanisms of Benefi cial Effects 
of Stem Cell Treatment 

 Several studies using animal models have established that 

stem cell treatment leads to a functional benefi t after MI. The 

initial results from the human clinical trials are also promis-

ing; however, the mechanisms underlying the benefi cial 

effects of stem cell transplantation remain somewhat unclear. 

The proposed mechanisms are discussed below. 

40.5.1     Primary Remuscularization 

  First, the replacement of infarcted tissue by new myocar-

dium generated by the transplanted cells is one explanation 

for the benefi cial effects. This was observed in the case of 

human cardiac stem cells, which are able to form functional 

myocardium after transplantation into mice with MI; the 

transplanted cardiomyocytes were structurally integrated 

with the host myocardium and led to improvement in ven-

tricular function [ 96 ]. This was also observed after the 

delivery of cardiomyocytes derived from human ESCs 

which were transplanted into mice with induced MIs [ 17 ]. 

To date, the ability of bone marrow cells to transdifferenti-

ate into cardiomyocytes remains controversial with some 

reports suggesting that these cells can transdifferentiate 

into cardiomyocytes [ 40 ], while other reports refute this 

claim [ 38 ]. Other adult stem cells such as skeletal myo-

blasts and EPCs are not able to form cardiomyocytes, but 

have been found to still exert a benefi cial effect, thus sug-

gesting other mechanisms for improvement in LV function.   

40.5.2     Attenuation of Adverse Remodeling 

  The structural changes that occur after myocardial injury, 

such as ventricular dilatation, wall thinning, increased 

chamber volume, and hypertrophy of the surrounding myo-

cardium [ 138 ], are accompanied by substantial hypoxia-

induced changes in cellular ATP metabolism [ 139 ]. After 

the heart recovers from the initial infarction, these metabolic 

changes can persist and are believed to contribute to pro-

gressive declines in cardiac function that eventually lead to 

heart failure [ 140 ,  141 ]. The transplantation of stem cells, or 

especially a patch of hiPSC-derived cells [ 142 ], can reduce 

adverse structural changes and partially restore a more 

native-like metabolic profi le in the myocardium, thereby 

preserving or perhaps improving myocardial performance 

during the chronic phase of heart disease. For more details 

on cardiac bioenergetics, the reader is referred to Chap.   21    .   

40.5.3     Improved Perfusion 

  Enhanced blood fl ow, as measured by microspheres, has 

been shown to increase after stem cell transplantation in a rat 

model following MI [ 143 ]. Increased blood fl ow can be due 

to new vessel formation (angiogenesis) or enlargement of 

preexisting collaterals (arteriogenesis). A number of the 

stem cell populations discussed in this chapter have been 

shown to promote or contribute to neovascularization after 

transplantation in the setting of MI. Yet, some groups have 

challenged this concept and have shown that stem cells home 

to the region of developing vascular collateralization, but do 

not anatomically incorporate into the vessel as either endo-

thelial or smooth muscle cells [ 144 ]; however, the delivery of 

these cell populations still improve collateral fl ow.   

40.5.4     Paracrine Effects 

  Stem cells may secrete factors that act through totally dif-

ferent repair pathways to ultimately promote cardioprotec-

tion. Evidence supporting such a hypothesis recently 

emerged from Dzau’s laboratory; they showed that the 

injection of the conditioned medium from Akt-

overexpressing MSCs alone can decrease the infarct size 

and lead to functional improvement in an animal model of 

MI [ 145 ,  146 ]. Hypoxic Akt- transduced MSCs showed 

increased release of VEGF, FGF-2, IGF-1, HGF, and thy-

mosin β4. It is likely that various factors acting in concert 

will ultimately exert numerous benefi cial effect, as anti-

VEGF and anti-FGF antibodies only partially decrease the 

conditioned medium-induced proliferation of endothelial 

and smooth muscle cells [ 147 ,  148 ].   

40.5.5     Immunomodulation of the Infarct 
Environment 

  The infl ammatory response after a MI has been recognized 

as a potential target for improving functional outcome after 

acute MI. Some stem cells may act, in part, by modulating 

the immune environment within the recently infarcted heart. 

For example, MSCs have been shown to directly inhibit the 

40 Cell Transplantation

http://dx.doi.org/10.1007/978-3-319-19464-6_21


744

infl ammatory responses via paracrine mechanisms including 

the production of transforming growth factor beta 1 and 

HGF [ 60 ,  61 ].   

40.5.6     Modulation of Extracellular Matrix 
Homeostasis 

  Remodeling of the ventricle is also known to involve modifi -

cations in the extracellular matrix which are thought to con-

tribute to myocardial dysfunction. As such, MSC implantation 

in a rat model of MI signifi cantly attenuated the increased 

expression of collagen types I and III, TIMP-1, and TGF-β, 

but had no effects on MMP-1 levels [ 149 ,  150 ]. This was 

associated with reduced LV dilatation and improved global 

ventricular function.   

40.5.7     Stimulation of Endogenous Cardiac 
Progenitors Cells 

  Stem cell treatment could also lead to increased mobiliza-

tion, differentiation, survival, and function of endogenous 

CPCs that are associated with the paracrine effects. This pos-

sibility is receiving intense interest as cell therapy has uni-

formly been shown to improve cardiac function but has 

variable contributions to newly regenerated myocardium.    

40.6     Techniques of Enhancing Effi cacy 
of Stem Cell Therapy 

 Although stem cell transplantation improves LV function 

after MI, to date, the observed stem cell engraftment is still 

found to be minimal. Furthermore, the majority of trans-

planted cells that do engraft remain as spindle-shaped stem 

cells and do not fully differentiate into the host cardiac cell 

phenotypes. Therefore, other techniques are considered nec-

essary to enhance the effi cacy of stem cell transplantation. 

40.6.1     Mobilization 

  Granulocyte colony stimulating factor, VEGF, stromal cell- 

derived factor-1 (SDF-1), angiopoietin-1, placental growth 

factor, and erythropoietin are several factors that may be uti-

lized as therapies to mobilize stem cells from the bone mar-

row to the systemic circulation. Once these stem cells are 

mobilized, they may participate in endogenous repair or 

alternatively be collected and expanded in vitro for future 

cell therapy uses. As an example, intracoronary infusion of 

peripheral blood stem cells mobilized by granulocyte colony 

stimulating factor resulted in the improvement of LV func-

tion in patients with MI [ 151 ].   

40.6.2     Homing 

  An important goal is to enhance the homing of stem cells to 

the injured region of the heart. It is known that factors that 

contribute to the homing of stem cells include stromal- 

derived growth factor (SDF-1) [ 152 ,  153 ], high mobility 

group box protein 1 [ 154 ], and integrins. It is also known that 

the microenvironment after acute MI is more favorable to 

cell homing as compared to the chronically infarcted myo-

cardium. For example, Lu et al. [ 155 ] examined the local 

conditions requisite for cell homing and migration using a rat 

model of permanent coronary artery ligation, and concluded 

that the optimal time period for cell homing and migration is 

within the 2-week period following an MI.   

40.6.3     Function and Survival 

  Assuming that the number of transplanted cells that survive 

is critical to therapeutic benefi t, multiple research groups are 

exploring new methods to increase the survival of trans-

planted cells As such, apoptosis can be decreased by the con-

stitutive expression of Akt (a serine threonine kinase with 

potent prosurvival activity) or by heat shock prior to trans-

plantation [ 156 ]. Furthermore, rat MSCs transduced to over-

express Akt1 (encoding the Akt protein) transplanted into 

ischemic myocardium were found to inhibit cardiac remod-

eling by reducing infl ammation, collagen deposition, and 

myocyte hypertrophy in a dose-dependent fashion [ 157 ]. 

Similarly, MSCs transduced to express Akt were also studied 

in an ischemic porcine model, which showed an improve-

ment in ejection fraction as compared to nontransduced 

MSCs. Recently, in order to determine the exact mechanisms 

of these benefi cial effects, the effects of the apoptotic stimu-

lus, H 2 O 2 , on MSCs transduced with Akt was studied in vitro. 

Specifi cally, Akt-MSCs were found to be more resistant to 

apoptosis and were related to higher levels of extracellular 

signal-regulated protein kinase activation and VEGF expres-

sion [ 158 ]. Yet, a signifi cant concern also exists regarding 

the potential tumorigenicity of Akt-transduced cells, particu-

larly when Akt is constitutively expressed because Akt has 

been shown to be suffi cient to induce oncogenic transforma-

tion of cells and tumor formation; therapeutic efforts are 

underway to target the Akt pathway for the treatment of 

malignancies [ 159 ]. Additional strategies that have been 

widely tested involve those which increase vasculogenesis 

with VEGF; transfection with VEGF and IGF-1 improved 

survival of transplanted bone marrow cells in a rat model of 

MI [ 160 ]. Furthermore, it was observed that the delivery of 

cells which had undergone adenoviral transduction and over-

expressed  VEGF   also resulted in improved LV function and 

neovascularization [ 161 ], but the addition of VEGF protein 

alone to cells did not show any benefi t in a rat model of fetal 

cardiomyocyte transplantation [ 162 ]. 
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 Enhanced expression of other gene products has also been 

examined and found to be effective, including cardiotrophin-

 1, heme oxygenase-1, an IL-1 inhibitor, and CuZn-superoxide 

dismutase. It was also shown that MSCs transfected with a 

hypoxia-regulated heme oxygenase-1 vector were found to 

be more tolerant to hypoxia-reoxygen injury in vitro and 

result in improved viability in ischemic hearts [ 163 ]. 

Likewise, treatment with CuZn-superoxide dismutase has 

been shown to attenuate the initial rapid cell death following 

transplantation, leaving a twofold increase in the total num-

ber of engrafted cells at 72 h compared with controls [ 164 ]. 

 To date, the use of viruses for gene expression cannot be 

translated into clinical studies due to the risk of mutagenesis, 

carcinogenesis, and induction of an immune response. Yet 

recently, Jo et al. [ 165 ] developed a nonviral carrier of cation-

ized polysaccharide for the genetic engineering of MSCs. 

When genetically engineered by a spermine-dextran complex 

with plasmid DNA of adrenomedullin, MSCs secreted a large 

amount of adrenomedullin, an anti-apoptotic and angiogenic 

peptide. Transplantation of these adrenomedullin gene-engi-

neered MSCs improved cardiac function after MI signifi -

cantly more than did nontransduced MSCs. Thus, this genetic 

engineering technology using the nonviral spermine- dextran 

(and other promising new methods) is an emerging strategy to 

improve MSC therapy for ischemic heart disease.   

40.6.4     Use of Biomaterials to Design 
Microenvironment 

  The microenvironment in which the cells are injected is of 

extreme importance for their survival and subsequent ben-

efi cial effects. It has been shown that biomaterials can be 

designed to regulate quantitative timed release of factors, 

which direct cellular differentiation pathways such as 

angiogenesis and vascular maturation. Moreover, it is 

believed that smart biomaterials are capable of responding 

to the local environment, such as protease activity or 

mechanical forces, with controlled release or activation 

[ 166 ]. Recently, Davis et al. [ 167 ] designed self-assembling 

peptide nanofi bers for the prolonged delivery of IGF-1, a 

cardiomyocyte growth and differentiation factor, to the 

myocardium using a “biotin sandwich” strategy. 

Specifi cally, biotinylated IGF-1 was complexed with tetra-

valent streptavidin and then bound to biotinylated self-

assembling peptides. After injection into rat myocardium, 

biotinylated nanofi bers provided sustained IGF-1 delivery 

for 28 days, and targeted delivery of IGF-1 in vivo increased 

the activation of Akt in the myocardium. Therefore, cell 

therapeutic strategies using IGF-1 delivery by biotinylated 

nanofi bers improved systolic function after experimental 

MI, demonstrating the importance of engineering the local 

cellular microenvironment and the impact of these and future 

interventions to improve the outcomes of cell therapy. 

 Importantly, many of these new biomaterials provide 

improved fl exibility for regenerating tissues ex vivo, but 

emerging technologies such as self-assembling nanofi bers 

can now establish intramyocardial cellular microenviron-

ments following injection. This may allow percutaneous car-

diac regeneration and repair approaches, i.e., injectable 

tissue engineering. It has been shown that materials can be 

made to multifunction by providing sequential signals with 

the custom design of differential release kinetics for indi-

vidual factors. Thus, new rationally designed biomaterials no 

longer simply coexist with tissues, but can provide precision 

bioactive control of the microenvironment that may be 

required for cardiac regeneration and repair.    

40.7     Summary 

 Recent studies continue to support the notion that cardio-

myocyte regeneration may occur both during normal physi-

ological adaptation and during the expression of pathological 

states in the adult human heart. Such fi ndings may indicate 

the possibility for myocardial regeneration to occur via car-

diomyocyte proliferation and/or differentiation of putative 

cardiac stem cells. To date, various cell types have been used 

for cardiac repair, including: skeletal myoblasts, bone 

marrow- derived cells, MSCs, EPCs, UCB stem cells, cardiac 

stem cells, and ESCs. This chapter has reviewed the current 

knowledge relative to these different stem cell populations 

being utilized for the potential treatment of heart disease. 

Findings to date continue to be promising, but much work 

remains before these therapeutic approaches become com-

monplace. Furthermore, specifi c cardiac devices/technolo-

gies for the clinical delivery of such cellular therapies will be 

required and are being currently being developed.     
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41.1         Introduction 

 A detailed and comprehensive understanding of human 

cardiac anatomy remains a crucial component of cardiovas-

cular medical practice, research, and cardiac device design 

and development [ 1 ,  2 ]. The successful deployment and 

performance of a particular  cardiac device   is continually 

impacted by the ability of the device to conform and adapt 

to the changing anatomical landscape of the heart, as well 

as to anatomical variations that may exist in a given patient. 

In other words, successful device design and development 

requires a well-developed understanding of the relevant 

cardiovascular anatomies (in relation to both vascular 

approaches and within the heart itself) at every stage of the 

process [ 3 – 5 ]. 

 The study of fi xed and reanimated human hearts, using 

the various methodologies described here, has provided for 

novel insights as to the details of human cardiac anatomy. 

For almost two decades, the Visible Heart ®     methodologies 

have provided a unique perspective on functional cardiac 

anatomy. By  reanimating human hearts   not deemed viable 

for transplant, we have been able to visualize the beating 

heart using a variety of imaging modalities, including: (1) 

endoscopes placed directly within the various heart cham-

bers and/or within the large diameter vessels, (2) echocar-

diography, (3) fl uoroscopy, (4) magnetic resonance imaging 

(MRI), (5) infrared thermography, and/or (6) high-speed 

cameras. This database of images and videos exemplifi es the 

large degree of variability that exists in human cardiac anat-

omy (from both a static and functional perspective) [ 6 ]. 

Additionally, such imaging techniques allow for visualization 

of the anatomical changes that occur as a result of various 
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pathologies and/or those that may occur following the 

deployment of devices within the heart. 

 Recent advances in intracardiac interventions have 

increased the need for a greater understanding of the ana-

tomical complexities of the heart prior to the respective 

 procedure. Further, as clinicians become more comfortable 

with the delivery of novel devices within beating hearts, the 

already widespread utilization of percutaneous technolo-

gies such as coronary stenting and transcatheter valve 

replacement will continue to intensify. This is highlighted 

today by the highly competitive fi eld of transcatheter aortic 

valve implants, where competing designs attempt to pro-

vide the most effective treatment for the patient in a pack-

age that enables physicians to comfortably and reliably 

administer the therapy. Consequently, it has become more 

critical than ever for device developers to have a thorough 

understanding of: (1) the variations of cardiac anatomy that 

will present in the patient populations they treat and (2) the 

results they obtain from in vitro and in vivo testing of 

potential therapies. 

 This chapter will discuss the use of anatomical speci-

mens and isolated heart preparations as important method-

ologies to provide the required educational foundation 

needed for the fi elds of cardiac device design, development, 

and deployment.  

41.2     Anatomical Specimens and Static 
Imaging 

  Throughout history,    anatomists such as Galen, Vesalius, da 

Vinci, and more recently Hunter, Gray, and Netter have rec-

reated their knowledge gained from the dissection of animal 

and human cadavers in elegant treatises. However, with the 

advent of high-resolution noninvasive imaging in the past 

century, our understanding of the functional internal anat-

omy of the body has progressed even more rapidly. This 

accelerated growth of knowledge has led to the proposed 

utilization of attitudinally correct nomenclature, in an 

attempt to ensure that anatomists, surgeons, radiologists, 

cardiologists, echocardiographers, and biomedical engi-

neers are able to communicate using common anatomical 

terms (see Chap.   2    ) [ 7 ]. 

 Combined with these advances in our understanding of 

cardiac anatomy, there has also been progress in the prepara-

tion of anatomical specimens for research. The ancient 

Egyptians, as part of the ritual preparation of their deceased 

kings for burial, preserved bodies through the technique of 

embalming. However, until the discovery of  glutaraldehyde   

 and   formaldehyde in the mid-nineteenth century, human 

cadavers used for medical dissections were not typically pre-

served in embalming solutions with anatomists relying on 

the cooler temperatures of winter to extend their dissection 

times. The introduction of powerful chemical preservation 

techniques extended the period of time anatomists could 

study a particular specimen and also increased the integra-

tion of anatomical classes in medical teaching. However, the 

fi xation of the heart within the body as prepared for an ana-

tomical study preserves the myocardium in a state of rigor, 

usually with the various heart chambers collapsed and poten-

tially full of clotted materials (blood). In 1978, researchers at 

the  Mayo Clinic   (Rochester, MN, USA) adapted a formalin 

pressure perfusion system used in the study of pulmonary 

disorders to prepare the heart for anatomical investigations 

[ 8 ,  9 ]. However, the technique was time consuming and did 

not become more commonly used until Thomas and Davies 

reported the use of a simple apparatus to allow for the perfu-

sion fi xation of fresh cardiac specimens [ 10 ]. This technique 

has since been used extensively for the preparation of cardiac 

specimens by cardiac morphologists such as Robert 

Anderson [ 11 ] and has been adopted by the Visible Heart ®  

laboratory as the preferred method of preparation for the car-

diac specimens within the Visible Heart ®   library   [ 5 ].   

41.3     The Visible Heart ®  Library 

 Our laboratory has the privilege to obtain fresh human heart 

specimens for educational and research purposes from: (1) 

organ donors  whose   hearts are not deemed viable for trans-

plantation and are donated for research (via LifeSource, the 

Upper Midwest Organ Procurement Organization, St. Paul, 

MN, USA) and (2) bodies donated to the University of 

Minnesota’s  Anatomy Bequest Program  . After excision, 

these fresh, unfi xed specimens are subsequently cleaned and 

perfusion fi xed in 10 % buffered formalin, by attaching the 

cannulated great vessels of each heart to a pressure head of 

approximately 50 mmHg. This technique, modifi ed from 

Thomas and Davies [ 10 ] and described by Anderson et al. 

[ 5 ], fi xes the hearts in an approximation of the end-diastolic 

state, providing a unique insight into the anatomical dimen-

sions of a given specimen. Figure  41.1  demonstrates various 

images that can be acquired from these specimens and 

shows some of the cardiac pathologies (those depicted here 

are diseases of the cardiac valves) that can be subsequently 

visualized [ 12 ].

   To date, our library of more than 350 hearts of various 

disease states continues to provide researchers with the abil-

ity to investigate how the cardiac anatomy may change/

remodel under specifi c pathologies. In addition to anatomi-

cal investigations, these specimens can be employed to pro-

vide information as to how a specifi c device will fi t the 

cardiac anatomies of the intended patient population, or how 

a delivery system will navigate through the chambers and 

M.G. Bateman et al.

http://dx.doi.org/10.1007/978-3-319-19464-6_2


753

vasculature of the heart. Such resources have allowed for the 

placement of multiple prototype devices and rapid compari-

son of how specifi c devices interact with the surrounding 

cardiac anatomies in a variety of human specimens [ 13 ,  14 ]. 

This information is critical in the development process, as it 

allows for engineers to highlight challenges regarding 

implantation of the device or the navigation of the delivery 

system that may have been overlooked in bench top testing. 

  Fresh cadaver hearts   received by the Visible Heart ®  labo-

ratory are documented at each stage of the acquisition pro-

cess to record global anatomical changes during the fi xation 

process, such as tissue weight and overall dimensions. 

Images of the fresh preparation, the resulting fi xed specimen, 

and the nondestructive imaging of a sample specimen from 

the library (adapted from the Atlas of Human Cardiac 

Anatomy [ 12 ]) can be seen in Fig.  41.2 .

   Recent advances in  high-resolution noninvasive cardiac 

imaging    have   fostered extensive work in the in vivo analyses 

of anatomical variations from patient to patient using a vari-

ety of imaging modalities:

    1.    Cardiac ultrasound (e.g., transthoracic, transesophageal, 

intracardiac, 2D, 3D, and/or 4D) [ 15 ]   

   2.    Computed tomography (CT) [ 16 ]   

   3.    Multi-slice computed tomography [ 17 ]   

   4.    Magnetic resonance imaging (MRI, e.g., 1.5 T, 3 T, or 

greater) [ 18 ]    

  Nondestructive imaging of specimens from the Visible 

Heart ®  library via ultrasound, CT, and MRI has been used to 

collate a digital database of these hearts for educational and 

research purposes. The  perfusion-fi xed specimens   are pre-

pared by suspending them in a gel medium, allowing for a 

full complement of multimodal imaging to be performed on 

the hearts without changing the orientation [ 19 ]. Obtaining 

 high-resolution images   has allowed for detailed analyses of 

cardiac anatomies for a variety of normal and pathologic 

specimens; this spectrum of imaging is considered not pos-

sible with available clinical imaging protocols. For example, 

the analysis of fi ber orientations of specimens obtained from 

patients in end-stage heart failure, using diffusion tensor 

MRI [ 20 ], provided critical insight into the remodeling of the 

ventricular tissue in patients with chronic heart failure. In 

addition, it has been possible to compare the ability of differ-

ent imaging modalities to assess the anatomical characteris-

tics of specifi c cardiac pathologies such as aortic stenosis, 

thus building on the work of other researchers [ 21 ,  22 ]. For 

additional imaging of such specimens, see Chaps.   6    ,   7    , and   8    .  

  Fig. 41.1    Images from perfusion-fi xed hearts from the  Visible Heart ®  

laboratory’s library  : (1) calcifi ed aortic valve ( upper left panel ), (2) pul-

monary valve ( upper right panel ), (3) subvalvular apparatus of the 

mitral valve ( lower left panel ), and (4) tricuspid valve from the right 

ventricle ( lower right panel ). Modifi ed from The Atlas of Human 

Cardiac Anatomy [ 12 ]       
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41.4     In Vitro Isolated Heart Models 

   A comprehensive understanding of  the   cardiac anatomy pro-

vides device designers with fundamental information regard-

ing the anatomical dimensions and variations of the 

environment into which the device or therapy will be deliv-

ered.    However, these static human heart specimens do not 

address the complications surrounding the delivery and func-

tion of a device or therapy in a beating heart. Before embark-

ing upon complex and expensive chronic animal testing 

protocols which are required to prove the effi cacy of novel 

cardiac devices, there is exceptional value in testing  in   reani-

mated beating heart models. Our laboratory at the University 

of Minnesota has reanimated over 1500 large mammalian 

hearts (canine, ovine, swine, mini-pigs, and human) for such 

studies in the last 15 years. There have been several other 

academic institutions and private companies that have devel-

oped in vitro large mammalian heart models, with many 

groups effectively developing systems based upon the 

mechanical reanimation of cadaveric large mammalian 

hearts. For example, Richards et al. were able to consistently 

and reliably quantify mitral regurgitation across a range of 

severity in explanted porcine hearts and investigate the effi -

cacy of various repair techniques [ 23 ]. Further, two other 

groups have succeeded in studying the electrophysiology of 

explanted human hearts by sustaining the heart with a pres-

surized coronary fl ow of oxygen saturated salt solution via 

Langendorff perfusion [ 24 ,  25 ]. However, it should be noted 

that the true   reanimation  of large mammalian hearts   (whereby 

the heart functions independently of any mechanical or elec-

trical assistance) has only been achieved by a small number 

of research groups. Araki et al. (Nagoya University, Japan) 

reported that they were able to complete optical and hemo-

dynamic analyses of cardiac valves in reanimated swine 

hearts [ 26 ]. Most recently, Weger et al. at the Leiden 

University Medical Center, Netherlands, have monitored 

transcatheter valve implantations in reanimated swine hearts 

  Fig. 41.2    Images of a heart received by the Visible Heart ®  library and 

imaged fresh ( upper left panel ), after perfusion fi xation ( upper right 

panel ), and scanned in a 3 T Siemens MRI scanner ( bottom left panel ) 

and GE Vivid I ultrasound ( lower right panel ) in the four-chamber long-

axis view. Modifi ed from  The Atlas of Human Cardiac Anatomy   [ 12 ]       
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using their described  PhysioHeart system   [ 27 ]. However, it 

should be noted that in these preparations, the researchers 

were limited by the amount of time the heart remained 

 viable, a factor considered key to the accessibility of the 

heart for device testing. 

 The  Visible Heart ®  laboratory   partnered with Medtronic, 

Inc. in 1997 to develop the Visible Heart ®  methodologies, 

which consist of a large mammalian isolated heart model 

that can be controlled to function in either Langendorff [ 25 ], 

right-side working, or four-chamber working modes [ 28 ]. 

Over this time and continuing today, we have been develop-

ing/optimizing this apparatus for reanimation whereby iso-

lated large mammalian hearts are perfused and then actively 

pump a clear crystalloid perfusate in the place of blood. 

Images of a human heart connected to the Visible Heart ®  

apparatus can be seen in Fig.  41.3 . This approach has allowed 

our group to visualize what occurs inside the heart during 

device deployment procedures and subsequently to deter-

mine how such devices interact with the specifi c anatomies 

of the heart throughout all the phases of the cardiac cycle.

   Briefl y, our approach includes the initial step of removing 

hearts from humans or animals using standard cardioplegia 

procedures [ 28 ,  29 ]. Once isolated, cannulae are inserted 

into the great vessels allowing the placement of endoscopes 

or devices into all four working chambers. Following reani-

mation, cardiac and systemic pressures and outputs can be 

monitored and preloads and afterloads adjusted accordingly 

to simulate systemic vascular pathologies such as hyperten-

sion. Additionally, the isolated heart apparatus allows 

researchers to quickly switch the perfusion system to operate 

in Langendorff, right-side working, or four-chamber work-

ing modes. During the Langendorff mode, the left-side after-

load is held constant with a coronary perfusion pressure of 

approximately 60 mmHg [ 28 ]; thus, the fl ow through the 

coronaries is determined by dilation or constriction of the 

coronary arteries.  Right-side working mode   combines 

Langendorff retrograde aortic perfusion with antegrade, or 

physiologic, fl ow through the right atrium and right ventricle 

(adjustable between ~3–5 L/min). During  four-chamber 

working mode,   the fl ow through a heart is normally deter-

mined by its intrinsic heart rate, preloads, afterloads, and the 

relative contractility of the various heart chambers. By con-

trolling the orientation of the heart in our apparatus and 

determining the preload and afterload pressures exerted on 

the specimen, we can recreate specifi c cardiac states. 

Interestingly, the intrinsic heart rate and hemodynamic per-

formance can be modifi ed by altering the temperature of the 

buffer or by adding pharmacological agents (e.g., catechol-

amines or anesthetics), which are discussed later in this 

chapter. Although no model can perfectly mimic in vivo con-

ditions, to date our apparatus has allowed researchers to 

simulate a broad range of particular physiological environ-

ments that are observed in various clinical settings.    

41.5     How Can an Isolated Heart Prep 
Augment and Complement Bench 
Top Testing? 

  The combination of a “live” functional  anatomy   within a 

controlled “bench top” experimental setting provides a 

unique stepping stone between in vitro device testing and 

in vivo implantation required for implantable medical 

devices. Figure  41.4  shows how the typical stages of device 

testing and development compare in terms of the relevance 

of the testing environment to the intended functional envi-

ronment, the quantity of data one can reasonably expect to 

collect, and the cost of performing such investigations. It can 

easily be observed that as the relevance of a particular testing 

methodology increases, the relative costs will dramatically 

  Fig. 41.3    Images of a human 

heart connected to the Visible 

Heart ®   apparatus   from an 

approximation of the 

anterior- posterior aspect (A) 

and from the left anterior 

oblique aspect (B)       
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increase; thus, the likely number of possible iterations 

decreases. Consequently, any possible augmentations to 

device testing prior to chronic animal implants (e.g., via iso-

lated beating heart preps) can, in turn, greatly reduce the 

overall product development costs and speed clinical use of 

novel valve repair, implant, and their associated delivery 

systems.

   Due to the large number of cycles seen in the lifetime of a 

cardiac device, accelerated wear and fatigue testing are 

required gold standards for the assessment of durability. In 

accelerated wear testing for  bioprosthetic valves  , the hydro-

dynamic conditions are tightly controlled and easily varied 

allowing the durability of the valve leafl ets to be assessed 

under a variety of predetermined conditions. Similarly, the 

boundary conditions imposed on the valve frame or commis-

sure posts during fatigue testing can assess frame durability. 

Isolated heart  preparations,   including the Visible Heart ®  

methodologies, will never replace these forms of testing, but 

unique information regarding the device-tissue interactions 

in the later can be observed. It should be noted that since the 

hydrodynamics of isolated heart preparations are typically 

less aggressive environments than what is experienced dur-

ing accelerated wear testing, the boundary conditions 

observed for a device in such studies are not directly trans-

ferable to accelerated wear test methodologies. Yet on the 

other hand, they can serve as means to obtain additional 

information to ascertain the validity of any boundary condi-

tions within the accelerated testing protocol, ensuring that all 

forms of boundary conditions have been taken into account, 

i.e., the change in curvature throughout the cardiac cycle of a 

left-sided pacing lead within the coronary vasculature. Most 

importantly, such experimentation has provided us with a so- 

called physiological link between bench top testing of 

devices and animal testing. Acute phenomena observed dur-

ing accelerated wear testing and the insights gained with 

both invasive and noninvasive imaging techniques in animal 

studies may be directly observed during a device implant 

study in vitro. For example, a procedural issue observed 

under fl uoroscopy during an in vivo animal implant could be 

recreated by employing the Visible Heart ®  approach (under 

direct visualization) with simultaneous fl uoroscopy, thus 

gaining a better understanding of potential adverse issues. 

We consider that having the Visible Heart ®   apparatus   as a 

tool for device design has allowed us to obtain a more rapid 

understanding of phenomena observed in both bench top and 

preclinical settings; as such, it is an invaluable tool for a 

device designer, especially at the early stages of develop-

ment. See other chapters for addition descriptions and images 

of cardiac devices that have been implanted in reanimated 

human hearts [ 30 ].   

41.6     The Importance of Species Selection 
in In Vitro Cardiac Device Research 

    The ultimate utility of studies  performed   with Visible Heart ®  

methodologies, such as transcatheter valve  development  , is 

in part determined by the heart chosen  for   reanimation. 

  Fig. 41.4    Proposed hierarchy between the relevance of various experi-

mental approaches, the amount of data one can obtain, and the relative 

costs. For example, if you wish to perform medical device design research 

in the fi eld of prosthetic valves, ideally you would like to perform human 

trials in vivo, but this not only raises medical ethical issues but is highly 

costly and may provide useful data for one specifi c valve design and 

procedure. Whereas if you move the research approach downward (i.e., 

employ an isolated large mammalian heart model in vitro), you can 

obtain more data at a lower cost, but then you must justify the appropri-

ateness of the chosen model. Yet, in one given study, it may be possible 

to perform multiple procedures for comparison or at least multiple 

implants in multiple hearts with fairly consistent anatomies       
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We suggest that the criteria for species selection for acute 

in vitro studies are slightly different from those for chronic 

valve assessments, due to the elimination of all systemic fac-

tors that may contribute to device performance. In other 

words, the species of the donor can be chosen specifi cally for 

its relative cardiac anatomy rather than for factors such as 

thrombogenesis, immune response, and/or growth rates. 

 For years, the canine heart has been used for such exper-

imentation and has provided useful information. Yet it 

should be recognized that canine hearts have an unusually 

large amount of collateral coronary circulation (similar to 

humans in end-stage chronic heart failure), and this in turn 

results in the inconsistent creation of ischemic (infarct) 

regions. Sheep have been historically employed for chronic 

valve implantation studies, as valve function and valve ori-

fi ce sizes observed in sheep are very similar to those of a 

human heart. Additionally, the relatively large atria of the 

sheep’s heart allow for straightforward surgical approaches 

to the atrioventricular valves. However, it has recently been 

proposed that swine are an excellent model for acute car-

diac device testing, as porcine hearts have very similar 

anatomy to that of humans with respect to the cardiac 

valves, conduction system, coronary arteries, and great ves-

sels. Importantly the relationship between the cardiac con-

duction system and surrounding anatomical features is 

comparable between swine and human anatomies. 

Nevertheless, it is important to note that there are some spe-

cifi c variations in animal anatomy that should be known; 

such interindividual and interspecies variations have been 

extensively researched [ 28 ,  29 ,  31 ] and are described in 

greater detail in Chaps.   6     and   27    . 

 Due to their specifi c anatomical similarity with human 

hearts and the relative ease of procurement (excision and 

reanimation), the mainstay of cardiac research done in the 

Visible Heart ®  laboratory is completed using  swine hearts  . 

Nevertheless, as previously mentioned, our laboratory has 

also had the privilege to obtain fresh human heart specimens 

for reanimation, for both educational and research purposes. 

Such hearts, if received in a timely manner and with com-

plete anatomies including the great vessels, have been reani-

mated using the same methodologies as previously described 

for  swine hearts  . By reanimating these hearts using a clear 

perfusate, visualization of the internal cardiac anatomy has 

provided novel insights into the relative variations of human 

cardiac anatomy (in healthy individuals) and has highlighted 

the alterations that occur with various pathologies. Finally, 

this approach provides the unique opportunity to deliver 

existing or novel devices within functional human anatomies 

without the concerns and considerations required in clinical 

trials; thus, it has allowed researchers to garner invaluable 

knowledge about their device designs that otherwise could 

not be generated using animal models.     

41.7     Understanding and Controlling Heart 
Function In Vitro 

    The performance of the reanimated  heart   can be infl uenced 

by several additional mechanisms. For example, subsequent 

cardiac  function   will be compromised by the amount of cell 

injury that occurs, governed in part by the amount of time 

 between   heart explant and reanimation. It is considered that 

if this period exceeds 6 h, performance will be compromised, 

even if the heart is stored under ideal conditions. To reduce 

such time-associated myocardial injury due to global isch-

emia, we have investigated the use of cardioprotective agents 

delivered before explanting the heart [ 32 ]. Most recently, we 

have been investigating the effect of omega-3 polyunsatu-

rated fatty acids administered before explant on the acute 

function upon reanimation; for additional discussion of these 

topics, see Chap.   16    . 

 Because of the isolation process, the reanimated heart has 

no direct parasympathetic or sympathetic innervation and 

thus is not affected by any signals from the autonomic ner-

vous system. However, pharmaceuticals/hormones such as 

dobutamine and epinephrine can be administered to the cir-

culating perfusate. These catecholamines work by stimulat-

ing the β1 receptor on the myocytes, acting as chronotropes 

and inotropes, increasing heart rate and contractility and, 

thus, overall cardiac output. Furthermore, the ionic balance 

of the circulating buffer can have very dramatic effects; e.g., 

increasing the calcium Ca 2+  concentration in the buffer will 

act as a potent inotrope by increasing the Ca 2+  inside the cell 

during the action potential. We will often utilize such inotro-

pic agents shortly after deploying a prosthetic valve within 

an isolated heart to increase cardiac output and ejection frac-

tion and therefore optimize function of the device. 

 Understanding the electrophysiology of the reanimated 

specimen is important during the assessment of cardiac 

devices and therapies designed to monitor and/or treat car-

diac rhythm disease. It should be noted that by utilizing our 

Visible Heart ®  methodologies, the reanimated heart tissue is 

alive on the apparatus, and the heart rate is driven by the 

sinoatrial node. However, occasionally the heart will display 

an anomalous intrinsic rhythm, such as 2 to 1 block, and 

will consequently require pacing to ensure a consistent heart 

rate. This is of less concern when testing the ability of car-

diac rhythm devices such as pacemakers or defi brillators to 

pace, as these will override any native signal to control the 

heart rate. However, such heart rate irregularities must be 

monitored and understood when testing the sensing capa-

bilities of a particular device. For such studies, the electro-

physiology can be monitored either on a gross scale using a 

3-lead electrocardiogram or in detail using intracardiac 

electrical mapping techniques such as noncontact mapping 

systems. These systems are described at length in Chap.   32    , 
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and the clinical setup can be adapted to record an accurate 

endocardial activation map of the heart in reanimated hearts 

on the Visible Heart ®  apparatus. Such detailed assessment 

of the cardiac electrophysiology is of particular interest 

when researching cardiac ablation therapies, as electrical 

mapping can provide information about the size and effi -

cacy of ablation sites. Additionally, the use of the noncon-

tact mapping system in the Visible Heart ®  apparatus has 

augmented the assessment of acute post-procedural conduc-

tion complications during transcatheter aortic valve implan-

tations. See also Chaps.   29     and   36     for additional discussion 

of these devices.     

41.8     Comparative Imaging in the Visible 
Heart ®  Apparatus 

  The ability to reanimate, control, and  optically   visualize 

human hearts has allowed for the collection of unique vid-

eoscopic footage of the functional human heart [ 28 ,  29 ]. 

By utilizing endoscopic video systems in conjunction with 

clinically relevant imaging modalities, such as fl uoroscopy 

(continuous X-ray) and cardiac ultrasound (echocardiog-

raphy), we have been able to create novel comparative 

anatomy footage. This has provided a direct visualization 

of what the physician would see in the clinical setting and 

has also offered valuable insights into device and delivery 

system performance. Examples of the imaging capabilities 

of the Visible Heart ®  methodology within a human speci-

men can be seen in Fig.  41.5 . In addition to video images 

of the functional anatomies, extensive footage of device 

implantations has been obtained utilizing Visible Heart ®  

methodologies, including transcatheter-delivered valve 

prostheses to the pulmonary and aortic positions as seen in 

Figs.  41.6  and  41.7  [ 33 ,  34 ]. Such visualization of the 

delivery of a transcatheter pulmonic valve has provided 

new information to assist designers in the adaptation of the 

valve leafl ets in the pulmonary position to accommodate 

the low pressure gradients that may be encountered in 

this anatomic location [ 33 ]. Furthermore, the implantation 

of transcatheter aortic valve replacements into the native 

aortic root of human hearts has highlighted the interaction 

of the frame with the native leafl ets of the mitral valve and 

the interventricular septum, thus illustrating the impor-

tance of precise frame sizing and positioning in order to 

avoid interaction with the anterior leafl et of the mitral valve 

and excessive pressure on the cardiac conduction system [ 34 ]. 

Such simultaneous imaging in the Visible Heart ®  can be used 

  Fig. 41.5    Unique views of the tricuspid valve within a reanimated 

human  heart   imaged using (1) an endoscope placed within the right 

ventricle ( upper left panel ), (2) an endoscope placed within the right 

atrium ( upper right panel ), (3) fl uoroscopy with an anterior-posterior 

orientation ( lower left panel ), and (4) ultrasound ( lower right panel ). 

Modifi ed from The Atlas of Human Cardiac Anatomy [ 29 ]       
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to capture unique internal and/or external images of device 

implantations during near normal hemodynamic conditions 

(left ventricular systolic pressures of 70–90 mmHg). 

41.9          The Portable Visible Heart ®  

   Due to the inherent advantages of  MRI   and CT for assess-

ment of cardiac function and anatomy in vivo, it was consid-

ered desirable for our group  to   develop a portable Visible 

Heart ®  system which would allow MR or CT imaging of an 

isolated beating heart. A portable system would enable phys-

iologic perfusion of an isolated large mammalian heart dur-

ing simultaneous MR or CT imaging. Full details of the 

development of a portable apparatus and associated method-

ologies for isolated heart imaging in the CT and MRI envi-

ronment were described by Eggen et al. [ 35 ]. Briefl y, one 

needs to fi rst consider the strong magnetic fi eld in the MR 

environment that poses specifi c design challenges; we con-

sidered that this required the construction of a two-unit sys-

tem to remove all ferromagnetic materials from the proximity 

of the MR scanner. The apparatus contains the necessary 

preload and afterload chambers required for physiological 

cardiac function (i.e., Langendorff or four-chamber working 

modes) and allows for independent control of the chambers 

in order to augment the pressure gradients across the valves. 

This novel system allows for the isolated heart to be placed 

safely on the patient bed of the scanner (Fig.  41.8 ).

   To date, this system has been successfully used to obtain 

MR and CT images in both swine and human hearts 

(Figs.  41.9  and  41.10 ) [ 35 ,  36 ]. We consider that some of the 

advantages of isolating and reanimating a heart within the 

MRI/CT environment for device testing with such a portable 

system include the following:

•      High-resolution studies of use conditions or device-tissue 

interactions with precise controls over physiological con-

ditions. Without the need for breath holds, as is required 

for the intact animal or human scan sessions, image aver-

aging and sequence times can be increased, thereby 

increasing the ultimate signal-to-noise ratios.  

•   The function and effi cacy of MRI-safe devices can be 

tested in a dynamic beating heart environment without the 

costs incurred during intact animal testing.  

•   Comparative imaging. Direct imaging methods (i.e., endo-

scope) can be subsequently compared to MRI/CT imaging 

  Fig. 41.6    Images of a  transcatheter-delivered pulmonary valve   which 

was imaged with endoscopes placed within (1) the pulmonary trunk 

during diastole ( upper left panel ), (2) the right ventricle during diastole 

( upper right panel ), (3) the pulmonary trunk during systole ( lower left 

panel ), and (4) the right ventricle during systole ( lower right panel ). 

Modifi ed from Quill et al. [ 33 ]       
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of cardiac function and anatomy or interaction with devices 

as a means to evaluate the best clinical imaging modalities 

for the desired target variable/interaction of interest.  

•   Multiple device implantation studies can be conducted 

under endoscopic visualization before analyzing the 

implantations using MRI/CT imaging, without requiring 

an XRM suite or combination CT-X-ray surgical   suite.     

41.10     Limitations of Visible Heart ®  
Methodologies 

  The Visible Heart ®   methodologies   are not without known 

limitations. For example, ischemic time prior to reanimation 

can compromise cardiac function, specifi cally contractility 

and thus pressure generation. Additionally, the lack of a peri-

cardium may contribute to overexpansion of the atrial cham-

bers, slightly different respective anatomical orientations of 

the great vessels and chambers, and/or differences in con-

tractility compared to in vivo performance. However, it 

should also be noted that one can isolate these large mam-

malian hearts for the use with the pericardium primarily 

intact [ 37 ]. Additionally, the relative positioning of a given 

heart on the apparatus may also affect its overall performance. 

Furthermore, the use of a clear perfusate, without a specifi c 

oxygen carrier (i.e., a hemoglobin substitute like a perfl uoro-

carbon), will lead to progressive global ischemia and the 

development of tissue edema which has effects on the long-

term viability of these reanimated hearts. 

 The altered hydrodynamic state of the heart and progres-

sive edema that occurs during reanimation on the Visible 

Heart ®  apparatus limits use of the apparatus for certain types 

of device testing. For example, deterioration of the tissue 

does not allow for chronic valve testing and limits most 

investigations related to the acute consequences of device 

implantations. Additionally, bench top tests such as acceler-

ated wear testing have established guidelines for testing 

valves, which cannot be reliably reproduced on the Visible 

Heart ®  apparatus. Valve testing conducted in animals typi-

cally includes an artifi cially induced “challenge” state, which 

produces hemodynamic profi les that are unattainable on the 

isolated heart preparation. In other words, while the Visible 

Heart ®  apparatus in its current form does not replicate or 

replace bench top or preclinical testing, it can provide unique 

comparative imaging of functional anatomy and device- 

tissue interface which is not available in bench top or pre-

clinical animal testing.   

  Fig. 41.7    Images of a transcatheter-delivered aortic valve imaged 

using (1) an endoscope placed within the ascending aorta ( upper left 

panel ), (2) an endoscope placed within the left ventricle ( upper right 

panel ), (3) fl uoroscopy with an anterior-posterior orientation ( lower left 

panel ), and (4) ultrasound ( lower right panel ). Modifi ed from Iaizzo 

et al. [ 34 ]       

 

M.G. Bateman et al.



761

41.11     Acute Testing of Pathological Animal 
Models 

   The successful reanimation of human hearts using the Visible 

Heart ®  approach described in this chapter requires a level  of 

  cardiac health not always present in the available specimens 

(those deemed nonviable for transplant). Additionally, it is 

considered that the therapies for a specifi c category  of 

  pathologies often cannot be adequately or ideally tested by 

using “healthy” swine hearts as a model (e.g., severe aortic 

stenosis, dilated cardiac myopathy, or complex cardiac 

arrhythmias). In order to test therapies for these pathologies, 

a number of acute animal models have been created to mimic 

the anatomy and morphology of various human disease 

states. One example of this has been the development of vari-

ous models for severe aortic stenosis, e.g., with the specifi c 

aim of determining how large calcifi c deposits on the leafl ets 

affect the deployment and function of devices. To approxi-

mate severe stenosis of the aortic valve, we have: (1) directly 

  Fig. 41.8     Portable   Visible Heart ®   apparatus  . The isolated heart support 

system enables the heart to be positioned in the anatomically correct 

position during imaging in a magnetic resonance scanner ( left panel ; 

human heart shown). The isolated heart system with receiver coil posi-

tioned on the patient bed prior to MR imaging ( right panel )       

  Fig. 41.9    MRI images 

obtained from  a   reanimated 

 human   heart placed in a 1.5 T 

MRI scanner: short-axis view 

( left ) and long-axis view 

( right )       
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adhered plastic models of calcifi cation to the leafl ets to 

reduce leafl et motion and (2) partially adhered the leafl et 

commissures to reduce the effective orifi ce areas of these 

valves. To date, such a model has allowed for expanded pro-

cedural testing of these devices (e.g., from balloon valvulo-

plasty to device deployment), providing useful insights into 

device performance as well as the potential interaction of 

deployed devices and the calcifi c deposits relative to the 

native anatomy. Another example has been the chronic use of 

high rate pacing to force the heart to remodel and dilate, 

mimicking the shape and function of patients with end-stage 

heart failure that often require cardiac resynchronization 

therapy. The ability to deliver, implant, and ensure capture of 

left-sided pacing leads in the relevant cardiac vascular anat-

omy has allowed designers to fi ne-tune lead and delivery 

system performance before entering into preclinical or fi rst 

in man testing. 

 With the understanding that testing cardiac devices in rel-

evant anatomies is key for better prediction of in vivo perfor-

mance, there is ongoing research to further develop models, 

specifi cally models designed to simulate certain pathological 

states to test devices and delivery systems.    

41.12     Future Directions 

 As anatomical resources develop and functional in vitro car-

diac systems such as the Visible Heart ®  library and method-

ologies continue to evolve, so will the research possibilities 

within the realm of anatomical visualization and in vitro 

reanimation. Further, successful collaborations with the 

University of Manchester (UK) and Washington University 

(St. Louis, MO, USA) have been cultivated to determine the 

particular anatomical structure of the cardiac conduction 

system [ 38 ,  39 ]. Additionally, continued imaging should 

provide further anatomical information on cardiac disease 

states highlighting how disease management could, in turn, 

be effecting reverse remodeling on a cellular scale as well as 

a global scale of cardiac anatomy. Currently, all collected 

datasets (videoscopic, CT, echocardiographic, and MRI) are 

being used to create a digital database of human anatomies 

by rendering 3D computational models using software pack-

ages such as Mimics (Materialise, Leuven, Belgium); such 

datasets are being used to create physical representations of 

certain specimens via 3D printing [ 12 ]. Along with the plas-

tination of select specimens, our work in creating real-life 

and computational 3D models (e.g., for both object printing 

and computation simulations) will pave the way for ongoing 

investigations and provide anatomically correct models for 

investigations related to device design and/or for educational 

purposes. 

 In addition, our laboratory is continually improving the 

Visible Heart ®  methodologies with systems designed to opti-

mize the physiological function and control of the heart to 

improve the reproducibility, longevity, and utility of investi-

gations. New cardioplegia and perfusate solutions are being 

tested as means to better protect the heart from ischemia and 

edema (some may be delivered as a pretreatment to speci-

mens before extraction). Further, there is a continuing need 

to modify the setup/apparatus itself to better accommodate 

various delivery system designs (such as subclavian and 

femoral access systems). It should also be noted that the use 

of Visible Heart ®  methodologies to augment chronic studies 

has allowed for the validation of surgically created anato-

mies and the direct visualization of chronic device implants 

that were not previously possible. We consider that the utili-

zation of both fi xed specimens and Visible Heart ®  method-

ologies for device evaluation should be used in a 

complementary fashion with other techniques that utilize 

in vivo or in vitro methods to test the reliability, durability, 

biocompatibility, and/or other design parameters of newly 

developed transcatheter-delivered devices [ 30 ]. There is lit-

tle doubt that the continued testing of novel cardiac prosthe-

ses via in vitro and in vivo studies will provide scientists, 

engineers, and/or clinicians working in this fi eld with the 

necessary tools to drive the required research and develop-

ment of the next generation of transcatheter-delivered car-

diac devices.  

41.13     The Atlas of Human Cardiac Anatomy 

  As novel therapies become  clinically   available and are 

implanted by more and more physicians, individuals will 

require continued education in the techniques required to 

navigate and deploy such devices. In response to this need, 

our laboratory has created a free access website, The Atlas of 

Human Cardiac Anatomy (  www.vhlab.umn.edu/atlas    ), which 

can be utilized by cardiac device developers and clinical 

  Fig. 41.10    Contrast-enhanced CT image of an isolated swine  heart  . 

The right coronary artery, aorta, and left ventricular endocardium are 

enhanced       
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implanters to gain insights on the relative variability in 

functional cardiac anatomy [ 12 ]. This website uniquely 

includes downloadable movie clips of functional cardiac 

anatomy; comparative imaging using echo, fl uoroscopy, and 

MRI; and digital reconstruction images obtained from the 

human hearts of organ donors whose hearts were deemed not 

viable for transplant.   

41.14    Summary 

 In summary, the study of fi xed and reanimated human hearts, 

using the various methodologies described here, provides an 

individual with novel insights on normal and pathological 

human cardiac anatomies. Additionally, one can better visu-

alize anatomical alterations that occur with specifi ed pathol-

ogies and/or those that may occur following the deployment 

of devices within the heart. More specifi cally, the Visible 

Heart ®  methodologies to reanimate large mammalian hearts 

have provided a unique perspective on functional cardiac 

anatomies. By reanimating hearts using a clear perfusate, we 

are able to visualize functional anatomies with endoscopes 

placed directly within various heart chambers and/or within 

the vessels of the heart. Such anatomical knowledge is criti-

cal for device designers and developers, as well as clinicians 

who utilize these less invasive cardiac repair approaches for 

patients with acquired or congenital structural heart defects. 

Furthermore, when direct visualization is simultaneously 

coupled with clinically employed imaging modalities, it pro-

vides critical insights that can be used to more quickly and 

precisely advance such technologies. We consider that the 

utilization of both fi xed specimens and Visible Heart ®  meth-

odologies for device evaluation should be used in a comple-

mentary fashion with other techniques that utilize in vivo or 

in vitro methods to test the reliability, durability, biocompat-

ibility, and/or other parameters of newly developed trans-

catheter devices. The continued testing of novel cardiac 

devices via in vitro and in vivo studies will provide scientists 

and engineers working in this fi eld with tools to drive the 

required research and development of the next generation of 

cardiac devices.     
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    Abstract  

  Medical devices are rapidly advancing and changing the medical fi eld. Progress has been 

demonstrated in many fi elds such as minimally invasive surgical techniques for valve replace-

ment and 3D cardiac mapping of arrhythmias. These medical device advances allow physi-

cians to help more patients quicker and more effi ciently. The fi eld of cardiac device 

development can be considered as relatively new, beginning in the early 1950s, and today new 

technologies in this fi eld are presented at ever increasing rates. Many times, these advances 

come from an unmet clinical need. In some ways, physicians are unable to treat (or are at best 

ineffectively treating) certain types of patients in this aging society. Motivated by these needs, 

medical device designers—scientists, physicians, patients, or simply individuals with good 

ideas—choose to undergo the rigorous, yet rewarding, path of medical device development. 

 The development path follows a certain route from device conception, intellectual property 

generation, and testing to regulatory approval. Since cardiac medical devices are created to 

help patients, they must also undergo stringent testing for durability, biocompatibility, and 

manufacturability. To complete these assessments, both animal and clinical testing can be 

utilized, especially with regard to valve replacement devices. Once an adequate amount of 

data pertaining to the safety and effi cacy of the device has been collected, it will then be sent 

to a regulatory body to gain approval to market the device.  
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  Abbreviations 

   DFM    Design for manufacturability   

  FDA    Food and Drug Administration   

  FMEA    Failure mode and effect analysis   

  HDE    Humanitarian device exemption   

  IDE    Investigational device exemption   

  IFU    Instructions for use   

  IP     Intellectual property   

  USPTO    United States Patent and Trademark Offi ce   

  VOC    Voice of customer   

42.1           Introduction 

 All it takes is a napkin drawing or a rough shape crafted with 

clay. Such humble beginnings can spark an idea or revolu-

tion for the way that cardiac care is administered. Ideas can 

blossom into intricate high-tech medical devices that push 
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the envelope of design and advance the fi eld of medicine. 

These are exciting opportunities, yet the journey of creating 

a medical device can be daunting. However, for those who 

are successful in developing such devices, there can be great 

rewards. This is the reason for so many entrepreneurs enter-

ing the medical device space! 

 When you consider what it takes to fully create, develop, 

manufacture, and market a  cardiac device  , there are many 

points to discuss. First and foremost, the device needs to 

serve an unmet need (whether or not it is apparent). Within 

the cardiac space, this can range from the inability to mea-

sure a particular pressure to fi nding a way to successfully 

repair or replace failing myocardium. Any cardiac device 

must be technically feasible, and it requires that issues of 

design, quality, manufacturability, regulation, cost, and reim-

bursement must be considered during the design process. In 

many cases, the earlier these areas are considered in the 

design space, the more effectively the device can be brought 

to market. Even if a device is the best idea in the world and 

can cure a disease, if you cannot successfully make it or if no 

one can afford to buy it, then the product is doomed to fail.  

42.2     Anatomy of a Cardiac Device 

 For a product to be viable, there are some key characteristics 

that must be incorporated or considered in the design. These 

characteristics demonstrate that the device has been tested 

and manufactured correctly, and they also take into consider-

ation the risks inherent to the device. This next section will 

discuss the different design considerations that need to be 

developed while creating a medical device. These will drive 

toward a device that functions the way it is required and will 

do as little harm to the patient as possible. These topics on 

design characteristics can be used in other areas of medical 

product design, but, for the sake of brevity, this chapter will 

focus on  cardiac devices  . 

42.2.1     Functionality 

 Consumers—including physicians, patients, and buyers—all 

have certain expectations of a cardiac device. When a physi-

cian uses a device, he/she expects that it will function in the 

manner in which it is intended. This may seem elementary, 

but the idea that the device must always work as specifi ed is 

integral to the design, and the fi rst device must work the 

same as the one thousandth device. To be successful, a new 

product must elicit  functionality  above and beyond the cur-

rently available solutions and techniques. The  functionality   

of a given cardiac device ideally also encompasses an ability 

to perform the desired tasks without compromising any other 

biological process. For example, an atrial septal occluder 

device should not impede the function of the tricuspid or 

mitral valve, nor should it increase the potential risks of 

embolism and stroke which it is trying to mitigate. These 

specifi cations are often outlined by regulatory committees 

such as the International Organization for Standardization 

(ISO). 

 For therapeutic devices deployed in the left atrium, the 

functionality of the device also encompasses the delivery of 

such therapies. For instance, left atrial cardiac ablation 

requires a transseptal puncture to be performed before the 

device can be inserted into the left atrium. The delivery path 

is such that it must create a hole in the interatrial septum and 

thus provide an access point to get to the left atrium. If the 

hole is misplaced, or if during the puncture the needle is 

advanced too far, it can cause unwanted complications of 

either cardiac tamponade or aortic perforation. Neither one 

of these situations is desired and, as such, must be consid-

ered while thinking about the left atrial ablation therapy (see 

Sect.  42.3.4  on risk mitigation). To ignore this portion of the 

procedure may result in unforeseen issues with the procedure 

which may or may not have been caused by the delivery of 

the device. In many cases, the delivery of a device has a 

larger impact on the ability to perform the procedure. For 

some mitral valve repair procedures, the location of the 

puncture in the atrial septum is paramount to having a quick 

and successful procedure [ 1 ]. In summary, the device being 

developed must be thought of as a   device delivery procedure    

and include everything involved with its successful use. This 

approach takes into consideration the system as a whole 

instead of a single part; the system must be considered as a 

whole; otherwise, issues may occur due to the unforeseen 

interactions between parts of the procedure. 

 Another aspect of functionality is related to unforeseen 

uses or the  off - label  use of devices by physicians. An  off- 

label use of a device   is one where the manufacturer of the 

device has clearly specifi ed the use conditions in which such 

a device can be utilized, yet the physician has elected to use 

it in another fashion or in a patient in which the device is not 

intended to be used. An interesting thing to note is that the 

physicians have a fair bit of freedom to use the cardiac device 

however they see fi t. Since they are ultimately responsible 

for the well-being of the patient, if they believe that a cardiac 

catheter would better serve the patient in a manner other than 

what is listed or suggested by the company in their instruc-

tions for use (IFU), they can and may decide to use the device 

however they choose. In other words, in most cases, they will 

use the devices as intended, but may also use them outside of 

the bounds of the IFU if they believe it is in the best interest 

of the patient. 

 Nevertheless, an off-label use of devices puts medical 

device companies in a peculiar position. On the one hand, the 

company likely enjoys the benefi ts of their product helping 

more people than was originally intended, as well as possibly 
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higher sales. On the other hand, the action of using the device 

in such an off-label fashion cannot be condoned, marketed, 

or suggested by the company without potential repercussions 

for promoting the device to be used in such a way that has 

not been tested or cleared through regulatory channels.  

42.2.2      Biocompatibility 

 In 1987, Williams described how the  biocompatibility   of a 

material can be qualitatively evaluated to assess its relative 

performance when implanted. He said that biocompatibility 

can be defi ned as the ability of a material to perform with an 

appropriate host response under specifi ed conditions [ 2 ]. The 

succinctness of the term  biocompatibility  can be misleading 

when applying the principle to cardiac devices. Often within 

a single medical device, there may be a multitude of different 

materials that are utilized. For example, the WATCHMAN™ 

left atrial appendage (LAA) closure device (Boston 

Scientifi c, Marlborough, MA, USA) is made of a collapsible 

nitinol structure with a polyethylene terephthalate (PET) 

mesh covering which is permanently implanted into the 

patient, whereas the delivery system is made of another poly-

mer that will be in contact with the patient for <24 h. This 

means that the delivery system must not elicit acute immune 

responses within the patient including (but not limited to) 

allergic reactions. The WATCHMAN does not need to be 

biologically inert, but it must not cause an undue biological 

response from either the PET or the nitinol. The purpose of 

the device is to block the LAA to mitigate the formation of a 

blood clot within the LAA, followed by the subsequent 

release of emboli into the bloodstream. Thus, the require-

ment for the device is that it will effectively section off the 

LAA and endothelialize, thereby creating a biologic barrier 

between the left atrium and the LAA. Although this is a bio-

logical response due to a foreign object in the heart, it can 

still be deemed biocompatible since it will elicit this appro-

priate response from its host and will not be detrimental to 

overall function (Table  42.1 ).

   The mechanisms related to how the host or patient may 

respond to different components of a cardiac device must be 

extensively evaluated to ensure that appropriate materials are 

selected for the fi nal device design. This evaluation can be 

complicated by the fact that it is hard to replicate the range of 

human immune responses that may exist in vitro. To address 

this, all cardiac devices must also undergo rigorous animal 

testing, although it is important to note that animal testing 

can sometimes provide misleading results on species- specifi c 

bioreactivity. An example of this can be seen in the design 

and development of the Braunwald–Cutter heart valve ball 

and cage prostheses (Fig.  42.1 ), whereby cloth-covered cage 

struts were designed to encourage endothelialization and 

subsequently decrease any chance of thrombolytic events [ 3 ]. 

Extensive testing in the mitral position of pigs, sheep, and 

calves showed promising results; thus, the device was 

approved for human clinical trials. However, the device did 

not elicit the same host responses when implanted in humans; 

rather, it resulted in aggravated wear on the cloth cage struts 

and, more critically, the formation of debris embolization.

   It should also be emphasized that host responses are not 

limited to immune reactions. For example, implanted tissue 

heart valves remain susceptible to accelerated prosthesis 

leafl et calcifi cation. More specifi cally, it has been reported 

that this type of calcifi cation is initiated by reactions between 

the extracellular fl uid and the leafl et membranes, creating 

calcium phosphate mineral deposits [ 4 ]. As a result, much 

research is ongoing to enhance leafl et materials and mini-

mize bioreactivity, including calcifi cation inhibitors on the 

   Table 42.1    Potential patient–device interactions causing clinical 

complications [ 2 ]   

  • Adverse local tissue interactions: 

    – Infl ammation 

    – Toxicity 

    – Carcinogenic response 

    – Calcifi cation 

    – Embolization or lymphatic spread of material fragments 

  • Induced device migrations: encapsulation or foreign body 

response 

  • Inappropriate or altered healing responses 

  • Associated infections 

  • Thrombosis 

    – Thrombotic occlusion 

    – Thromboembolism 

  Fig. 42.1    Braunwald–Cutter valve       
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valves that limit mineral deposition on the implanted materials. 

Furthermore, the materials used in a device can display 

unexpected interactions with the host, as evidenced by the 

earliest versions of the Starr–Edwards caged-ball mechani-

cal heart valve. The valve design used a silicone ball that was 

found to absorb lipids from the blood and thus swell [ 4 ]. In 

addition to resultant poor valve function, this also caused the 

silicone balls to become brittle; in turn, this increased the 

possibility of ball fracture and consequent embolization of 

small fragments into the arteries downstream of the valve 

position.  

42.2.3     Durability 

 Along with the biocompatibility, a device must be   durable  

  enough to withstand the mechanical loads placed upon it. 

These forces can be exerted upon the device by implantation, 

cardiac motion, or external events such as getting hit in the 

chest or falling on the ground (specifi cally for implantable 

devices). Potential situations like these must be considered 

when designing the device, to ensure it has the robustness 

needed to withstand such environments as well as an active 

lifestyle. 

 Major factors that any design engineer must take into 

consideration are the repetitive movements and strains that 

will be placed on a device within a patient’s body. If you 

were to imagine the environment in which a coronary stent is 

placed, the arteries will have a cyclic pressure placed on 

them which, in turn, will fl ex and relax the stent with each 

heartbeat. This requires the stent’s material to either: (1) 

oscillate with the artery while being durable enough to with-

stand fl exing for the lifetime of the stent or (2) provide 

enough opposing force to the artery that it does not move 

during these times of increased pressure. 

  Cardiac pacing   and  defi brillation   leads are also exposed 

to repetitive mechanical stresses that can cause faults or fail-

ures in their integrity. Two individual incidents were observed 

within defi brillation leads from two separate companies—St. 

Jude Medical (St. Paul, MN, USA) and Medtronic, Inc. 

(Minneapolis, MN, USA)—that were competing to get a 

small defi brillation lead on the market. The two companies 

produced small-diameter leads, the Riata (St. Jude Medical) 

and Sprint Fidelis (Medtronic, Inc.), that gained FDA 

approval and were then appropriately implanted clinically 

[ 5 ]. Before the release of these smaller leads, >8F defi brilla-

tion leads were the standard of care, but in 2002, St. Jude 

Medical released their 7.6F Riata defi brillation lead. In 

response, Medtronic, Inc., released their 6.7F Sprint Fidelis 

in 2004, shortly followed by the 6.3F Riata ST by St. Jude 

Medical. The perception was that a smaller lead would 

decrease the blockage caused within the venous system at 

the level of the subclavian vein. However, it was found that 

these systems were unable to perform at adequate levels of 

durability within the body [ 5 ]. Both companies ended up 

having issues where their leads broke or eroded to the point 

where the conductor wires could penetrate and cause mis-

reading of the cardiac signals and potentially lead to exces-

sive shocks being delivered to the patient (or even worse, no 

shocks were delivered when they were needed). 

 In 2007, Medtronic, Inc., sent a letter to physicians 

informing them that they had seen failures in the fi eld both at 

the distal portions of these leads and at points near the 

anchoring sleeve tie-down. Further, they reported that the 

distal failures were signifi cantly affected by the bending of 

the lead body due to tortuous anatomy in the veins. The fail-

ures at the tie-down location were potentially caused by the 

way physicians implanted and secured the leads within the 

body. Each of these failure modes suggested that the way in 

which the lead was implanted could make a signifi cant 

impact on the longevity of these devices and their potential 

for failure. Ultimately in late 2007, Medtronic, Inc. issued a 

voluntary market suspension that the FDA formally consid-

ered to be a recall. During this time, St. Jude Medical was 

also seeing similar issues with their leads. They reported that 

portions of their leads were being eroded to the point where 

the wires were being externalized in both styles of the Riata 

leads. It was also reported that the primary reason for this 

externalization was due to abrasion of the lead insulation 

with either the anatomy (e.g., tricuspid valve) or the internal 

components of the lead (e.g., the pacing/sensing wires). In 

one study, they found that a common defect was due to the 

internal abrasion of either the pace/sense coils or the shock-

ing coils against the silicone insulation. This would be in 

response to the repetitive motion of the lead and the ability 

for the internal components to move relative to the external 

insulation. This caused what they deemed to be an inside-out 

abrasion, where these wires were wearing away at the insula-

tion and become externalized and readily visible under fl uo-

roscopy [ 6 ]. Due to these failures, St. Jude Medical ended up 

removing the Riata family of leads from the market in 2010 

and recalling them in 2011. Since these recalls, the defi bril-

lator lead market has stayed at >8F, due to the perception that 

smaller leads could be associated with potential failures in 

patients. 

 Both of these cases are prime examples for why device 

durability testing is essential for the development of robust 

cardiac devices. Notice that it is not always a matter of how 

the device will react within the body (which seemed to be the 

case for the Riata leads), but also how the devices are 

implanted that may lead to potential failure modes. 

Ultimately, if a cardiac device is not tested properly in  rele-

vant use  conditions, certain factors can be overlooked and 

may ultimately end up negatively impacting patients.  
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42.2.4     Design for Manufacture 

 The ability to put together a device, or  manufacturability , is 

something that should not be overlooked during the design 

processes. By incorporating early feedback about  manufac-

turing   the product, the risks of not being able to build the 

device effi ciently enough or to produce adequate quantities 

to fulfi ll demand will be greatly reduced. Failure in either 

case could cause the product to be stifl ed, no matter how suc-

cessful or clinically helpful it is. As such, design for manu-

facturability (DFM) has become a common practice in the 

cardiac device industry, a practice that emphasizes how a 

successful design should ensure the highest-quality products 

while decreasing manufacturing costs. This is accomplished 

by making manufacturing cost estimates to proactively guide 

and prioritize cost reduction efforts involved with design. 

Consequently, DFM should have signifi cant effects on prod-

uct lead times, development costs, and ultimate product 

quality. As such, DFM specifi cally requires input from a 

multidisciplinary team, including manufacturing engineers, 

cost accountants, and production personnel, in addition to 

the design engineers [ 7 ]. Yet, when applying these principles 

to cardiac device design, it is imperative to understand that 

the quality of care impacted by the device must not be com-

promised by the need for a more cost-effective manufactur-

ing process. One needs to consider that production costs can 

be controlled by using existing technologies and established 

manufacturing techniques. There are many methods for 

ensuring that the requirements for manufacturing are being 

taken into consideration, and there are several numerical 

methods of design and testing (also known as  in silico test-

ing ) that can be used to streamline the design for the manu-

facturing process.   

42.3     Development Process 

 There are often two types of  development   referred to by 

designers—iterative and disruptive. Those that fall into the 

 iterative  category are devices that generally are perceived as 

logical next steps in the development chain. For example, 

this would include the addition of a third and fourth elec-

trode to a left-sided lead that would give the physician more 

vectors to choose from when programming a pacemaker, as 

discussed in Chap.   30    . The ideas and devices that are consid-

ered to be  disruptive  are those that medical industry profes-

sionals would consider as   game changers   . These are devices 

like transcatheter-delivered cardiac valves. The option prior 

to these transcatheter valves was open-heart surgery, which 

often involved placing the patient on cardiac bypass and 

fully stopping the heart; this procedure limited the popula-

tion of patients who could receive the treatment to those that 

were able to physically undergo an invasive surgery and 

required weeklong recovery periods in the hospital. In other 

words, these devices have effectively provided a means to 

treat more of the patient populations which were underserved 

by prior medical management. 

 Although there may be a valid unmet clinical need, often-

times there are points along the product development path-

way that may ultimately put a halt to a device or therapy. 

This can be as simple as the product not working as intended 

or a business decision to not pursue a particular therapy 

because it does not align with their internal objectives. This, 

along with other reasons, is generally why larger companies 

will often focus their efforts on incremental improvement of 

devices as opposed to disruptive technologies. The incre-

mental improvements are much more predictable and lower 

risk, since the market is already known and the needs often 

come directly from their  voice of customer (VOC)  . Disruptive 

technology offers a greater amount of risk and, conversely, 

often a higher reward. This volatility of the device can be a 

deterrent for larger, publicly held companies that rely on sta-

bility, but it provides an opportunity for smaller companies 

willing to take the risk. 

 Whether it is an iterative or disruptive technology, the 

development process generally follows a similar pathway 

(also utilized in nonmedical device development), with the 

hope of producing a marketable product. Often, a problem is 

identifi ed within the fi eld, and to better understand the clini-

cal needs, the designers must empathize with those experi-

encing the problem. This can be the physician, patient, 

payers, or any other stakeholders. While studying and under-

standing these situations, the designers gain invaluable 

insights as to the root cause(s) of the clinical problem or 

need, as well as what confounding factors are present. Then, 

by defi ning which portion of the issue they are trying to 

address, designers can begin to hone in on a potential solu-

tion. In turn, this will spark ideas and a multitude of solutions 

(partial or complete) will be generated. These solutions (as 

you will see in Sect.  42.3.3 ) will be prototyped and selected 

based on technical and market feasibility. Promising options 

will then be tested for usability and functionality; if an 

acceptable option is produced, the design will be frozen to 

move on to preclinical animal testing and eventual clinical 

testing (Fig.  42.2 ) (see Chap.   43    ). The generalized overarch-

ing progression of how cardiac devices develop from con-

cept to market will be presented in the following sections.

42.3.1       Six-Phase Approach to Device 
Development 

 There are many ways that device development can be 

approached, but often they follow a similar pattern: (1) gener-

ate an idea, (2) prove it to be feasible, (3) test the idea, (4) mar-

ket the idea, (5) and make sure that it does not cause unfavorable 
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issues in the fi eld. This is obviously oversimplifying things, 

and each of these steps requires a vast amount of work to 

“get it right.” Despite the simplifi cation, all of these steps 

are essential to fully develop and market a cardiac device. 

This section will describe a more commonly used phase–

gate system that breaks up the process into six phases of 

development, as shown in Fig.  42.3 . Importantly, throughout 

each of these phases, a number of different elements need 

to be checked and rechecked in order to create a successful 

device.

   As the development process advances along the phases, 

the subsequent tasks are generally associated with higher 

costs. For instance, the fi rst phase of the development pro-

cess is   device conception   , in which a clay model or a sketch 

of the product may be the only thing required, along with 

asking some key stakeholders whether or not the idea is 

worth the time and effort. This requires very little monetary 

investment. The next phases require creating animations and 

prototypes and testing of these advanced concept devices; 

these phases will incur greater costs. Prior to market release, 

at a minimum, preclinical and even some clinical testing will 

be necessary, which may require the investment of millions 

of dollars and multiple years of study before fi nally being 

able to market and realize profi t from the device. 

 Phase 0 is the   planning phase    during which much of the 

groundwork is completed, including developing prototype 

devices, creating a product platform, assessing market 

opportunities (determining if it will be worth pursuing fi nan-

cially), and identifying product constraints associated with 

intellectual property (see Sect.  42.3.2 ). The decision to move 

on to the next phase often requires insights related to per-

ceived market value versus return on investment, an evalua-

tion that is required to bring any device to the market. 

 Phase 1 is considered the   concept development phase   . 

This is when the development/refi nement process, as well as 

benchtop testing, of the device begins. For example, feasibil-

ity studies are performed to determine whether the product is 

technically possible to manufacture and create, as well as to 

estimate the potential market size. Ultimately, the market 

  Fig. 42.2    Flowchart of the design thinking process       

  Fig. 42.3    Flowchart of the device  development process  . The six phases 

of device design are shown, as well as the associated cost and profi t 

factors related to marketing a medical device       
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size will determine the profi tability of the device. It should 

be noted that there remains a special need for pediatric-sized 

cardiac devices, partly because they are often considered 

nonprofi table to manufacture at small volumes and are thus 

generally developed as a humanitarian effort. 

 Phase 2 (  durability and compatibility testing   ) occurs after 

the device design meets the previous criteria from Phase 1. 

This is where further benchtop tests are performed for both 

accelerated failure and required function of the devices. In 

vitro work or acute animal studies can also be initiated to 

assess potential biocompatibility. The end of Phase 2 gener-

ally involves a design freeze where nothing can be changed 

on the device without going back to Phase 1 or 0. At this 

point in time, the design engineers, in partnership with the 

entire development team, must determine the most optimal 

design and cease all design work and begin the preclinical 

and clinical testing. 

 Phase 3 (  animal and clinical testing   ), which is initiated 

after the design freeze, assures that testing will provide an 

accurate assessment of the device function within a living 

organism. Testing often includes chronic implantation in 

appropriate animal models, which is then followed by regu-

latory approvals before the onset of clinical trials in humans. 

Yet, even subsequent to a success clinical trial, fi nal approval 

for market release of the product is sought. 

 Phase 4 is initiated when the product is actually   market 

released   . Usually, this is the phase of the overall process 

where the company expects to see a return on investment. 

Yet profi tability is contingent on successful clinical trials, 

approval of the device for market release by the regulatory 

body of the country, and the ability of the company to com-

mercialize and market the device, as well as receive payment 

(reimbursement) for sales. 

 Phase 5 is considered to be the   post - market assessment   . 

Even though a product is fully marketed and approved by a 

regulatory agency, the company is still required to perform 

follow-up studies to ensure that the device does not cause 

any unforeseen issues with patients over time. This acts as a 

safeguard to the patients that are being served by the device. 

In some cases, even though stringent testing in animal and 

human trials has been performed, there may be unexpected 

issues with the longevity of the device or unanticipated fail-

ures. This also provides the company with additional infor-

mation for future improvement of the device. Assessment 

that can be performed in this phase includes postmortem 

studies, where the company may receive the explanted device 

and then analyze its status/condition.  

42.3.2      Intellectual Property 

  Before fi nalizing any design, one aspect that must be taken 

into consideration is the  intellectual property   (IP) associated 

with the device idea. Generally, IP refers to a work or invention 

to which one has rights. This is often associated with patents, 

copyrights, trademarks, or trade secrets. In all of these cases, 

there are specifi c actions that need to take place to protect the 

creator of the idea, so they can utilize their ideas without oth-

ers unduly copying or inappropriately using their works or 

inventions. 

 Ultimately, a major part of the product design process is 

to maintain ownership or licensing agreements of IP relative 

to the technologies being developed. A   trademark    is a name 

or symbol that is associated with a product or brand in which 

a company (and only that company) has full rights to use that 

name or symbol. This prevents others from using the name 

and associated marketing as a means of promoting their 

products or services. Similarly, a  copyright  may be granted 

for any written and/or graphical materials to an individual or 

group of individuals to protect their work and reduce the risk 

of plagiarization [ 8 ]. Another method to protect an idea or 

product is to keep it a   trade secret   . Simply put, this is the act 

of not divulging any information regarding how a product is 

made, operates, or performs (e.g., a device running on pro-

prietary software or novel circuitry) while banking on the 

notion that no one can reverse engineer the product and thus 

replicate it. Yet it should be noted that anyone successful in 

reverse engineering a product may then duplicate the product 

or procedure (even without knowing the trade secret) with no 

legal consequences [ 8 ]. 

 Within the medical device arena, a primary way of pro-

tecting IP is to fi le and obtain a device  patent  with broad 

claims. A patent is a legal document that explicitly describes 

how a device works or how a procedure is completed, pro-

viding enough information that anyone within the fi eld could 

duplicate the device or process. In the USA, patents provide 

legal protection for 20 years, thus guaranteeing exclusive 

marketing rights during that period. However, upon expira-

tion, the device can be copied by competitors without legal 

recourse [ 8 ]. With the long life span of patents, there is often 

little concern of the patent expiring due to the speed at which 

devices are developed or improved, as newly created and 

updated products will likely hold new patent protection. For 

this reason, it is vital for any product developer to have a 

solid understanding of how to read patents in order to avoid 

patent infringement upon the development and release of 

their own device. Typically, patents are classifi ed according 

to device type and use and will fi rst provide the fi ling 

number(s), inventor(s), and the date fi led. Next, a description 

of the device/process is presented, generally involving 

sketches and other images of IP. The most pertinent informa-

tion is contained within the claims section, which  specifi cally 

describes what part of the IP is novel and hence what is offi -

cially patented and protected by the law. The claims section 

is generally the portion that legal teams will address when 

reviewing a patent case. 
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 To obtain a patent, the  United States Patent and Trademark 

Offi ce (USPTO)   requires that the idea must be novel, useful, 

and nonobvious. As such, the idea must fall into one of the 

categories of a process, machine, article of manufacture, 

composition of matter, or improvement of any of the previ-

ous items [ 9 ]. The USA has recently changed to a fi rst-to-fi le 

patent system, which is similar to the current European pat-

ent procedure. Previously, the USPTO granted ownership of 

a patent to individuals who were the fi rst to invent. This 

would mean that documentation was vitally important with 

dates and signatures referencing the date of the initial inven-

tion of the idea. While this method has its merits, the USA 

decided to move to a fi rst-to-fi le system which means the 

patent is awarded to the individual or group of individuals 

who were the fi rst to fi le a patent on that particular process, 

machine, and/or patentable idea. 

 In general, in order to determine if an idea is patentable, 

one must fi rst search existing patents to see if it has already 

been invented. In many cases, fi nding and utilizing patent 

information can benefi t medical device designers. According 

to the European Patent Offi ce, there are a number of reasons 

and ways to use patents to your benefi t including to “fi nd out 

what currently exists and build on it,” “keep track of who’s 

doing what,” and/or “avoid infringing on other people’s pat-

ent rights” [ 10 ]. To fi nd pertinent patents relative to the car-

diac device you hope to develop, there are many online 

databases that can be searched for specifi c information. A 

few examples of such databases include the European publi-

cation server [ 11 ], FreePatentsOnline [ 12 ], and Google [ 13 ] .  

42.3.3      Device Ideation 

 While a “new” medical device is still in the early conceptu-

alization phase, it is important to fully investigate the poten-

tial landscape of the design space. This is often referred to as 

  brainstorming    and is an easy way to obtain a multitude of 

device options to solve the underlying problem(s). A good 

approach to a brainstorming session is to understand that any 

idea is a good idea, which is similar to the idea employed in 

acting/improvisation comedy of “yes, and….” This state-

ment is seemingly insignifi cant, but it emphasizes the idea 

that you need to build upon the ideas of others. If one actor 

says that they are just coming home from the circus, their 

counterpart must go along with the premise that it is where 

they came from and add upon the story. If the counterpart 

were to say “no, that is not what you did,” they effectively 

stopped all progression in the scene and added nothing of 

value. In the same way, during a brainstorming session, even 

though an idea suggested by a colleague may be completely 

impossible, it is important to run with the idea instead of 

shooting it down outright. For example, even though it is cur-

rently impossible to physically levitate the patient during 

open-heart surgery, the notion that you could gain access to 

both the front and the back of the patient without fl ipping 

them may spark an idea of how to support patient manage-

ment during a procedure. In that sense, it is important to 

maintain these “off-the-wall” ideas because often they can 

lead to alternative solutions to the problem that was not pre-

viously considered. 

 Once the ideas are compiled, then a session to down- 

select to the best options or routes is required. Often for a 

smaller project, 4–10 options may be initially considered, 

and prototyping can begin on each of them. Generally during 

this time, the resources are limited, so “quick and dirty” pro-

totypes are often the way to go. The purpose is not to obtain 

fully working prototypes that portray all of the intended fea-

tures, but to create rough models (i.e., out of clay or card-

board) that may help one to understand a proposed feature. 

In many ways, the act of prototyping over the past decade 

has seen some huge changes. Often when someone says pro-

totyping, a common conception is an engineer sitting in his 

garage and building a model of a device. However, in recent 

years, this has transformed to that same engineer, although 

still likely to work in his garage, creating a CAD model of 

possible designs and sending it to a 3D printer to have the 

part(s) actualized from the computer. Due to technologies 

such as 3D design software and 3D printers, prototyping 

offers even more possibilities for generating ideas. Note that 

the New Product Design and Business Development course 

at the University of Minnesota has required, for several 

years, that all design teams utilize 3D technology to create at 

least one of their prototypes. 

 Whether designers decide to 3D print or build their initial 

prototypes, they can begin to down-select from these con-

cepts and refi ne their ideas, to understand the best path for-

ward for their design space. One of the primary purposes of 

Phase 0 is to develop   proof of concept    and to confi rm that the 

idea can be constructed and eventually manufactured into a 

viable product. 

 After proof of concept has been attained and market 

potential assessed, the design team should select a handful of 

devices from their initial mock-ups that will be fully proto-

typed and can be shown to customers for feedback. This is 

generally a part of Phase 1, where feedback is obtained by 

collecting the VOC from a large sample size of potential 

users with varied backgrounds and clinical experiences. The 

VOC can be obtained through direct questioning, observa-

tion, and/or discussions (or use of a prototype) with the cus-

tomer. The “customers” that will be addressed may consist of 

many different groups of individuals, including: (1) those 

who will use the device, (2) those who may be on the 

 receiving end of the device, (3) those who would purchase or 

pay for the device (reimbursement, insurance companies), 

and (4) those who could potentially profi t from the success-

ful device (investors). These groups of individuals will often 
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aid in the design process and hopefully improve the overall 

design of the product, to fully meet the expectations of all the 

primary customers. For instance, a user may want the device 

to be easy and intuitive to use, while the payer’s focus is on 

expense and potential benefi t to the patient in order to ulti-

mately reduce healthcare costs (e.g., including a reduction in 

the number of required future procedures). Those who expect 

to profi t from the product (e.g., a company’s chief fi nancial 

offi cer) may demand that the costs of product development 

are minimized. Hence, all of these design criteria and con-

cerns must be proactively considered and addressed by the 

design team, if their desire is to create a product that satisfi es 

the majority of their potential customers.  

42.3.4      Risk Mitigation 

 An important fact to remember is that there are no cardiac 

devices without risks. These risks may be simple, such as an 

implantable device recording for longer than required for 

each time segment, in turn causing the battery to deplete 

faster and require more frequent replacement. The  risks   can 

be as signifi cant as a turbine in a ventricular assist device 

being stressed to the point where it fractures and sends frag-

ments into the bloodstream. Obviously, neither of these situ-

ations is favorable, but, at the same time, one is certainly 

more acceptable than the other based on the risk that it poses 

to the patient. 

 In addition to brainstorming, it follows that all of the 

potential device defects and failures need to be tracked and 

accounted. Note that early on in the development process, 

one needs to consider the risks and benefi ts of employing any 

new procedure that utilizes a newly developed device 

(Fig.  42.4 ). In order to complete the risk analysis on a device, 

one typically employs a failure mode and effect analysis 

(FMEA), generally defi ned as a procedure in product devel-

opment and operations management for identifying potential 

failure modes within a system, including classifi cation of the 

severity and likelihood of failure. It is considered that any 

successful FMEA activity helps the research and develop-

ment team to identify potential failure modes based on past 

experiences with similar products or processes. This, in turn, 

enables the team to eliminate such failures with minimum 

effort and resource expenditure, thereby reducing develop-

ment time and cost. Complete FMEA on a new prosthetic 

valve typically creates a 150-page spreadsheet of potential 

problems, including everything from leafl et material break-

down to misalignment of the prosthesis within a heart. Each 

identifi ed failure mode must be assessed for how likely it 

will happen and how severe the impact on the patient could 

potentially be. If one particular failure mode could feasibly 

occur in 1 out of every 100,000 patients and have minimal 

impact on the patient’s health, it will not create a drastic 

design change. However, if within the same occurrence rate 

a patient may potentially die from the resulting complica-

tions, such a failure mode would need to be addressed.

42.3.5        Device Testing 

 When a cardiac  device   design moves from Phase 0 into 

Phase 1 of the design process, a series of testing regimens are 

initiated to ensure that the device meets the standards set 

forth by various international governing organizations. These 

testing methodologies are not only required for the success-

ful market release of a new cardiac device, but they also pro-

vide insights into the design and development of the device 

and/or subsequent devices. For example, the testing results 

  Fig. 42.4    Example fl owchart 

for performing risk 

estimations       
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from a cardiac ablation catheter can elicit information to the 

design team on which portions of anatomy need to be ablated 

to treat the underlying arrhythmia more effectively. Based on 

this information, an anatomically shaped catheter like the 

Arctic Front Advance cryoballoon (Medtronic, Inc.) can be 

developed to address circumferential ablation needs for the 

pulmonary vein ostia. 

 Cardiac device testing can take many forms and often 

starts with basic static benchtop testing without the use of 

native biological tissues. In place of biological tissues, sur-

rogate materials can be used as tissue analogues such as sili-

cone, nylon, sponge, or foam [ 8 ]. For example, mock silicone 

substrates approximating the anatomy of a human left atrium 

and pulmonary veins can be created to investigate the ability 

for ablation catheters to reach key arrhythmogenic locations 

within the left atrial anatomy. This is not only a more repeat-

able procedure due to a decrease in substrate variability, but 

it is also more cost-effective than obtaining live tissue or live 

animals to perform such initial basic testing. However, these 

techniques may not provide necessary insights into specifi c 

tissue interactions and/or biocompatibility, which are pri-

mary concerns when developing catheters that must be 

placed and manipulated within a human body. 

 In the case of cardiac pacemakers and defi brillators, all 

current therapies involve devices, delivery systems, and 

monitoring tools that are inserted into the body and exposed 

to a harsh biological environment. Some of these products 

(e.g., delivery systems and introducer sheaths) will only be 

in contact for a short period of time, yet the pacemaker and 

the cardiac lead may remain in the patient for the rest of 

his/her life. Note that specifi c concerns regarding biocom-

patibility are discussed at length in Sect.  42.2.2  of this 

chapter. In general, the potential for device rejection can be 

assessed with in vitro immunological responses to the 

device; a strong immunological response would be indica-

tive of a possible problem relative to biocompatibility and 

thus a possible device rejection. However, today most pace-

makers and leads are constructed from well-studied materi-

als with known levels of biocompatibility as well as several 

years of clinical experience. As such, adverse reaction test-

ing is predominantly assessed during chronic animal stud-

ies if new materials are used, and adequate data on the 

materials cannot be leveraged during regulatory submis-

sions to agencies like the FDA. 

 Another important factor to consider when designing 

medical devices is the combined effect that temperature and 

pressure may have on the device. For instance, the polymers 

and metal wires inside a defl ectable delivery sheath will have 

altered properties after being subjected to human body tem-

peratures while being submerged in a fl uid (blood) for pro-

longed periods of time. In some cases, these altered properties 

can be advantageous depending on how the device is 

designed. The informed engineer may choose to design the 

device, a percutaneous delivery system, for example, to be 

stiff when entering into the vein/artery, thus allowing for 

easier placement, and then become more malleable inside 

the body, as the temperature increases, so as not to cause 

internal damage to the vasculature. 

 It is important to consider that before embarking upon the 

expensive animal testing protocols, which are required to 

prove the effi cacy of a potential replacement valve technol-

ogy, there is exceptional value in testing the device in reani-

mated beating heart models. Described at length in Chap.   41    , 

such an approach allows researchers to employ an isolated, 

living heart as a model to visualize what occurs inside the 

heart during device deployment and/or how the device may 

interact with the myocardium throughout all the phases of 

the cardiac cycle. Additionally, the reanimation of human 

donor hearts, deemed not viable for transplant, allows for the 

visualization of specifi c valve interaction with the varied 

endocardial anatomy of human hearts, both healthy hearts 

and those with indications of heart valve disease. 

 Once in  vitro testing   techniques have been properly uti-

lized and the device design has been locked in, the develop-

ment process moves into Phase 3, whereupon the device 

must be proven safe in appropriate preclinical testing. 

Generally, this requires extensive testing on animal models 

(acute and/or chronic) before it can progress into a human 

clinical trial. With this, a well-written preclinical testing pro-

tocol defi nes that in order to predict the safety and perfor-

mance of clinical use, a suffi cient number of animals of the 

same species must be used (preferably the same gender and 

age). In addition, the animals should have both experimental 

and control valves implanted in them in each position, as 

indicated by the IFU. The number of animals to be studied 

may be best determined based upon the risk analysis of the 

device and the required statistical signifi cance of the experi-

mental design. The duration of the experiment is typically 

specifi ed in accordance to the parameter(s) under investiga-

tion, and each animal must undergo a macroscopic and 

microscopic postmortem examination. Once the preclinical 

animal testing is performed using good laboratory practices, 

a third-party observer (outside auditor) typically will pro-

duce a report summarizing all data collected and making a 

recommendation regarding the clinical safety and perfor-

mance of the device.  

42.3.6     Clinical Testing and Regulatory 
Approval 

 Once a cardiac device has been proven safe and effi cacious 

during rigorous animal testing, device developers will then 

embark upon human clinical trials before it can be properly 

market released. Current regulatory processes in the USA 

and European Union differ signifi cantly in the requirements 
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and guidelines laid out for clinical testing and market 

approval. However, both regulatory committees share the 

same fundamental principles and apply frameworks designed 

to ensure the safe and effective release of medical devices 

into the market. This section will briefl y highlight features of 

both approval processes, and additional details about the 

clinical trial process can be found in Chap.   43    . 

 From a legal standpoint, human  clinical testing   of an 

unapproved cardiac device in the USA that poses a signifi -

cant risk to the patient population cannot be initiated with-

out preapproval from the Food and Drug Administration 

(FDA) in the form of an investigational device exemption 

(IDE). The IDE is designed to provide the FDA with rele-

vant data on device design and preclinical testing, as well as 

the intended study protocol. A device company must also 

apply for an IDE if they wish to expand the indication of an 

existing device. These clinical investigations may begin at 

an approved site 30 days after the FDA receives the IDE 

application, assuming that in-house Institutional Review 

Board approval has already been obtained and that the FDA 

has not notifi ed the sponsor that the investigation may not 

begin [ 14 ]. 

 To date,  FDA approval   is contingent on various factors 

and based upon the intentions of the device; the rigor associ-

ated with the approval process increases with the classifi ca-

tion of the device. These device classifi cations are briefl y 

defi ned as:

•    Class I devices which pose the lowest risk to the patient 

and include noninvasive devices such as surgical ban-

dages and tongue depressors. These devices are placed 

under the general rules applied to all medical devices and 

nothing more. Controls include prohibitions against adul-

teration and misbranding, requirements on establishing 

registration and device listing, adverse event reporting, 

and good manufacturing practices [ 15 ].  

•   Class II devices, such as cardiac catheters, are deemed to 

pose a high enough risk that regulation through the gen-

eral controls alone is not suffi cient. The majority of class 

II devices require a premarket notifi cation in the form of a 

510(k), to provide data demonstrating that the described 

device is “of substantial equivalence” to an existing prod-

uct with regard to its safety and effectiveness. Although a 

510(k) can be substantiated through preclinical testing, 

approximately 10 % of applications include clinical data 

[ 14 ].  

•   Class III devices which are used to support and sustain 

human life and would also present a high risk of injury or 

fatality if the device fails (i.e., implanted cardiac valves). 

Almost all class III devices require premarket approval by 

the FDA before they can be legally marketed, thus requir-

ing clinical data demonstrating that the devices are safe 

and effective in the target population [ 14 ]. As such, all 

types of cardiac replacement valves fall exclusively into 

this category. Since the valve aids in sustaining human 

life and device failure could be fatal, the valve must be 

tested to ensure that it meets the testing required for class 

III devices.    

 Another approach for device regulatory approval is the 

 humanitarian device exemption (HDE)  . This is a regulatory 

pathway for the accelerated market release of class III 

devices, an exemption which is intended for devices that 

address diseases or conditions that affect fewer than 4000 

patients a year in the USA. Nevertheless, approval of an 

 HDE   requires the sponsor to prove that the device is safe and 

effective and that all possible risks associated with it are out-

weighed by the foreseen benefi ts. Typically, such approval 

requires smaller clinical trials in fewer institutions, allowing 

smaller companies to develop class III devices beyond pre-

clinical investigations. 

 The idiosyncrasies of clinical trial requirements,    develop-

ment, and completion are described in Chap.   43    . In sum-

mary, gaining market approval in either the USA or the 

European Union can be a lengthy, expensive, and time- 

consuming endeavor. Before embarking on the development 

of a cardiac device, an understanding of these pathways and 

the intricacies of each regulatory body will help the designer 

complete the process in the most timely and cost-effective 

manner possible. To date, the differences between the US 

and the European Union regulatory bodies result in a large 

portion of pilot clinical trials and early device testing occur-

ring outside of the USA. Thus, the typical cardiac device is 

introduced into general clinical practice in the USA 1–3 

years after its market release in the European Union [ 14 ]. For 

more details on the design and execution of clinical trials for 

cardiac devices, the reader is referred to Chap.   43    .   

42.4     Summary 

 The key principles for designing any medical device gener-

ally hold true for all cardiac devices. A generalize path is to 

(1) critically defi ne the clinical problem; (2) sketch concepts, 

develop animations, and build prototype; (3) test the con-

cepts and perform benchtop testing; (4) conduct preclinical 

studies; (5) initiate clinical trials as needed; and ultimately 

(6) obtain regulatory approval prior to full market launch of 

the device. Throughout this process, there are a multitude of 

factors that need to be considered and taken into account 

when determining the requirements of the device. These fac-

tors include its planned function, biocompatibility, manufac-

turability, and marketability, to name a few. Although 

diffi cult to manage at times, these considerations will be 

vital for creating a successful product. Any development 

process for a medical/cardiac device requires a great deal of 
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upfront effort to ensure that the product will thrive. In today’s 

world, this process relative to cardiac devices can take many 

years, even up to a decade before a device receives approval 

to be used in a patient and/or before any real profi t may be 

realized. As such, the cardiac device industry can be a very 

diffi cult environment for a start-up, yet it can be exceedingly 

rewarding not only fi nancially but also due to the fact that the 

product can directly and indirectly affect millions. 

 When you consider the breadth and depth of the cardiac 

medical device fi eld, it is encouraging to observe how it con-

tinues to rapidly develop and expand the industry and, in turn, 

provide innovative and revolutionary clinical technologies. 

Although many therapies are conceived from a need within 

the operating room or cardiac catheterization laboratory, their 

design and development will lead to future novel procedures 

and techniques that continue to improve treatment for patients 

with various pathologies. There is little doubt that these inno-

vative improvements will continue to extend and enhance the 

overall quality of life for millions of patients worldwide.     
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      Clinical Trial Requirements for Cardiac 
Devices       
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    Abstract  

  Early medical device concepts that show promising safety and/or effi cacy results in 

preclinical trials, bench top testing (including accelerated wear testing), a virtual prototyp-

ing environment, and/or computation modeling studies will eventually be implanted in 

humans. Currently in the United States, the required time to develop a new cardiac device 

and gain approval for market release is highly dependent on the time it takes to perform 

proper clinical trials, i.e., to receive the needed clearance or approval from the Federal Drug 

Administration.  
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  Abbreviations 

   CE    Conformité Européenne or European Conformity   

  CEC    Clinical Events Committee   

  CFR    Code of Federal Regulations   

  DSMB    Data Safety Monitoring Board   

  EC    Ethics Committee   

  EOA    Effective orifi ce area   

  FDA    Federal Drug Administration   

  GCP    Good Clinical Practice   

  GLP    Good Laboratory Practice   

  GMP    Good Manufacturing Practice   

  IDE    Investigational Device Exemption   

  IRB    Institutional Review Board   

  ISO    International Organization for Standardization   

  OPC    Objective performance criteria   

  PMA    Premarket approval   

43.1           Introduction 

 Clinical trials play a crucial role in the process of bringing 

medical devices, specifi cally cardiac devices, to the market 

and for providing continued scientifi c clinical data after 

commercialization (Fig.  43.1 ). Prior to executing a clinical 

trial, researchers, scientists, and engineers cannot predict 

how the newly developed devices will perform in a human 

body. Furthermore, most cardiac devices are typically class 

III life-sustaining devices that are implanted in patients with 

life-threatening conditions, but there is a broad spectrum of 

the patients receiving these therapies that will likely have 

many other clinical complications; in some cases, these com-

plications may adversely affect the potential success of novel 

technologies. Therefore, carrying out a carefully designed 

and comprehensive clinical trial provides an signifi cant 

opportunity to examine the outcomes of the new cardiac 

device in humans and, in turn, the resultant clinical data 

gives patients, physicians, and the entire scientifi c commu-

nity the information needed to potentially use the new device. 

Yet today, the primary purpose of a clinical trial is to provide 

valid scientifi c data about the safety and/or effi cacy of a 

device, resulting in clinical evidence for future use or retrac-

tion of a therapy.
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   With the diversity of cardiac devices, there are various 

types of clinical trials that can be defi ned, from trials where a 

novel valve technology is being used for the fi rst time ( fi rst in 

human  studies) to post-market trials in which a cardiac ther-

apy has obtained regulatory approval but is studied further to 

examine long-term effects, pursue additional indications, and/

or to obtain more  specifi c information about the overall ther-

apy. In other words, clinical evidence is vital not only to dem-

onstrate the safety and effi cacy of a device/therapy in humans 

but also to further examine how well the device works com-

pared to standard of care, other devices, and/or concomitant 

treatments. In the specifi c case of a newly developed heart 

valve, studies will often be designed to compare the new valve 

against the native valve, other heart valve devices, and/or the 

current standard of care treatments. Using the example of 

planning a clinical trial for a new heart valve, this chapter pro-

vides a general summary of the present state of clinical trials, 

including an overview of (1) the current stance of regulatory 

bodies that oversee trials, (2) specifi c features of a trial design, 

and (3) the many considerations involved in the proper imple-

mentation of heart valve clinical trials. 

 Regarding the design of a clinical trial, the following 

groups/individuals may be identifi ed, each with their specifi c 

role(s) (Fig.  43.2 ):

    Sponsor ( s ): The developer of the technology seeking 

approval for market release. 

  Investigator ( s ): Non-biased individuals that will implant/

deploy the novel technology and will also be responsible for 

individual patient follow-ups. In some cases, investigators 

can also develop their own fi eld clinical trial(s). 

  Monitor ( s ): Individuals responsible to ensure that the trial 

is performed in an ethical and proper fashion. They usually 

work for the sponsor and make frequent visits to participat-

ing institutions to review data and regulatory documents. 

  Fig. 43.1    Timeline of medical device development ©2013 Heart Valves: From Design to Clinical Implantation, Clinical trial requirements for 

cardiac valves, Iaizzo JC, Lovas ATF. With kind permission of Springer Science+Business Media, New York       

  Fig. 43.2    Clinical trial oversight ©2013 Heart Valves: From Design to Clinical Implantation, Clinical trial requirements for cardiac valves, Iaizzo 

JC, Lovas ATF. With kind permission of Springer Science+Business Media, New York       
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Regulatory bodies also have their own process for auditing 

sponsors and investigators through their Bioresearch 

Monitoring group(s). 

  Institutional Review Board  ( IRB )/ Ethics Committee  

( EC ): The overseeing body at a given institution that is ulti-

mately responsible for ensuring that the clinical protocol is 

appropriate and that the institutional investigators perform 

the study in a proper and ethical manner. These boards may 

have different names according to the institutional structure. 

  Subjects : Individual patients who were deemed appropri-

ate to be enrolled (meeting all inclusion criteria and none of 

the exclusion criteria) into the planned clinical trial and who 

provided informed consent to participate.  

43.2     Regulatory Bodies 

 Regulations and the regulatory bodies that govern both car-

diac devices and clinical trials play important roles in how 

new technologies reach the market. A solid partnership 

between a sponsor and a regulatory body, aided by clear 

communication, can affect whether the technology can reach 

the market in an expeditious manner. Regulatory bodies are 

important, as they ensure consistency in clinical trials and 

that they are run properly in order to provide the supportive 

scientifi c evidence required. Specifi cally, there are numerous 

regulatory bodies that provide oversight for cardiac device 

clinical trials throughout the world. A brief overview of the 

regulatory bodies from three different countries follows, yet 

our discussion focuses mainly on the Food and Drug 

Administration (FDA) in the United States. 

43.2.1     Food and Drug Administration (United 
States) 

 The FDA is responsible for regulating medical devices and 

therefore oversees the associated clinical trials exclusively 

within the United States. The FDA’s mission statement con-

sists of two primary parts: (1) promoting public health by 

promptly and effi ciently reviewing clinical research and tak-

ing appropriate action on marketing of regulated products in 

a timely manner and (2) protecting public health by ensuring 

a reasonable assurance of safety and effectiveness of devices 

intended for human uses [ 1 ]. The Center for Devices and 

Radiological Health (CDRH) is the branch that oversees 

medical devices. Cardiac devices that incorporate other ther-

apies (i.e., pharmacological agents) will need to confi rm if 

they will work through CDRH and/or the Center for Drug 

Evaluation and Research (CDER). 

 In the United States, there are three regulatory classes of 

devices based on the considered levels of risk involved. All 

class I–III devices are subject to general controls, meaning 

the FDA reviews factors such as labeling, registrations, etc. 

Class I devices have the lowest amount of risk and regulatory 

controls (devices such as elastic bandages and surgical 

gloves). Class II devices must meet specifi c performance 

standards in addition to all class I requirements (devices such 

as surgical drapes). Most stringently, class III devices require 

premarket approval (PMA) to ensure their safety and effi -

cacy. As such, class III devices are considered as the riskiest 

category of devices and include devices such as implantable 

pacemakers and heart valves. 

 It should be noted that the FDA regulations for medical 

device products are detailed in Title 21 of the Code of Federal 

Regulations (CFR). The most applicable parts of CFR 21 

that apply to cardiac devices and clinical trials include Part 

812 (Investigational Device Exemption, or IDE) and Part 

814 (PMA). Most new and novel cardiac devices are required 

to undergo IDE clinical trials before receiving FDA approval. 

As the regulatory landscape is typically in constant fl ux, it is 

crucial to reference and follow current guidance and regula-

tions set forth by the respective governing regulatory body. 

 In the example of heart valves, there is specifi c guidance 

in documents like the FDA’s Heart Valves—IDE and PMA 

Applications Draft Guidance; these documents state that “a 

replacement heart valve is a device intended to perform the 

function of any of the heart’s natural valves” [ 2 ]. A replace-

ment heart valve is defi ned as a pre-amendment-type device, 

that is, a device marketed prior to passage of the Medical 

Device Amendments to the Federal Food, Drug, and 

Cosmetic Act (the Act). 

 Furthermore, this FDA draft explains that clinical trials 

are necessary to evaluate most new replacement heart valve 

designs, and it also recommends that clinical investigations 

are executed by following the methods described in ISO 

5840:2005 or an equivalent document. Specifi cally, the doc-

ument ISO 5840:2005 is a guide for cardiovascular implants 

and valve prostheses provided by the International 

Organization for Standardization (ISO) [ 3 ]. When develop-

ing a clinical database and trial strategy, the appropriate FDA 

guidance should be referenced.  

43.2.2     Other Regulatory Bodies 

 In Europe there are various  notifi ed bodies  that provide over-

sight of clinical trials. The most prevalent regulatory over-

sight applies to the 27 countries in the European Economic 

Area; these are countries required to obtain a  CE mark  

(Conformité Européenne or European Conformity). 

Importantly, the criteria to receive a CE mark in Europe 

are notably different than those for securing FDA approval. 

As mentioned previously, to receive approval for a new tech-

nology in the United States, the manufacturer must demon-

strate the device to be reasonably safe and effective. To 

receive approval to release a device to market in the European 

Union, the manufacturer must demonstrate that the medical 

43 Clinical Trial Requirements



780

device is safe and that it performs in a manner consistent 

with the manufacturer’s intended use [ 4 ]. Interestingly, 

given these differences in geographic regulatory approval, 

most manufacturers typically seek approval in Europe or 

other countries before the United States. Moving into other 

countries poses different obstacles which may infl uence the 

intended quality and importance of every clinical trial com-

pleted for the new device.  

43.2.3     Good Clinical Practice Oversight 

 Similar to the importance of following Good Manufacturing 

Practice (GMP) and Good Laboratory Practice (GLP) when 

prototyping cardiac devices, it is important to follow guide-

lines for how to appropriately conduct clinical studies that 

could affect the safety and well-being of human participants. 

Good Clinical Practice (GCP) was developed by a collabora-

tive group of regulatory authorities worldwide, including the 

European Union, Japan, and the United States by the 

International Conference on Harmonisation. Effective in 

1997, GCP provides international assurance that data and 

results of clinical investigations are credible and accurate 

and that the rights, safety, and confi dentiality of participants 

in clinical research studies are respected and protected. More 

specifi cally, GCP consists of 13 principles which are detailed 

in Table  43.1 .

43.3         The Generalized Clinical Trial Cycle/
Process 

 Addressing all aspects of a clinical trial in depth is an enor-

mous undertaking and beyond the scope of this chapter; thus, 

the following sections will highlight some of the founda-

tional methods and processes of a typical heart valve clinical 

trial which can generally be translated to the complexities of 

other cardiac devices. As you can see in Table  43.2 , there are 

many tasks that need to be addressed with the development 

and execution of a clinical trial. It is important to note that 

some of these tasks may occur simultaneously.

43.3.1       Features of a Trial Design for a Newly 
Developed Cardiac Device 

 It is pertinent to research and understand all current pub-

lished information and relevant heart valve trial data prior to 

planning and executing a clinical trial. There is much to be 

gained from studying the details of previous trial designs, as 

well as the subsequent outcomes associated with those trials. 

In regards to gaining FDA approval for any cardiac device, 

the importance of clinical evidence cannot be stressed 

enough. In the beginning stages of planning a clinical trial 

design, associated publications and previous research may 

help shape important components for the new trial, such 

as: patient inclusion/exclusion criteria, statistical designs 

employed in such trials, and/or the general patient popula-

tions to be studied. 
   Table 43.1    13 Principles of good clinical practice [ 5 ]   

  Ethics  

 1. Ethical conduct of clinical trials 

 2. Benefi ts justify risks 

 3. Rights, safety, and well-being of subject prevail 

  Protocol and science  

 4. Nonclinical and clinical information supports the trial 

 5. Compliance with a scientifi cally sound, detailed protocol 

  Responsibilities  

 6. Institutional Review Board/Independent Ethics Committee 

approval prior to initiation 

 7. Medical care and decisions by qualifi ed physicians 

 8. Each individual qualifi ed (education, training, experience) to 

perform his/her tasks 

  Informed consent  

 9. Freely given from every subject prior to participation 

  Data quality and integrity  

 10. Accurate reporting, interpretation, and verifi cation 

 11. Protects confi dentiality of records 

  Investigational products  

 12. Conform to Good Manufacturing Practice and used per protocol 

  Quality control / quality assurance  

 13. Systems with procedures to ensure quality of every aspect of 

the trial 

   Table 43.2    Standardized clinical research process   

 1. Prepare a clinical plan 

 2. Recruit investigators 

 3. Prepare protocol 

 4. Prepare case report forms 

 5. Prepare informed consent form 

 6. Perform investigator site visit 

 7.  One-on-one investigator reviews, including clinical plan, 

protocol, case report forms, and informed consent form 

 8. Obtain an investigator agreement 

 9. Obtain IRB approvals for each participating institution 

 10. File an IDE 

 11. Obtain IDE approval 

 12. Perform periodic investigator meetings 

 13. Conduct the clinical study, i.e., a multicenter study 

 14. Monitor the multicenter study 

 15. Conclude study 

 16. Compile data from each institution 

 17. Analyze overall collected data 

 18. Write fi nal clinical report 
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 A well-controlled clinical investigation includes a clear 

objective and defi ned methods of analysis. More specifi cally, 

the objectives should address the proposed medical claims for 

the investigational device and these objectives should be 

refi ned to explicitly address the safety and effi cacy of the heart 

valve in a defi ned population. Next, it is important to structure 

a trial so there can be a valid comparison to controls. For 

example, in current transcatheter valve therapy trials, the new 

therapy (transcatheter valves) is directly compared to a stan-

dard open-heart valve surgery. A control group gives the 

results a meaningful comparison to an existing therapy or 

treatment, which is important to the scientifi c community and 

may be crucial for future marketing. Often, an appropriate 

control group can be identifi ed by performing a careful and 

thorough literature search or seeking out the key opinion lead-

ers in the related fi eld. Furthermore, performing early research 

on the specifi c disease or conditions that the heart valve will 

treat is equally important, in order to understand the natural 

progression of the disease or condition and the current benefi ts 

or limitations of other treatments. It should be noted this step 

is often completed in earlier phases of device prototyping, but 

it is recommended that designers review the research once 

again just prior to planning the clinical trial. Finally, literature 

searches on similar treatments/heart valves can also assist in 

identifying the appropriate disease populations and justifying 

the inclusion and exclusion criteria for the trial. 

 When the patient population and treatment/control 

cohorts are clearly identifi ed, one needs to consider the next 

set of factors that impact the ultimate design. First, the type 

of trial design must be determined, whether it is randomized, 

blinded, or double blinded. Each of the designs may 

strengthen the signifi cance of the trial results, while also 

minimizing bias and providing comparability of groups. 

Well-defi ned trial endpoints are of great signifi cance for the 

overall success of a clinical trial. For example, typical heart 

valve trial endpoints should encompass both safety and effi -

cacy measures. Note that adverse events often comprise the 

safety endpoint for a given trial. Typically, effectiveness end-

points are found in the form of the presence or absence of a 

clear, defi nite effect on a patient, e.g., death or the resultant 

effective orifi ce area (EOA). Table  43.3  provides a list of key 

steps to consider in designing a clinical trial for the develop-

ment of a new heart valve technology.

   An often overlooked aspect of the early execution or 

startup of a clinical trial is a high degree of physician involve-

ment or engagement. While physicians play a major role 

throughout the execution of the trial, it is important to gain 

physician insights into the overall design and planning of a 

clinical trial early on in the process. Being that physicians 

are ultimately the users of the heart valve being studied, their 

clinical knowledge can be valuable in creating a well- 

designed and thorough clinical trial.  

43.3.2     Reimbursement and Payer Information 

 While the process for development of clinical trials is essen-

tial to understanding the appropriate use of medical inter-

ventions of all types, it is also important for payers to 

understand potential coverage for the device. When design-

ing a clinical trial, it is recommended that one reads the 

National Coverage Determination for Routine Costs in 

Clinical Trials (310.1) provided by Centers for Medicare 

and Medicaid Services [ 6 ].  

   Table 43.3    General steps in the development of a clinical study design   

 • Develop study objective which includes research objective, device claims, and pilot of feasibility study 

   – Note that the study objective should be phrased as a research question posed to address medical claims for the device 

   – Refi ne the research question to specifi cally address the safety/effectiveness of the device in a well-defi ned patient population for one or 

more outcomes 

   – Perform a pilot or feasibility study; if claims are inadequately known, conduct a pilot or feasibility study on a small subgroup of patients 

or subjects. As such, the pilot study objectives are to identify claims more precisely, test study procedures, and/or obtain estimates of 

properties of outcome and/or other variables 

 • Properly identify and select variables/parameters 

 • Defi ne study population(s) and appropriate clinical controls 

   – Prior to study, defi ne rigorous inclusion/exclusion criteria 

   – Defi ne subset of the general population representing the target population for the device 

 • List all parameters of the specifi c study design 

 • Defi ne study masking (i.e., your bias control) 

 • Defi ne number of study sites and potential investigators 

   – Fit the needs for a suffi cient number of eligible patients in a timely fashion 

   – Center must be capable of processing patients 

   – Engage competent staff members who work well on the trial 

   – Identify investigators willing to recruit patients and conduct the study as specifi ed in the protocol 

   – All center individuals need be qualifi ed to perform trial parameters 

 • Determine proper patient sample size, i.e., the study is properly statistically powered 
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43.3.3     Clinical Trial Site Selection 

 By defi nition, investigational sites include all centers 

implanting the cardiac device that submit data as part of the 

investigation. The initial selection of the proper hospitals/

institutions and physicians to participate in a given clinical 

trial is a crucial step toward executing a successful clinical 

research trial. After time and money are invested in creating 

the trial design and protocol, the actual execution can affect 

the outcome of the trial. Therefore, all possible steps should 

be taken to eliminate extraneous variables such as reeduca-

tion or elimination of a site that does not abide by the set 

protocol. Furthermore, the selection of appropriate physi-

cians to participate in a clinical research trial is another vari-

able to carefully examine before proceeding with the trial. It 

is critical to qualify the experience of the physicians relative 

to their ability to utilize novel or investigational therapies 

similar to the device you are investigating. It would be stra-

tegic to identify and recruit physicians already well estab-

lished in the related therapy or device and those that are 

familiar with conducting complex clinical trials. These phy-

sicians will become the trial investigators responsible for the 

precise execution of the protocol at each institution or site. 

Not only should the physician investigators have adequate 

experience with clinical trials, but it is important to ensure 

that the institution’s support staff is knowledgeable and 

skilled in their execution as well. It is good practice to check 

the institution’s previous clinical trial performance. Finally, 

it is essential to make sure the physician investigators have 

not been disbarred, banned, or excluded from participating 

in any type of clinical trial. 

 Another pertinent variable to consider when selecting 

sites is the actual geographic location. The clinical trial 

design and projected subject population(s) are helpful when 

identifying the amount of sites needed in the trial. As such, 

typically large metropolitan area hospitals are chosen to par-

ticipate in clinical trials from the perspective that they should 

be able to quickly recruit the desired patients. However, there 

are regional hospitals that receive a high amount of referrals; 

thus, these hospitals may be able to effectively contribute to 

enrollment in clinical trials. Ensuring that an investigational 

site has an adequate potential patient population is impor-

tant, given the amount of time it takes to train the personnel 

at a site and activate them as a part of the trial. It is interest-

ing to note that a very small percentage of American senior 

citizens participate in clinical trials, although the elderly bear 

a disproportionate burden of disease in the United States [ 7 ]. 

Sites that have experience working with and successfully 

recruiting the appropriate patient populations can be 

immensely helpful in enrolling subjects in a timely manner 

to complete a trial. 

 The potential for confl icts of interest is also something to 

manage when choosing clinical sites for a trial. More specifi cally, 

cardiac device clinical trials typically involve a high level of 

physician engagement in the trial and the technology/therapy 

being tested. Therefore, to legitimize their participation, it is 

critical to rule out any potential bias with regard to how the trial 

is run and the quality of the data being captured. It should be 

noted that many sponsors and clinical sites have built-in regula-

tions or processes to cover any potential confl icts of interest.  

43.3.4     Clinical Trial Execution 

 Throughout the execution of a clinical trial, there are multi-

ple activities happening simultaneously that need to be man-

aged (also dependent on design of the trial). For example, 

most subjects in the trial will require follow-up visits. 

Specifi cally for heart valve trials, it is important to design a 

trial with multiple follow-up visits in order to capture long- 

term data on the subject population(s). With clinical evi-

dence being the primary end product of a clinical trial, it is 

crucial to ensure that institutions capture valid and accurate 

data in a highly effi cient manner. Recently, there have been 

several technological advances to make capturing trial data 

more effi cient and user-friendly for the hospital/sites. The 

trial data is captured on what most clinical trial sponsors 

called  case report forms . Historically, the hospitals/sites 

would complete hard copy forms and send them back to 

sponsor(s); this could be quite cumbersome especially with 

monitoring and processing the data to ensure accuracy. 

Currently, nearly all trial data are collected electronically 

(sites enter data directly into an online case report form, and 

the sponsor can see the data in real time). Therefore, as new 

trials are rolled out and more heart valves are being studied, 

it will be critical to keep up with the ever-evolving technolo-

gies that are being developed and deployed to ensure the 

integrity, quality, and effi ciency of clinical trials. 

 An interesting trend in recent transcatheter heart valve tri-

als is the development and utilization of screening commit-

tees. For example, a screening committee for a heart valve 

transcatheter trial would typically be compromised of well- 

established, objective cardiac surgeons and interventional 

cardiologists. As such, it is imperative that these individuals 

also be familiar with the details of heart valve technologies 

and the trial design. Furthermore, it is important that the 

screening committee be knowledgeable about the patient 

population which the trial is enrolling as well as the specifi c 

inclusion/exclusion criteria. The screening committee could 

also be used to assist in determining and identifying the 

appropriate patients for a properly designed trial. It is critical 

to recruit an overall subject population that is highly consis-

tent; this is especially important when multiple clinical sites/

hospitals are participating in the trial. 

 Assuming the trial has progressed to the point of near 

completion, there are several other factors to consider. 
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For example, all subjects should be accounted for in the 

final clinical report. It is recommended that complete 

subject accounting, on a per subject basis, for each cohort 

is provided. Therefore, the report should include: (1) the 

total number of subjects expected for follow-up, (2) num-

ber of subjects discontinued because of death or device 

removal, and (3) number of subjects that were actually 

evaluated at each preplanned time point. 

 Depending on the type of trial and the primary endpoints 

listed in the protocol, submitting for regulatory approval may 

happen before the trial is fully complete. For example, in an 

IDE study with primary endpoints at 1 year of subject fol-

low- up, an application for PMA may be submitted and 

granted prior to the end of all subject follow-up. Nevertheless, 

this will depend on the accepted trial design. It should be 

noted that the FDA expects long-term data for most IDE 

heart valve trials. Therefore, in some trials, the specifi c heart 

valve may be commercialized prior to the end of all follow-

 up visits, but regular reports continue to be submitted to 

regulatory bodies containing the long-term data. Finally, the 

overall timeline for submission for regulatory approval will 

ultimately depend on the statistical methods and analytical 

processes laid out in the fi nal trial protocol. It is important 

that this section of the device trial protocol be carefully fol-

lowed, as it is agreed upon by the FDA or regulatory body 

prior to initiation. 

 Excerpts from the Draft Guidance for Industry and FDA 

Staff Heart Valves—IDE and PMA Applications are outlined 

below to provide clear direction from FDA’s perspective on 

the conduct of a heart valve clinical trial [ 2 ]. Again, it is 

important to reference the appropriate FDA guidance that 

your cardiac device may fall under.  

43.3.5     Data Collection Within the Clinical Trial 

 As clinical evidence to support the use of the investigative 

heart valve is the ultimate product of conducting a clinical 

trial, the remainder of this chapter will focus on the collec-

tion of data and various regulations one needs to consider 

related to clinical evidence. FDA guidance provides detailed 

insight into what is expected in a data collection plan and 

therefore should be referenced frequently throughout devel-

opment of the protocol. Listed below is an important narra-

tive from the FDA Guidance document that one should 

understand prior to data collection:

  The sponsor who discovers that an investigator is not complying 

with the signed agreement, the investigational plan, requirements 

in 21 CFR Part 812 or other applicable FDA regulations, or any 

conditions of approval imposed by the reviewing investigational 

review board or FDA is responsible for promptly securing the 

investigators compliance or discontinuing shipment of the device 

to the investigator and terminating the investigator’s participation 

in the investigation (21 CFR 812.46(a)). Your protocol must 

ensure that the investigation is scientifi cally sound by ensuring 

consistency between the indication studied and the subject inclu-

sion and exclusion criteria (21 CFR 812.25(b)). In all study 

designs, you should ensure that investigators collect the appropri-

ate information. Specifi cally, you should ensure that the clinical 

data collection forms used by the investigators and institutions 

are consistent with the clinical protocol. You should also ensure 

that informed consent document(s) is consistent with the clinical 

protocol [ 2 ]. 

43.3.6        Data Collected for Each Subject 
Enrolled into a Clinical Trial 

 Each subject enrolled in the study should be followed and 

appropriate data collected according to the study protocol. 

Additionally, follow-up data should be collected for each 

subject until the entire study is terminated for all subjects; 

this follow-up data is typically collected during offi ce, clinic, 

or hospital visits. It is recommended that telephone follow-

 up should be used only to verify death or loss to follow-up. 

Being data should be collected until the entire study is termi-

nated for all patients, the follow-up period may be signifi -

cantly longer than stated in the original study protocol for 

most patients. Accordingly, an informed consent must be 

received for the planned follow-up period from all subjects 

(21 CFR 50.25(a)(1)). Therefore, any subject not willing to 

fully participate in the study, which includes the follow-up 

period, should not be enrolled [ 2 ]. Most institutions have a 

thorough consent process, as governed by regulatory bodies 

and their own IRBs. This consenting process will ensure that 

subjects being enrolled in the trial will complete all follow-

 up visits; however, trial attrition still occurs. There is the 

potential that some patients will enroll in a clinical trial to 

obtain the latest technologies, with little or no intent of being 

part of post-monitoring. 

 The FDA’s guidance goes into more detail about the spe-

cifi c data they would like to see collected, as it will help 

ensure consistency across populations receiving heart valves 

(Table  43.4 ). For example, follow-up data for most heart 

valve trials should include the normal ranges for the clinical 

laboratory blood tests evaluated, according to the normal 

   Table 43.4    Echocardiographic hemodynamic data (stratifi ed 

by valve size for each patient enrolled)   

 • Peak pressure gradients 

 • Mean pressure gradients 

 • Effective orifi ce areas 

 • Existence and/or relative degree of valvular regurgitation 

 • Native valve’s effective orifi ce area index 

 • Native valve’s performance index 

 • Resting cardiac output 

 • Average cardiac index 
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ranges used by the laboratories that conduct the testing. 

Plasma free hemoglobin is preferable to serum lactate dehy-

drogenase, haptoglobin, and reticulocyte count for the evalu-

ation for hemolysis because it is considered that plasma free 

hemoglobin has higher clinical sensitivity for the detection 

of hemolysis than the other three laboratory tests. The diag-

nostic preoperative data collected should include the normal 

ranges for the clinical laboratory blood tests that are evalu-

ated, with the normal ranges being determined by the labora-

tories used [ 2 ]. As detailed, it should be apparent the amount 

of data and work institutions will undertake to participate in 

new heart valve trials.

   Typically, enrolled patients will be followed subsequent 

to the procedure by their personal cardiologists (not the 

implant surgeon/interventionalist), and often there will be 

preclinical data available for a given patient as well. 

Therefore, the study investigators should work in conjunc-

tion with the patients’ physicians to collect all appropriate 

data from the correct time periods. This may be better 

accomplished if the study investigator or the sponsor obtains 

contact information for the following physician, so he/she 

can be advised of the actual study protocol. It is important to 

note that only study procedures (out of the standard of care 

scope) should be performed by investigators trained on the 

trial protocol. 

 As there is increasing interest in all valve positions, FDA 

guidance has started to address specifi c details for these dif-

ferent positions. It is recommended for trials that involve 

replacement of pulmonic valves and/or pulmonic-valved 

conduits that one should calculate the effective valve orifi ce 

area, since the cone shape of the right ventricular outfl ow 

tract makes echocardiographic measurements of the right 

ventricular outfl ow tract diameters very diffi cult. This mea-

surement, if identifi ed within a clinical design, may lead to 

potentially inaccurate calculations, i.e., if one employs a 

continuity equation method for the pulmonic valve 

EOA. Similarly, for replacement pulmonic valves and 

pulmonic- valved conduits, the FDA does not recommend 

calculation of EOA indexes and performance index data, 

which are determined using EOA data [ 2 ].  

43.3.7     Clinical Trial Follow-Ups 

 In general, each subject entered into the study should be fol-

lowed and appropriate data collected according to the study 

protocol, and associated follow-up data should be collected 

for  each  subject until the  entire  study is terminated for  all  

subjects. Unfortunately, this is not always the case; therefore, 

it is important to plan for potential attrition in the statistical 

plan by having an adequate population enrolled greater than 

the minimum number of patients needed for an appropriate 

analysis. It is helpful to determine the appropriate subject 

population by referring to the term  follow - up in patient- 

years  . For example, the recommended follow-up of 800 

patient-years is statistically derived as follows. Single sam-

ple one-sided hypothesis testing can be used to demonstrate 

that each of the complication rates associated with the inves-

tigational device is less than 2 times the objective perfor-

mance criteria (OPC) for that complication. The appropriate 

null hypothesis is that the true rate associated with the inves-

tigational device is 2 or more times its OPC. To reject this 

null hypothesis is to accept the alternative hypothesis that the 

true rate associated with the investigational device is less 

than 2 times its OPC [ 2 ]. 

 Generally, in order to provide a clinically suffi cient amount 

of data on the investigational heart valve technology, it is gen-

erally recommended by the FDA that all subjects be followed 

for 1 year or more. If a clinical investigation is for one valve 

position, it is recommended that at least 300 subjects are fol-

lowed for 1 year or more, for a total of 800 patient-years of 

follow-up. If the study is for two valve positions (i.e., aortic 

and mitral), it is recommended that at least 150 subjects are 

followed for 1 year or more for each valve position, for a total 

of 400 patient-years of follow-up per valve position. It is gen-

erally recommended that one  conducts a valve technology 

clinical study at eight or more primary centers, with 30+ sub-

jects implanted at each center for a one-position study and 

15+ subjects implanted at each center for a two-position study 

[ 2 ]. As noted within the FDA recommendations, using fewer 

than eight primary centers can introduce unanticipated bias 

into these complex clinical trials. 

 Some heart valve technologies may be implanted or 

deployed in more than one of the four heart valves. Therefore, 

it has been specifi cally recommended by the FDA that, for 

one-position and two-position studies, trials be designed for 

the subsequent implanting of 15+ subjects for each size and 

each position of valve. In other words, if a study assesses the 

potential for both aortic and mitral replacement with a given 

technology, the study should enroll 15+ subjects at the aortic 

position and an additional 15+ subjects at the mitral position, 

for each valve size. It should be noted that this recommenda-

tion of 15 subjects implanted per size per position criterion is 

based on statistical calculations for echocardiographic EOA 

data; these calculations showed that in order to assure a suf-

fi ciently narrow 95 % confi dence interval, the minimum 

number of subjects implanted with each valve size was 15. If 

you were to design a trial in which you hoped to omit any 

valve size, the FDA specifi cally recommends that you 

explain how the data you plan to collect would still remain 

representative of all the sizes that you intend to market. With 

the rapid development of cardiac imaging capabilities, any 

well-designed clinical trial on a valve technology will also 

require follow-up image assessments (Table  43.5 ).
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43.3.8        Complications and Complication Rates 

 The types of complications to expect from patients treated 

with newly developed valve technologies include valve 

thrombosis, major hemorrhage, perivalvular leak, and/or 

stroke. For the initial three complications, the rate of occur-

rence with current technologies is typically less than 1.2 % 

per patient-year (i.e., within 800 patient-years) for aortic and 

mitral positions combined [ 2 ]. Therefore, such rates typi-

cally must be matched or exceeded by the novel technology. 

It is generally recommended for valve technologies that the 

complication data include hemorrhages resulting from all 

causes (all-cause hemorrhage) rather than just hemorrhages 

related to anticoagulant therapy (anticoagulant-related hem-

orrhage). Additionally, it is typical that the complication data 

include all-cause reoperations, valve-related reoperations, 

explants, all-cause deaths, and valve-related deaths. 

 The clinical trial sponsors are ultimately responsible for 

ensuring proper monitoring of the investigation and must 

select non-biased monitors qualifi ed by appropriate training 

and experience. For example, the FDA generally suggests 

that each trial sponsor (designer) establishes a Data Safety 

Monitoring Board (DSMB) to review adverse events and 

recommend study termination if safety concerns are war-

ranted. Nevertheless, the DSMB should establish criteria for 

recommending study termination for safety reasons before 

the study begins and should meet at least two times during 

the study to monitor adverse events. Furthermore, it is rec-

ommended that the DSMB should include members who are 

independent from the study sponsors and investigators; addi-

tionally, two or more members should be physicians includ-

ing a cardiothoracic surgeon and a cardiologist. Additionally, 

if the study involves statistical analyses, one member should 

be a qualifi ed statistician. 

 It is also recommended that the sponsor establish a 

Clinical Events Committee (CEC) in order to adjudicate 

adverse events as being valve technology related or not and 

to classify the severity of an elicited adverse event. Similar to 

the DSMB, the CEC should have members who are indepen-

dent from the study sponsors as well as selected clinical 

investigators. It is important to charter CEC and DSMB 

committees for a trial, as they add independent validation to 

the credibility of the research. As the execution of the study 

proceeds and endpoints are reached, the CEC and DSMB 

committees will be commissioned to adjudicate the data 

which will be necessary for the PMA submission. Table  43.6  

outlines the recommendations for what should be included in 

a PMA submission.

   A PMA should include the actual number of all noted 

adverse events. In addition, it is generally recommended that 

   Table 43.5    Reports included as follow-up data   

 • Echocardiograms 

 • Cardiac catheterizations 

 • Other cardiovascular imaging procedures, including 

CT and MR scans 

 • Chest X-rays 

   Table 43.6    FDA recommendations for a fi nal premarket approval report   

 • Summary of patients/subjects not completing the study (stratifi ed by lost to follow-up, death, or explant) 

 • Specifi c locations of all investigational sites in which procedures were performed 

 • Relative comparison of preoperative and postoperative NYHA functional class (presented as the percentage of subjects in each class at 

baseline, at each follow-up time point, and as the percentage of subjects at each follow-up time point who improved, worsened, or did not 

change in class) 

 • Pre-implant/procedure effective orifi ce area of the given heart valve 

 • Number of implanted patients/subjects stratifi ed by the given investigational sites, replacement/repair valve positions (e.g., aortic, mitral, or 

double valve), and/or employed valve sizes 

 • Number of treated patients/subjects followed to 1 year post-procedure, stratifi ed by investigational site, valve treated (e.g., aortic, mitral, or 

double valve), and/or employed valve sizes 

 • Follow-up duration information (total and by valve position) including mean follow-up times, standard deviations, range of follow-up, and 

cumulative follow-up in patient-years 

 • Any identifi ed confounding factors (e.g., by hazard regression analysis applied to identify risk factors, gender, age at implant, preoperative 

NYHA functional classifi cation, previous valve surgery, concomitant coronary artery bypass surgery, implant position, and implant size) 

which might affect the incidence of reoperation, explant, and/or death 

 • Patient compliance data for follow-up visits (e.g., NYHA functional classifi cation data, echocardiographic data, and/or clinical laboratory 

results) 

 • Complete list of complications by patient identifi cation number 

 • Summary of any and all subject complaints received 

 • All case report forms (i.e., for a 10 % random sampling of the subject population) 

 • All copies of case report forms for each and every subject not completing the study 

 • Explant analysis data obtained for each and every case (i.e., when a valve was explanted or an autopsy was performed) 

 • All death reports, including autopsy reports when available, especially when the cause of death was classifi ed as non-valve related 

43 Clinical Trial Requirements
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the trial sponsor expresses early complication rates as the number 

of adverse events divided by the total number of subjects [ 2 ]. 

A sponsor should also include linearized late complication 

rates; these rates are calculated as the number of late adverse 

events divided by the total number of late patient-years. 

 With the rapidly changing regulatory environment and 

concerns for ensuring safety of cardiac valves, the clinical trial 

process will continually evolve. It is important to keep up to 

date on additional requirements and landmark trials that are 

testing devices similar to the new heart valves being devel-

oped today. The FDA provides valuable resources on their 

website along with a repository for most clinical trials that are 

occurring in the United States (  www.clinicaltrials.gov    ).   

43.4     Summary 

 Clinical trials are an important and critical step in bringing 

new technologies, such as cardiac devices, to the market. 

As detailed above, there are many facets involved in the 

development and execution of a clinical trial. This chapter 

provides a high-level overview of these aspects, which may 

vary from product to product. Setting up a calculated trial and 

executing it profi ciently will affect the ability to successfully 

market a cardiac device. The clinical trial requirements and 

regulatory and reimbursement landscape are vast and con-

stantly changing. When designing a clinical trial, it is impor-

tant to keep in mind the various regulatory requirements, the 

importance of GCP, the selection of participating institutions, 

data collection, endpoints, and overall execution of the trial. With 

such a heavily regulated environment as well as the intricacies 

of cardiac devices, ensuring proper conduct to ensure high 

quality data is crucial. This chapter provides a general over-

view of the present state of human heart valve clinical trials, 

including: (1) the current positions of regulatory bodies that 

oversee trials, (2) specifi c features of a trial design, and (3) 

considerations involved in the proper implementation of 

trials.     
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    Abstract  

  The primary goals of this last chapter are to: (1) make note of the technologies mentioned 

earlier in this book, (2) describe some important changes in healthcare and global markets 

that could have an impact on the use rate of technologies being developed, and (3) discuss 

several other future opportunities in the cardiac device arena. It should be noted that the 

chapters of this third edition were updated, and new ones were added to specifi cally describe 

recent critical advances in cardiac device technologies and/or clinical applications. There 

are also other areas of importance in cardiac treatment such as biological approaches to 

disease management (stem cell therapy), genomics (diagnostics and gene therapy), pro-

teomics, and/or tissue engineering, all of which may have a major impact on the future of 

cardiac clinical care; however, detailed discussions of these approaches are beyond the 

scope of this book.  
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44.1         Introduction 

 Since the second edition of this book was published in 2009, 

much has changed in the fi eld of cardiac devices. In response, 

several new chapters were added, and others were expanded in 

this third edition, so to accommodate the rapid growth and 

innovation in this fi eld. In many of these chapters, the authors 

provided histories of cardiac device development and fairly 

thorough discussions of currently employed devices and/or 

assessment technologies. To appreciate how rapidly innova-

tions in the area of cardiac disease continue to progress, one 

can simply perform a search on the United States Patent and 

Trademark Offi ce website (  www.uspto.gov    ). This search pro-

duces an impressive number of companies and/or individuals 

that are attempting to secure intellectual property protection in 

this clinical category. More specifi cally, Table  44.1  summa-

rizes the number of published  patent applications  identifi ed in 

October of 2015, 2008, and 2004, citing the following key-

words: cardiac, cardiac surgery, cardiology, cardiac electro-

physiology, cardiovascular stents, and cardiac repair.

   Note that this list likely does not include all issued pat-

ents, as some may be foreign and many of these patents 

detail prospective future products. For example, in searching 

the same database mentioned above (at time of print for this 

book), the key word CARDIAC produces 93,942  issued pat-

ents  in 2015 since 1976, compared to 49,017 patents issued 

in 2008 and 37,410 in 2004. This rapid increase includes 

only US patent applications, yet the same is true for the num-

ber of new international patent submissions. There are sev-

eral other resources to locate information on emerging 

http://www.uspto.gov/
mailto:iaizz001@umn.edu
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cardiac devices, such as the Food and Drug Administration 

website (  http://www.fda.gov    ), the  Google™ patent search 

website   (  https://www.google.com/?tbm=pts&hl=en&gws_

rd=ssl    ), and various other websites. It is important to note 

that, relative to medical devices, not all countries uphold pat-

ent protection to the same international standards; this is a 

major issue to consider as a corporation looks to expand 

globally. Discussion of these implications is beyond the 

scope of this text, but those developing cardiac devices need 

to be critically aware of this reality. For example, it was 

recently noted by Shara Aranoff, former Commissioner and 

Chairman of the US International Trade Commission [ 1 ], 

that “Over the past 20 years, the number of patent infringe-

ment disputes fi led annually at the  U.S. International Trade 

Commission (ITC)   has more than tripled. Although typically 

associated with smartphones and semiconductor chips, the 

ITC has also seen quite a few disputes involving medical 

devices. Important trends are emerging in medical device 

patent litigation at the ITC.” 

 Many novel ideas that eventually lead to new products, 

therapies, and/or training protocols often fi rst occur through 

“basic” cardiac research or clinical patient management. 

Hence, in order for emerging technologies to continue to 

advance at a rapid rate, it is imperative that laboratories per-

forming basic research in cardiac-related technological areas 

continue to receive necessary support. Furthermore, proto-

type testing and clinical trials are essential to insure that the 

best possible technologies are developed and eventually made 

available for general use. Yet, it is important to note that many 

critical lessons can be learned from trials that employ misdi-

rected devices or technologies. 

 When considering the design of a medical  device  , there 

are typically a number of key processes or steps involved:

•    A device sketch (e.g., on a cocktail napkin, iPad, or smart-

phone during a meeting with a clinician, with a signed 

nondisclosure agreement)  

•   Detailed drawings and intellectual property disclosures

• A critical study of the associated normal and pathologic 

anatomies  

•   The creation of an impressive animation of device 

design, its function, and/or its clinical delivery/placement  

•   Device prototype development (rapid, working, polished 

prototypes and/or computer simulations)  

•   Bench testing (safety, wear, and biocompatibility testing)  

•   Redesign: set on a fi nal design freeze  

•   Preclinical research: animal testing  

•   Redesign (if needed) or initiation of clinical testing  

•   Simulation systems of device implantation  

•   Market release and/or corporate acquisition    

 Some devices can be employed as life-saving measures 

prior to approval for market release, if a  Humanitarian 

Device Exemption  is obtained. For more details on the design 

process, the reader is referred to Chap.   42    . 

 As cardiac  devices   become more benefi cial and help peo-

ple live longer lives, we foresee that there will be a need to 

design devices that: (1) have even higher reliability and lon-

gevity; (2) can be upgraded, extracted, and/or replaced; and/or 

(3) allow for easy data retrieval (i.e., “big data” obtained 

remotely). More specifi cally, the retrieval of data and/or the 

reprogramming of implantable cardiac systems (sensor/pac-

ing/defi brillation) should be accomplished with minimal need 

for patient training or education; they should function as seam-

lessly and simply as possible ( you just implant them! ). As 

these systems evolve, there will be growing interest from 

healthcare payers as well as the physicians and/or hospitals 

that monitor patients. Furthermore, data would ultimately and 

automatically be interfaced with  electronic health records  

which are becoming commonplace in the USA and many 

global markets. Importantly, the increased use of home moni-

toring may be perceived as the only possible way to manage 

the growing amount of “big data” collected from the “baby 

boomer” patients receiving such therapies. This approach in 

turn may result in: (1) improved care, (2) greater levels of 

patient confi dence, (3) better understanding of disease- specifi c 

therapies, and/or (4) overall cost savings for both the health-

care industry and consumers. It should also be noted that cur-

rently there are patient-owned medical records, as mandated 

in a Presidential order in 2004. Furthermore, with the passing 

of the  Affordable Care Act  in the USA, the future of cardiac 

device coverage will be affected, but at this time it is still not 

clear how and/or to what degree. To learn more about these 

policies, the reader is referred to   http://www.hhs.gov/health-

care/facts/timeline/index.html    . The Affordable Care Act was 

passed by Congress and then signed into law by President 

Obama on March 23, 2010; on June 28, 2012, the Supreme 

Court rendered a fi nal decision to uphold the healthcare law. 

Important features of the Act include the following:

    1.     Coverage 

•    Ends preexisting condition exclusions for children: 

health plans can no longer limit or deny benefi ts to 

children under 19 due to a preexisting condition.  

•   Keeps young adults covered: individuals under 26 of 

age may be eligible for coverage under their parents’ 

   Table 44.1    Patent applications for various key words   

 Keyword 

 Number of patent applications 

 2015  2008  2004 

 Cardiac  93,942  46,946  18,920 

 Cardiac surgery  5,404  2331  1015 

 Cardiology  14,798  3961  1480 

 Cardiac electrophysiology  869  213  79 

 Cardiovascular stents  313  137  52 

 Cardiac repair  224  127  32 

   Source : United States Patent and Trademark Offi ce website (  www.

uspto.gov    )  
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health plan.  

•   Ends arbitrary withdrawal of insurance coverage: 

insurers can no longer cancel coverage just because an 

individual makes an honest mistake.  

•   Guarantees right to appeal: individuals have the right 

to ask their insurance provider to reconsider denial of 

payment.      

   2.     Costs 

•    Ends lifetime limits on coverage: lifetime limits on most 

benefi ts are banned for all new health insurance plans.  

•   Reviews premium increases: insurance companies 

must publicly justify any unreasonable rate hikes.  

•   Helps individuals get the most from their premium 

dollars: dollars spent on premiums must be spent pri-

marily on healthcare, not administrative costs.      

   3.     Patient Care 

•    Covers preventive care at no cost: individuals may be 

eligible for recommended preventive health services 

without a copayment.  

•   Protects choice of doctors: individuals may choose 

their own primary care doctors from the plan’s 

network.  

•   Removes insurance company barriers to emergency 

services: individuals can seek emergency care at a hos-

pital outside of the health plan’s provider network.       

  Within the last several years, we have again witnessed a 

fair number of cardiac device recalls due to the so-called 

 inherent failures . However, this may be not so surprising, as 

the sophistication of these devices continues to increase and 

more and more clinicians have started to implant them. 

Nevertheless, it needs to be emphasized that human cardiac 

anatomy is highly variable and dynamic (ever changing, with 

reverse remodeling occurring with improved outcomes and 

survival); thus, we need to consider that the implant environ-

ment continues to change post-therapeutically (post-implant) 

and is a highly caustic environment. The human body has 

innate healing and foreign body response systems. 

 Despite the occurrence of failed devices, all designs were 

required to pass rigorous bench testing, animal trials, and 

human clinical trials before approval for market release. It is 

of interest to note that each company often designs their own 

bench testing equipment because, in most cases, the device 

designs are novel or unique. In fact, many times this testing 

equipment also becomes proprietary. Therefore, it is likely 

that bench testing of cardiac devices with high sales volumes 

will become regulated by governments sometime in the near 

future. 

 To provide greater perspective on the design and testing 

challenges facing the cardiac device industry, perhaps an 

example will suffi ce. A pacing lead moves approximately 

100,000 times every day (or 37,000,000 times annually), 

and this can occur in multiple locations and with numerous 

degrees of freedom. Furthermore, when considering failure 

of the lead insulation alone, we must expect failures due to 

abrasions, the association with the fi brous device pocket, the 

potential for lead-to-lead interactions, anatomical consider-

ations (bones, ligaments, etc.), and/or other complications. 

It is also interesting to note that some features of lead 

implantation (e.g., design of the anchoring sleeves) have 

received little attention or study, yet this may greatly infl u-

ence the potential for lead failures. For a detailed review on 

the bench testing of cardiac valves, the reader is referred to 

Kelley et al. [ 2 ]. 

 Again, several new chapters were added to this edition 

of the textbook, and others were updated to provide the 

reader with additional information on bench top (in vitro), 

preclinical, and clinical testing/research (e.g., Chaps.   27     

and   41    –  43    ).  

44.2     Resuscitation Systems and Devices 

 Even before  the   cardiac patient enters the emergency and/or 

operating room, there are many new technologies being 

developed to aid in resuscitation. Such innovations range 

from improvements of existing tools (e.g., automated appli-

cation of cardiopulmonary resuscitation, the use of active 

compression–decompression devices) to novel mechanisms 

that accomplish better patient outcomes (e.g., impedance 

threshold valve, cerebral cooling, and inducing mild hypo-

thermia). Furthermore, automated external defi brillators 

have become commonplace in the USA, with units being 

purchased for use in schools, health clubs, emergency vehi-

cles, shopping malls, and even personal homes. Recent clini-

cal trials describe the success of these emerging technologies 

(see Chap.   38    )   .  

44.3     Implantable Therapies 

 Advances  in      microtechnology have now made it possible to 

create implantable therapies that can be life saving, e.g., 

implantable defi brillators to detect and treat thousands of 

episodes of sudden cardiac fi brillation. For example recently, 

there has been a drive to implant vagal nerve stimulators for 

several proposed therapies including heart rate control, blood 

pressure control, dietary control, and/or even the reversal of 

depression. The need for such devices will likely increase at 

an exponential rate and will be directed specifi cally to all 

types of cardiac complications. 

44.3.1     Left Atrial Appendage/Atrial 
Fibrillation Therapy 

 There  are       growing   numbers of treatment for the side effects 

of atrial fi brillation which, in some patients, leads to crip-
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pling strokes. The focus of these devices is to modify the role 

of the left atrial appendage in pathologies associated with 

atrial fi brillation. More specifi cally, this tiny alcove of the 

heart has been described to service as a “starter heart” for the 

human embryo; it can be a site for blood to pool and subse-

quently form clots that can be expelled out of the heart and 

into the brain, causing strokes. Today, it is estimated that 

atrial fi brillation affects fi ve million people worldwide and is 

considered to be responsible for up to 25 % of all strokes. It 

has been reported that, due to aging of the population, the 

number of patients with atrial fi brillation will likely increase 

by approximately 2.5-fold by the year 2050 [ 3 ]. 

 At present, one of the most common treatments for atrial 

fi brillation is the administration of anticoagulant drugs; note 

that there are several new drugs available in addition to cou-

madin. From a device perspective, suggested approaches to 

treat this problem include tissue clamps, screens, and other 

methods to seal off the appendage; many of these approaches 

are being studied through ongoing clinical trials. 

Nevertheless, ablation is a critical tool for treating atrial 

fi brillation, and for more details the reader is referred to the 

new chapter in this textbook (Chap.   29    ), as well as Chap.   32     

on the mapping of such arrhythmias.  

44.3.2     Cardiac Remodeling 

 Chronic  cardiac remodeling   is a well- known   response of 

dilated cardiomyopathy and is thought to play a central role 

in disease progression [ 4 – 6 ]. Associated heart chamber dila-

tion and/or wall thinning will elevate overall wall stress 

which is considered to trigger the local release of neurohor-

mones, thereby adversely affecting myocardial molecular 

biology and physiology [ 7 ]. Therapeutic approaches to treat 

heart failure have been described primarily as a means to 

inhibit or even induce reverse remodeling (e.g., beta- 

adrenergic blockade). More recently, mechanical unloading 

using left ventricular assist devices (see Chap.   39    ), extracor-

poreal pumps (Chap.   33    ), or portable whole heart support 

systems (e.g., EXCOR®, Berlin Heart, Berlin, Germany) 

have been employed as alternatives. Such interventions can 

profoundly unload a heart, leading to reverse remodeling 

and thus improved physiological performance [ 4 ]. The 

design of such pump systems has been ongoing, and the goal 

has been to transition from external (or partially external) to 

fully implantable pumps (e.g., external to internal pumps 

with small rechargeable battery packs). Furthermore, when 

system developers changed from pulsatile to continuous 

pumps, pump size was reduced by ~1/7, pump weight was 

reduced by ~1/4, and they were also quieter and more reli-

able (e.g., fewer moving parts); see Chap.   39     for further 

 details  .   

44.4     Catheter-Delivered Devices 

 Since the  fi rst   edition of this textbook in 2005, there has been 

a boom in the delivery of specialized cardiac devices that can 

be introduced intravascularly or via intracardiac methods. 

Such devices include stents, septal occluder devices, valves, 

leads, implantable pacemakers, and ablation tools (see 

Chaps.   8    ,   28    ,   30    , and   35    ). Currently, the fi eld of transcatheter- 

delivered valves is one of great interest and high competition 

within the medical device industry (Chap.   36    ). In addition, 

the team approach for the clinical delivery of such systems is 

becoming widespread, with cardiologists and cardiac sur-

geons working together in hybrid catheter lab/operating 

rooms to perform multi-tiered treatments on patients (e.g., 

implanting pacing/defi brillation systems, valves, and/or 

bypass grafts). As the number of these  centers of excellence  

continues to increase to perform such procedures, it is likely 

that older individuals will be receiving implantable devices 

and/or other cardiac therapies. It should be noted that there 

are also cardiac catheters on the market to deliver stem cell 

or gene therapies (see Chap.   40    )   . 

44.4.1     Stents 

 An  intraluminal   coronary artery stent is a small wire mesh 

tube that is placed within a coronary artery to keep the vessel 

patent (open). Stents are commonly deployed: (1) during a 

coronary artery bypass graft surgery to keep the grafted ves-

sel open, (2) after balloon angioplasty to prevent reclosure of 

the blood vessel, and/or (3) during other heart surgeries. For 

delivery, a stent is collapsed to a small diameter and put over 

a balloon catheter. Typically with the guidance of fl uoros-

copy, the catheter and stent are moved into the area of the 

blockage. When the balloon on the delivery catheter is 

infl ated, the stent expands, locking it in place within the ves-

sel and thus forming a scaffold which holds the artery open. 

Stents were originally intended to stay in the vessel perma-

nently, keeping it open to improve blood fl ow to the 

 myocardium and thereby relieving symptoms (usually 

angina). Note that a stent may be used instead of angioplasty. 

The type of stent to be deployed depends on certain features 

of the artery blockage, i.e., size of the artery and where the 

blockage is specifi cally located. Today bioabsorbable stents 

are being deployed. Often stents need to be placed at vessel 

bifurcations, and thus special techniques and/or stents need 

to be deployed. For example, a  provisional technique  is a 

generally accepted procedure for treating a bifurcation in a 

coronary artery. The main branch is stented fi rst, with the 

stent deployed to a diameter matching the distal side of the 

target vessel. This is then followed by a  proximal optimiza-

tion technique  which addresses the malapposition of stent 
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struts resulting from sizing the stent using the distal side of 

the target vessel. Lastly, the use of a fi nal  kissing balloon 

technique , in which two balloons are simultaneously 

deployed into the main branch and side branch, is used in 

order to restore patency to the jailed side branch and obtain 

better strut apposition at the bifurcation (see:   http://www.

vhlab.umn.edu/atlas/device-tutorial/stents    ). It should be 

noted that at the Transcatheter Cardiovascular Therapeutics 

(TCT) meetings held in 2014 and 2015, a special session was 

dedicated to the discussion of various stenting techniques 

that can be utilized in various clinical situations (see:   http://

www.crf.org/tct    )   .  

44.4.2     Catheter-Delivered Leads or 
Pacemakers 

 One of  the   continuing challenges in the area of intracardiac 

lead development is to downsize lead diameters and, at the 

same time, minimize the possibility of fractures or failures. 

Similarly, there is growing practice in the placement of leads 

within the cardiac veins, as well as in the development of 

tools for cannulation of the coronary sinus. For a detailed 

discussion of left-sided leads and resynchronization therapy, 

the reader is referred to Chap.   31    . 

 Although pacing systems with leads have been utilized 

since the inception of cardiac pacing, recent advances in 

miniaturization technology and battery chemistry have made 

it possible to develop a self-contained pacemaker small 

enough to be implanted entirely within the heart, while still 

aiming to provide similar battery longevity to conventional 

pacemakers. In general, leadless pacemakers (or 

transcatheter- delivered pacemakers) are self-contained 

devices designed to be implanted within the chambers of the 

heart directly at the desired site of pacing. By eliminating the 

need for a subcutaneous device pocket and insertion of a per-

manent lead within the vasculature, some of the complica-

tions associated with traditional pacing systems can be 

avoided, including pocket infection, erosion and/or hema-

toma as well as lead dislodgement, fracture and/or infection. 

For more details on these devices, see Chap.   30    .   

44.5     Implantable Sensors 

 Device  and      battery technologies continue to decrease in size 

and, at the same time, exhibit improved effi ciency. Also, 

there have been rapid advances in printable and/or fl exible 

micro-electronics. In turn, this creates increasing opportuni-

ties for novel approaches to long-term assessment of various 

physiological parameters from unique aspects of the entire 

cardiovascular system. Numerous innovations for the man-

agement and collection of “big data” have arisen in the fi eld 

of medicine, including implantable computers and sensors, 

wireless data transmission, and web-based repositories for 

collecting and organizing information. 

 One such device, the  Reveal LINQ™ Insertable Cardiac 

Monitor   (Medtronic, Inc., Minneapolis, MN, USA), is an 

implantable monitoring system that records subcutaneous 

electrocardiograms and is indicated for human clinical use 

for: (1) patients with clinical syndromes or situations at 

increased risk of cardiac arrhythmias, and (2) patients who 

experience transient symptoms that may suggest a cardiac 

arrhythmia [ 8 ]. A common use of the system is for unex-

plained syncope (fainting), in which case the implanted 

device can capture episodes with impaired cardiac output, 

including bradycardias (unusually low heart rates), asystoles 

(long periods without a heartbeat), or tachycardias (unusually 

high heart rates). The Reveal LINQ is intended to continu-

ously sense and collect unique and valuable information such 

as heart rate, physical activity, and body temperature from a 

sensor injected under the patient’s skin. Subsequently, physi-

cians can access these data via a controlled website at any 

time and review screens that present summaries from the lat-

est downloads, trend information, and/or detailed records 

from specifi ed times or problem episodes. Interestingly, these 

human clinical devices have been recently deployed in cap-

tive and free-ranging wildlife to aid in the characterization of 

normal physiology and the interaction of animals with their 

environment, including reactions to  humans      (Fig.  44.1 ) [ 9 ].

44.6        Procedural Improvement 

 With  pressure   on the healthcare system to continually reduce 

treatment costs and better document the outcome benefi ts of 

a given therapy, much effort will continue to be focused on 

procedural improvements for cardiac care. 

44.6.1     Cardiac Imaging 

 Our  ability   to image internal and external features of the 

heart continues to improve at a rapid rate and, as indicated in 

Chaps.   22     and   24    , the sophistication of such systems can be 

quite extreme. Yet, as the cost of computer hardware 

decreases and capabilities increase, opportunities to down-

size and develop such technologies for widespread use con-

tinue to become more and more  feasible     .   

44.7     Training Systems 

  As   technologies have become more advanced, so has the need 

to teach students, residents, and physicians on how to use 

them. There are numerous education programs, conferences, 
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websites, teleconferences, and special courses offered. For 

example, our laboratory has developed a free access website 

dedicated to the education of functional cardiac anatomy, 

imaging, 3D models, and device deployment (see   http://

www.vhlab.umn.edu/atlas/    ).  

44.8     Summary 

 Within this book, several devices utilized for cardiac electro-

physiology, interventional cardiology, and cardiac surgery 

were discussed. The development of such innovative technol-

ogies continues to mature at a rapid rate and includes: (1) 

resuscitation systems and devices, (2) implantable therapies 

(pacemakers, implantable cardioverter defi brillators, stents, 

septal occluders, valves, annular rings, fi brin patches, etc.), (3) 

delivery systems/invasive therapies (angioplasty,  ablations, 

catheters, etc.), (4) procedural improvements  (noninvasive 

mapping systems, 3D echocardiography, magnetic resonance 

imaging, training simulators, etc.), (5) less  invasive surgical 

approaches (off-pump, robotics, direct aortic transcatheter 

valve placements, etc.), (6) post-procedural follow-up/tele-

medicine (electrical, functional, adverse events, etc.), and (7) 

training tools. There is no doubt that continued improvement 

of these technologies, as well as advances in rehabilitation and 

other support services (patient education, training, home mon-

itoring, etc.), will extend and/or save lives and enhance the 

overall quality of life for individuals with cardiovascular dis-

ease. Many of these developments are currently available, and 

the challenge for healthcare providers in the coming years will 

be to provide the best possible care in the most cost-effective 

way. Perhaps we will see the day of the family house call once 

again, where the healthcare provider visits the home and 

assesses and monitors all family members living there during 

a single visit (ECGs, electronic auscultations, pressure assess-

ments, echocardiography, device reprogramming, blood and 

  Fig. 44.1    The use of a wireless telemetry system at a bear den. The 

insertable cardiac monitor (Reveal LINQ™, Medtronic Inc., 

Minneapolis, MN, USA) communicated with a relay station housed 

in a waterproof container via an antenna buried under the bear. 

Transmissions to an Internet site were via a cellular module 

attached to a timber tripod fabricated at the site. The system was 

powered by 12 V batteries charged by a solar panel [ 9 ].  ICM  insert-

able cardiac monitor       
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genetic analyses, etc.). It should be noted that it was not that 

long ago, in the 1960s, that medical students were still 

instructed on how to perform a “traditional house call.” 

 In conclusion, it is exciting to think about the technolo-

gies that have been employed thus far as well as those that 

are being developed that will positively affect the overall 

healthcare of the cardiac patient. It continues to be an exhila-

rating era to be working in the fi eld of cardiovascular 

sciences.     
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 practical applications of , 209  
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implications , 587–589  

 LV lead position scar, and mechanical dyssynchrony , 587  

 mild , 584–585  
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  Cardiac skeleton , 63, 71, 75–77, 95, 116–117   

  Cardiac tamponade , 48, 65, 165   

  Cardiac ultrasound 

 clinical applications of 
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 standard transthoracic examination , 391–392  

 transesophageal echocardiography , 391  
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 three-dimensional imaging technology , 393  

 ultrasound imaging technology , 393   

  Cardiac valves 

 aortic valve , 127–129  

 atrioventricular valves , 117–119  
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  Cardioplegia , 624  

 adjunct topical hypothermia , 631–632  

 administration , 629–631  

 Birmingham solution , 627  

 Bretschneider solution , 627  
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 coronary artery disease , 660  
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 systemic infl ammatory reaction , 660  
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  Circulatory support pumps 

 axial-fl ow pumps , 189  

 centrifugal pumps , 189  

 counter-pulsation pumps , 189  
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 fi nger arteries , 404  

 measurement , 403   

  Continuous wave Doppler , 387   

  Contractile activity , 121   

  Contractility , 338–339   

  Contrast-enhanced MRI (ce-MRI) , 418   

  Conventional cardiac surgery , 659, 660   
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  Coronary artery anomalies , 185   

  Coronary artery bypass grafting (CABG) , 660–661   

  Coronary artery development , 29   

  Coronary artery imaging , 393   

  Coronary blood fl ow , 298   

  Coronary care unit , 400   
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 Coronary vascular system (cont.) 

 microanatomy of , 146  

 valves , 145–146  

 differences between coronary arteries and veins , 137, 147  

 engineering parameters and design , 151  

 anatomical parameters assessment , 156  

 branch angle , 155  

 clinical relevant anatomy , 155–156  

 cross-sectional profi le , 152  

 diameter , 151  

 motion characteristics , 155  
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 wall thickness , 154  

 and medical devices 
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  Crystalloid cardioplegic solutions , 626–628   
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  Dual-chamber timing diagram , 555   

  Dual pathway electrophysiology , 217   

  Dynamic auscultation , 316   

  Dynamic distribution volume , 431    
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  Eccentric hypertrophy , 209   
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 cardiac laser ablation system design , 538  

 clinical use and safety aspects , 539–540  
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  Eparterial bronchus , 55   

  EPCs.    See  Endothelial progenitor cells (EPCs)  
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  Facets , 36   

  Failing hearts , 381–382   

  False ribs , 36   

  Fan cords , 117   

  Fast spin echo imaging , 413   

  Fast ventricular tachycardia zone , 563   

  Fatty acid metabolism , 369–370, 375   

  Fenestrated capillaries , 6   

  Fentanyl , 298   
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 technique , 414   
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 blood fl ow pathway , 8  
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 cardiac skeleton , 77  
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 functions , 62  

 glucose metabolism , 365–369  

 inferior/diaphragmatic surfaces , 18, 19  

 internal anatomy , 65–67  

 cardiopulmonary circulation , 67  

 cross-section , 65  

 left atrium , 73–74  

 left ventricle , 74–77  

 right atrium , 67–71  

 right ventricle , 70–73  

 left ventricle and atrium , 21  

 mitochondrion , 369  

 myocardial blood fl ow regulation , 363  

 myocardial carbon substrate selection , 372–373  

 myocardial contractions , 9  

 pericardial fl uid , 8  

 pericardium , 8  

 position in thorax , 62–64  

 posterior surfaces of , 18  

 properties , 9  

 pumping principles , 8  

 right ventricle and atrium , 20  

 superior surfaces of , 19  

 sympathetic neural reinnervation , 248–249  

 tricarboxylic acid cycle , 373–374  

 valves of 

 replacement , 635  

 valvular diseases   ( see  Mitral valve disease) 

 vasculature 

 cardiac veins , 84–87  

 left coronary artery , 83–84  

 myocardial bridges , 87  

 right coronary artery , 82–83  

 ventricular chambers , 17   

  Heart attack, 139, 148

Heart block, and pacemaker , 448–451   

  Heart failure (HF) 

 classifi cation types , 461  

 defi nition , 461  

 goal therapy , 461  

 management of , 462  

 neurohormonal activation in , 462  

 in pediatric patients , 188  

 treatment guidelines for , 462–463   

  Heart Leafl et Technologies , 452, 677   

  Heart-lung machine , 441, 444  

 basics , 621–622  

 priming , 622–623   

  HeartMate II , 191, 192   

  HeartMate III , 194   

  HeartMate II LVAD , 729   

  HeartMate SNAP-VE , 727   

  HeartMate X , 194   

  Heart rate control, inhalational anesthetics , 297–298   

  Heart sounds , 313–314   

  Heart transplant, anesthesia , 304   

  Heart valve clinical trials 

 class III life-sustaining devices , 777  

 cycle/process , 780  

 complications , 785–786  

 development of design , 780–781  

 enrolled patients, data collection for , 783–784  

 execution , 782–783  

 FDA guidance document , 783  

 follow-ups , 784  

 site selection , 782  

 Ethics Committee , 779  

 Institutional Review Board , 779  

 investigator , 778  

 monitors , 778  

 purpose of , 771  

 regulatory agency , 779  

 Europe, notifi ed bodies , 779–780  

 FDA, United States , 779  

 good clinical practice , 780  

 sponsors , 779  

 types of , 778   

  Heart valves 

 replacement, device qualities for , 472  

 University of Minnesota , 451–452   

  Heartware HVAD™ , 192   

  HeartWare MVAD pump , 193, 194   

  Hematocrit , 4, 620   

  Hemodilution , 620–621   

  Hemodynamics , 623–624   

  Hemoglobin , 4   

  Hemolysis , 472, 483   

  Heparin-induced thrombocytopenia (HIT) , 619   

  Heparinoids , 619   

  Heparin types , 619   

  Hepatocyte growth factor (HGF) , 736   

  hESC-derived cardiomyocytes (hESC-CMs) , 735   

  Heterotopic cardiac transplantation , 478–480   

  HF.    See  Heart failure (HF)  

  HGF.    See  Hepatocyte growth factor (HGF)  

  Hibernating myocardium , 280, 284   

  Hibernation induction trigger (HIT) , 289   

  High-frequency transducers , 393   

  High-intensity focused ultrasound balloon catheter (HIFU BC) , 533–534   

  High-resolution images , 753   

  hiPSC-derived endothelial cells (hiPSC-ECs) , 735   

  hiPSCs into smooth-muscle cells (hiPSC-SMCs) , 735   

  His-Purkinje system 

 bundle branches , 519  

 EPS, catheter ablation , 509–510  

 measurements , 510   

  Histology stains , 486   

  Holosystolic murmur , 318   

  Holter monitor , 324, 332   

  Homeostasis , 241   

  Hormonal regulatory system , 10   

  Human embryonic stem cells , 734–735   

  Human heart 

 anterior aspect of , 91, 92  

 anterior surface , 104  

 atrioventricular conduction systems , 103  

 electrophysiologic properties , 228, 229  

 embryology and developmental timeline , 23–25  

 end-diastolic volumetric reconstruction , 105  

 mitral  vs.  aortic valve, fi brous continuity , 100  

 opened right ventricular cavity , 97, 99  

 triangle of Koch , 101, 102  

 tube fusion, cross-sectional view of , 25, 28  

 ventricular cavities , 96, 97  

 weight to body weight ratios , 91   

  Human induced pluripotent stem cells (hiPSCs) , 735   

  Humanitarian device exemption (HDE) , 775   

  Human primary linear heart tube , 25, 27   

  Human resting sinus heart rate , 521   

  Hyperacute rejection, of pig heart , 481   

  Hyperautomaticity , 558   

  Hyperglycemia , 409   
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  Hypertension , 308, 350  

 agents with compelling indications , 460  

 goals of therapy for , 458–459  

 JNC8 guidelines , 459  

 treatment guidelines for , 459–460  

 in United States , 458   

  Hypertrophied hearts , 381–382   

  Hypertrophy , 738   

  Hypocalcemia , 283   

  Hypoplastic left heart syndrome (HLHS) , 185, 396   

  Hypotension , 308, 711   

  Hypothalamus , 241–242   

  Hypothermia , 441, 704, 707    

  I  

 ICU.    See  Intensive care unit (ICU)  

  Idiopathic hypertrophic subaortic stenosis (IHSS) , 340   

  Image acquisition , 413, 414, 416   

  Immature myocardium , 30   

  Impedance threshold device (ITD) , 701  

 ACD-CPR device , 701–704  

 AHA guidelines , 701  

 chest compression , 701, 702  

 CPR , 701–704  

 cracking pressure , 713  

 hyperventilation , 702  

 ICPs , 702  

 LBNP chamber , 715  

 low blood pressure , 717  

 lowering intrathoracic pressure , 717  

 PEA , 702  

 porcine hemorrhagic model , 714  

 ROSC , 704  

 spontaneously breathing version , 713  

 systolic blood pressure , 713   

  Implantable cardiac devices , 424–425   

  Implantable cardioverter defi brillators (ICDs) , 424, 425, 462–463, 

578, 583, 584–586, 588  

 capacitor function , 562  

 clinical trials , 568  

 components , 561  

 evolution , 559  

  vs.  implantable pulse generator , 546  

 indications , 559  

 recommendations , 545  

 sensing and detection , 562–565  

 shock waveforms , 566  

 silver vanadium oxide battery, depletion curve , 562  

 therapies , 561  

 workings , 561   

  Implantable defi brillation system , 547   

  Implantable pacing and defi brillation systems , 546–547   

  Implantable pulse generator (IPG) , 546, 548  

  vs.  implantable cardioverter defi brillator , 546   

  Implantable sensors , 791   

  Implantable therapies , 789  

 cardiac remodeling , 790  

 left atrial appendage/atrial fi brillation therapy , 789–790   

  Impulsive maverick , 440   

  Inappropriate sinus tachycardia (IST) 

 catheter ablation , 511–512  

 diagnosis , 497   

  Incisional atrial tachycardia , 513   

  Infection , 195   

  Inferior vena cava (IVC) , 177   

  Infl ammation 

 cross talk between thrombosis and , 270  

 molecular signaling and vascular interventions , 270–272   

  Inhalational anesthetics 

 blood pressure and systemic vascular resistance , 297  

 cardiac conduction system and control of heart rate , 297–298  

 cardioprotection/preconditioning , 299  

 cardiovascular effects of , 298  

 chemical structure of , 297  

 contractility and cardiac output , 298–299  

 coronary blood fl ow , 298  

 minimum alveolar concentration , 296–297  

 myocardial preconditioning with , 304  

 pulmonary blood fl ow , 299   

  In-life stage, pathology , 483   

  Insertion length , 124   

  Instantaneous stroke volume , 544   

  Institute for Engineering in Medicine (IEM) , 454   

  Institutional Animal Care and Use Committee (IACUC) , 473   

  Insulin-like growth factor (IGF-1) , 735, 739   

  Integrated bipolar lead , 570   

  IntellaMap Orion TM  high resolution mapping catheter , 605   

  Intensive care unit (ICU) 

 goals of monitoring 

 cardiac function evaluation , 400  

 Cochrane database systems review , 402  

 diagnosis of shock , 400  

 randomized nonblinded study , 402  

 vasoactive therapy titration , 400–401  

 invasive monitoring techniques 

 arterial blood pressure monitoring , 403–405  

 cardiac hemodynamics , 407–408  

 complications , 406–407  

 CVP monitoring , 403  

 monitoring techniques in , 400, 403  

 perfusion monitors , 408–409  

 pulmonary artery catheterization , 405–406  

 resuscitation clinical end points , 400  

 ultrasound machine in , 408  

 use of , 400  

 telemedicine , 402–403   

  Intercalated discs , 65, 121, 223   

  Intercellular crystalloid solutions , 626   

  Intercostal muscles , 40   

  Intercostal nerves , 41   

  Intercostals arteries and nerves , 42   

  Interleukin-1beta (IL-1beta) , 269   

  Internal jugular vein , 403   

  Interrupted aortic arch (IAA) , 183   

  Interstitial Cajal-like cells , 231   

  Intervalvar septum , 98   

  Interventional MRI , 411   

  Interventricular septum (IVS) , 682   

  Intracranial pressure (ICP) , 702, 705   

  Intrathoracic pressure (ITP) , 700, 701, 704   

  Intrathoracic pressure regulation (IPR) therapy , 699  

 effects , 720   

  Intravascular ultrasound (IVUS) , 148, 393, 395   

  Intravenous anesthetics 

 acupuncture , 303–304  

 barbiturates , 299–300  

 benzodiazepines , 300–301  

 cardiovascular effects of , 298  

 depolarizing muscle relaxant , 303  

 dexmedetomidine , 303  

 etomidate , 302–303  
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 ketamine , 301  

 myocardial preconditioning with , 304  

 nondepolarizing muscle relaxants , 303  

 opioids, 301propofol , 302   

  Intussusception process , 28   

  Invasisve arterial pressure monitoring systems , 310–311   

  Invasive monitoring techniques in ICU 

 arterial blood pressure monitoring , 403–405  

 cardiac hemodynamics , 407–408  

 complications , 406–407  

 CVP monitoring , 403  

 monitoring techniques in , 400, 403  

 perfusion monitors , 408–409  

 pulmonary artery catheterization , 405–406  

 resuscitation clinical end points , 400  

 ultrasound machine in , 408  

 use of , 400   

  Inverse problem of electrocardiography , 601   

  Inversion pulse , 412   

  In vitro isolated heart models , 754–755   

  Irrigated tip RF catheter , 526   

  Ischemia injury 

 acute and global assessments , 291  

 antioxidants , 288  

 calcium channel antagonists , 288  

 glucose–insulin–potassium , 288  

 glutamate/aspartate , 289  

 growth factors , 288–289  

 hibernation-specifi c proteins , 289  

 Na + /H +  exchange blockers , 287  

 nitric oxide , 289  

 pharmaceutical agents , 289–290   

  Ischemic cardiomyopathy (ICM) , 578–579, 583   

  Ischemic heart disease 

 adult stem cells 

 cardiac progenitor cells , 737–740  

 endothelial progenitor cells , 737  

 mesenchymal stem cells , 736–737  

 umbilical cord blood stem cells , 737  

 VT ablations of , 518–519   

  Ischemic myocardium , 379–381   

  Ischemic preconditioning , 281, 282, 284   

  Ischemic stroke , 464   

  Ischemic syndromes , 280–283  

 heart protection from , 284–285  

 hibernating myocardium , 284  

 ischemic preconditioning , 284  

 maimed myocardium , 284  

 myocardial stunning , 283  

 silent ischemia , 284   

  Islet-1 gene expression , 740   

  Isochronal activation map , 608   

  Isochronal maps , 608   

  ISO 5840 document , 483   

  Isolated cardiomyocytes , 470   

  Isolated heart models 

 anatomical specimens and static imaging , 752  

 four-chamber working mode , 755  

 preparations 

 bench top experimental setting , 755–756  

 Visible Heart ®  methodologies , 756  

 right-side working mode , 755  

 species selection , 756–757  

 understanding/controlling heart function in vitro , 757–758  

 in vitro , 754–755   

  Isolated perfused heart models , 470–472   

  Isopotential activation map , 608   

  Isopotential maps , 600, 608   

  IST.    See  Inappropriate sinus tachycardia (IST)  

  ITD.    See  Impedance threshold device (ITD)  

  ITPR therapy , 717  

 benefi ts , 719  

 blood volumes , 719  

 cardiac arrest , 717  

 effects , 718  

 ETP , 718, 719  

 lower intrathoracic pressure , 718  

 MAP , 716, 717    

 IVS.    See  Interventricular septum (IVS)   

  J 

  Jostra Rotafl ow ®  , 190   

  Joules–Thomson effect , 529   

  Junctional escape rhythm , 509    

  K 

  Kawasaki syndrome , 393   

  Ketamine , 301–302   

  Koch’s triangle , 216   

  Korotkoff sounds , 309   

  Kugel’s artery , 83    

  L 

  Laminae , 36   

  Langendorff perfusion method 

 advantage , 471  

 disadvantage , 471   

  Large mammalian cardiovascular research models, qualitative  vs.  

quantitative cardiac anatomy 

 heart preservation , 102  

 importance of , 101–102  

 materials , 102  

 perfusion-fi xed hearts assessment , 103–104  

 previous studies , 110–112  

 qualitative results , 105–108  

 quantitative results , 108–110   

  Larmor frequency 

 defi nition , 412  

 magnetic resonance imaging , 412–413  

 nuclear dipole precesses at , 413   

  Laryngoscopy , 296   

  Late diastolic murmur , 315   

  Lateral resolution , 386   

  Late systolic murmur , 315    

 LCO.    See  Left coronary artery ostium (LCO)  

  12-lead electrocardiography (ECG) , 495   

  Leadless pacemakers , 572–574   

  LeCompte maneuver , 181   

  Left anterior descending artery , 17, 20   

  Left atrium , 61   

  Left bundle branch block (LBBB) , 578–579   

  Left circumfl ex artery , 20   

  Left coronary artery (LCA) , 19, 20, 185   

  Left coronary artery ostium (LCO) , 682   

  Left heart bypass technique , 618   

  Left-sided superior vena cava (LSVC) , 177   

  Left ventricle 

 aortic semilunar valve , 75–77  

 bicuspid (mitral) valve , 74–75  
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 Left ventricle (cont.) 

 FHF contribution , 23–25  

 role , 61   

  Left ventricular assist device (LVAD) , 188, 191, 196, 482, 725–728.    

 See also  Ventricular assist devices (VADs)  

  Left ventricular ejection fractions (LVEF) , 578, 580, 583   

  Left ventricular (LV) lead position , 587  

 baseline mechanical dyssynchrony, scar, and implications , 587–589  

 scar, and mechanical dyssynchrony , 587–589  

 unipolar and bipolar , 582   

  Left ventricular mass , 427   

  Less invasive cardiac surgery , 659  

 aorta manipulation , 661  

 aortic non-touch techniques , 666  

 aortic valve replacements , 662–665  

 cardiopulmonary bypass, side effects , 660–661  

 conventional cardiac surgery , 659, 660  

 endoscopic robotics , 667–668  

 future aspects , 668–669  

 incision size , 660  

 OPCABG surgery , 665–666  

 sternum-sparing surgery , 662    

 Leukocytes.    See  White blood cells  

  LHI Lecture Series , 450   

  LICU ® .    See  Low-intensity collimated ultrasound ablation 

system (LICU ® )  

  LiDCO monitor , 407   

  LifeScience Alley , 453–454   

  Life-threatening hypotension , 711–717   

  Lillehei–DeWall bubble oxygenator , 444–448  

 Mayon polyethylene tubing , 447  

 silicone antifoam solution , 447   

  Lillehei Endowed Scholars Program , 450   

  Lillehei Heart Institute (LHI) 

 description , 450  

 efforts of , 450   

  Linear heart tube, FHF contribution , 23–25   

  Linear images , 386   

  Lingula , 54   

  Lithium iodide battery , 553, 562   

  L-looping , 176   

  Local blood fl ow , 8   

  Local drug delivery , 466   

  LocaLisa ®  sequential mapping system , 601, 603–604   

  Lone atrial fi brillation , 505   

  Loop recorder , 332–334   

  Lower body negative pressure chamber (LBNP) , 715, 716   

  Lowers intracranial pressures (ICPs).    See  Intracranial pressure (ICP)  

  Low-intensity collimated ultrasound ablation system (LICU ® ) , 534   

  L-transposed great vessels , 176, 178   

  Lungs , 54–56  

 anterior border , 54  

 bronchi , 54  

 costal surface , 54  

 diaphragmatic surface , 54  

 divisions , 54  

 function of , 54  

 inferior border , 54  

 lymphatic drainage , 56  

 mediastinal surface , 54  

 posterior border , 54  

 pulmonary artery , 55  

 surface anatomy of , 54   

  LV apex , 106   

  Lymphatic drainage pattern , 56   

  Lymphatic system , 11–12    

  M 

  Macrophage colony-stimulating factor (M-CSF) , 269   

  Magnetic fi eld , 412   

  Magnetic resonance angiography (MRA) , 149   

  Magnetic resonance imaging (MRI) 

 assessment of biomedical device performance , 425  

 benefi t of , 412  

 blood fl ow velocity , 420  

 cardiac morphology , 414  

 for cardiovascular interventions , 423–424  

 echo , 413–414  

 fi ber structure 

 diffusion tensor MRI , 422, 423  

 myofi ber orientation , 421–422  

 pathological changes in , 422  

 global cardiac function , 414–416  

 image contrast , 414  

 implantable cardiac devices , 424–425  

 late gadolinium enhancement on , 588  

 myocardial perfusion , 417–418  

 myocardial viability , 418–420  

 overview of , 412–414  

 quantitative analyses , 425  

 myocardial perfusion , 429–431  

 myocardial scar size , 432  

 regional myocardial strains , 429  

 relative wall motions , 427–428  

 ventricular function , 426–427  

 reanimating human hearts , 751  

 regional myocardial function , 417  

 resonance , 412–413   

  Magnetron , 540   

  Mahaim fi bers , 219   

  Maimed myocardium , 281, 284   

  Main septal artery , 84   

  Malignant hyperthermia , 295, 299   

  Malonyl-CoA , 371, 372   

  Mammalian cardiac myocyte , 222, 223   

  Mammalian heart 

 anatomical and functional perspectives , 93  

 atria , 93–96  

 cardiac valves , 97–99  

 conduction system , 101  

 coronary system , 99–100  

 lymphatic system , 100–101  

 pericardium , 92–93  

 ventricles , 96–97   

  Manganese contrast agents , 420   

  Marburg Attacher , 170   

  Mariner catheter , 153   

  Mayo Clinic , 752  

 heart–lung machine , 446   

  Mayo-Gibbon machine , 188   

  Mayon polyethylene tubing , 447   

  Maze procedure , 505   

  MCP-1 , 269   

  Mean arterial pressure (MAP) , 719, 720   

  Mean blood pressure , 308   

  Mean transit time , 431   

  Mechanical dyssynchrony , 585  

 and LV lead position , 587–589   

  Mechanical heart valves , 472   

  Mechanical valve fl uid dynamic testing , 474   

  The Mechanism of the Heart Beat , 323   

  Mediastinal bleeding , 195   

  Mediastinum , 62   
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  Medical Device Amendments to the Federal Food, Drug, and 

Cosmetic Act , 453   

  Medical Device Reporting , 453   

  Medical Devices Center (MDC) , 454–455   

  MediGuide TM  system , 608   

  Medos HIA VAD , 192   

  MedTech Investing Conference , 454   

  Medtronic Inc. , 449, 451, 456, 458   

  Medtronic Mosaic ®  stented tissue valve , 473   

  Membrane oxygenator , 621   

  Membranous septum , 98   

  Mesenchymal stem cells (MSCs) 

 for myocardial repair , 736–737  

 phenotype and differentiation potential , 736   

  Mesothelium , 64   

  Methohexital , 300   

  Micra TM  Transcatheter Pacing System , 572, 573   

  Microcirculation , 6   

  MicroFidelity (MiFi) Sensor Technology , 527   

  Microplegia , 628   

  Microvascular damage , 286–287   

  Microwave ablation 

 advantage , 535  

 catheter , 537  

 complications and clinical applications , 537  

 mechanism of , 535–536  

 microwave generators , 536–537   

  Middiastolic murmur , 318   

  Middle lobe , 54   

  Middle mediastinum , 61, 62  

 contents of , 43  

 great vessels , 48–49  

 pericardium , 47–48  

 phrenic and vagus nerve course , 45  

 position of heart , 47  

 vessels of , 44   

  Midspinal line , 58   

  Midsternal line , 58   

  Midsystolic murmur , 317   

  Midvertebral line , 58   

  Mild hypothermia , 620   

  Millar catheters , 347   

  Minimum alveolar concentration (MAC) , 296–297   

  Minnesota Supercomputing Institute , 455   

  6-minute hall walk distance (6MWD) , 583–585, 587–590   

  MIRACLE study , 580   

  Mitochondrial morphology , 368   

  Mitochondrion , 369   

  Mitral regurgitation murmurs , 317–319   

  Mitral stenosis murmur , 317–318   

  Mitral sub-valvar apparatus , 124   

  Mitral valve , 20, 93, 98–99, 107, 115, 122–124, 675  

 edge-to-edge technique , 677  

 indirect approach , 676, 677  

 transcatheter , 676, 677  

 transvenous coronary sinus approach , 677   

  Mitral valve annulus , 116, 126   

  Mitral valve anomalies , 185   

  Mitral valve disease , 645  

 aortic regurgitation , 642–645  

 mitral regurgitation , 651  

 acute severe form , 651–652  

 chronic , 652–654  

 etiology , 654  

 ischemic mitral regurgitation , 653–654  

 mitral stenosis , 645  

 and atrial fi brillation , 648  

 closed commissurotomy , 649  

 diagnosis of , 648  

 echocardiography and , 648  

 mitral valve replacement in , 646  

 percutaneous balloon valvotomy for , 649  

 symptoms of , 648   

  Mitral valve leafl ets , 123   

  Mitral valve opening snap , 316   

  Mixed venous oxygen saturation monitoring (S v O 2 ) , 

355–356   

  8°mm Dual-8 Therapy Catheter , 526   

  Moderate hypothermia , 620   

  Moderator artery , 84   

  Moderator band , 96–100, 106   

  Monaural stethoscope , 307   

  Monophasic shock , 566   

  Motion-mode (M-mode) echocardiography , 386–387   

  Mouse embryonic stem cells , 734    

 MPI.    See  Myocardial performance index (MPI)  

  MR-conditional pacemaker , 425   

  MR contrast agents , 414    

 MRI.    See  Magnetic resonance imaging (MRI)  

  MR-safe item , 424    

 MSCs.    See  Mesenchymal stem cells (MSCs)  

  Multicenter Automatic Defi brillator Implantation Trial (MADIT) , 568   

  Multicenter Automatic Defi brillator Implantation Trial-II 

(MADIT-II) , 568   

  Multidetector computed tomography (MDCT) , 148   

  Multielectrode array catheter , 606, 607   

  Multielectrode catheter , 524   

  Multifocal atrial tachycardias , 496   

  Murmurs , 315, 316   

  Muscular ventricular septal defects , 691–692   

  Myocardial blood fl ow 

 carbon substrate and oxygen delivery to heart , 362–363  

 in diseased heart , 365  

 regulation of , 363   

  Myocardial carbon substrate selection , 372–373   

  Myocardial contractility , 302   

  Myocardial infarction 

 goals of therapy for , 460  

 treatment guidelines for , 460–461   

  Myocardial ischemia , 11, 494  

 animal models of , 475  

 creation by experimental methods , 475–476  

 large and small animal models , 475–477  

 localization and quantifi cation , 476  

 consequences of , 281  

 defi nition , 279   

  Myocardial mass , 426, 427   

  Myocardial oxygen consumption (MVO 2 ) 

 cardiac metabolism , 279–280   

  Myocardial performance index (MPI) , 388–389   

  Myocardial perfusion , 417–418  

 analyses of , 429  

 MRI quantitative analyses , 429–431   

  Myocardial repair , 736–737   

  Myocardial strain , 417, 418, 429   

  Myocardial stunning , 283   

  Myocardial viability , 418–420   

  Myocardium , 378   

  Myofi bers , 421–422   

  Myofi lament sensitivity to calcium , 283   

  Myosin light chain , 30   

  Myosin light chain 2 (MLC 2) , 30    
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  N 

  National Institutes of Health (NIH) PumpKIN trial , 194    

 NCM.    See  Noncontact catheter mapping (NCM)  

  Near-infrared spectroscopy , 408   

  Necropsy procedures , 485   

  Neurogenic tone , 245   

  Neurosurgery , 400   

  Neutrophil traffi cking , 287   

  New York Heart Association (NYHA) , 461   

  Nitric oxide , 287   

  Nitroglycerin , 141   

  Nodulus Arantii , 121   

  Noncontact catheter mapping (NCM) , 601   

  Noncontact mapping (NCM) , 579, 601, 606–609   

  Nondepolarizing muscle relaxants , 303   

  Nonejection clicks , 316   

  Nonesterifi ed, free fatty acids (NEFAs) , 369   

  Nonhuman primate heart transplantation model , 480–481   

  Noninvasive cardiac mapping , 609–610   

  Nonischemic cardiomyopathy (NICM) , 578   

  Nonparoxysmal junctional tachycardias , 507   

  Non-ST segment elevation myocardial infarction 

(NSTEMI) , 460   

  Nonsustained ventricular tachycardias , 506   

  No-refl ow phenomenon , 286–287   

  Normal hematocrit , 4   

  Normothermia , 620    

 NSTEMI.    See  Non-ST segment elevation myocardial infarction 

(NSTEMI)  

  Nuclear factor kappa B (NF κ B) , 271   

  Nuclear magnetic resonance , 412    

 NYHA.    See  New York Heart Association (NYHA)   

  O 

  Obstructive left heart lesions 

 bicuspid aortic valve , 185  

 hypoplastic left ventricle , 185  

 mitral valve anomalies , 185  

 subaortic ridge , 185   

  Omega-3 fatty acids , 285, 286   

  Omnivore , 372   

  OPCABG surgery , 665–666   

  Open-heart operation , 615   

  Open-heart surgery , 440  

 with cross-circulation approach , 443  

 Lillehei–DeWall bubble oxygenator , 441   

  Opioids , 301   

  Optical coherence tomography (OCT) , 148   

  Oral anticoagulants , 464   

  Orgaran , 619   

  Orthotopic heart transplantation , 478   

  Oscillometry, for blood pressure measurement , 

309–310   

  Osmolality, of cardioplegic solutions , 623, 625   

  Outfl ow tract 

 septation of , 26–28  

 SHF contribution , 26–27   

  Ovine model 

 of normal bileafl et mechanical valve implantation , 473  

 valve replacement , 474   

  Oxidative phosphorylation 

 electron transport chain and , 374–375  

 regulation , 375–377   

  Oxygen paradox , 285   

  Oxygen saturation , 409    

  P 

  Pacemaker 

 development , 448–451  

 Grass physiological stimulator , 448  

 prototype , 449   

  Pacing and defi brillation system , 543, 544  

 clinical trials , 557  

 drug interactions , 556–557  

 electrogram amplifi cation and rectifi cation scheme , 554  

 implantable pulse generators , 553  

 indications , 550–551  

 leads 

 construction , 568, 570  

 description , 568  

 electrode confi gurations , 570  

 endocardial or epicardial placement , 568  

 mechanism of fi xation , 568–569  

 NASPE/BPEG classifi cations , 546, 551–552  

 sensing algorithms , 554–556   

  Pacing and timing abbreviations , 546   

  Pacing-induced atrial fi brillation , 474–475   

  Paclitaxel , 266    

 PACs.    See  Premature atrial complexes (PACs)  

  Palpation , 309   

  Papillary muscle complexes , 117, 122–124, 126   

  Paradoxical splitting , 315   

  Paravertebral sympathetic ganglia , 51   

  Parietal pleura , 53   

  Paroxysmal atrial fi brillation , 466, 503   

  Paroxysmal supraventricular tachycardias (PSVTs) 

 atrial tachycardias , 498  

 AV nodal reentry tachycardias , 498–500  

 AV reentry tachycardias , 500  

 sinus nodal reentry tachycardias , 497–498  

 WPW syndrome , 501–503   

  Patent ductus arteriosus (PDA) , 180, 685, 686  

 Amplatzer ductal occluder device , 690  

 animal testing 

 angled prototype , 690–691  

 fabric and fl exible retention disc , 691  

 to human use , 690  

 risks , 689   

  Patent ductus arteriosus, murmur associated with , 316, 318    

 PDA.    See  Patent ductus arteriosus (PDA)  

  Peak Endocardial Acceleration (PEA) sensor , 589–590   

  Pectoral girdle , 36, 38   

  Pectoral muscles , 38–40   

  PediaFlow ventricular assist device , 194   

  Pediatric cardiopulmonary assist system (pCAS) , 195   

  Pediatric Jarvik 2000 , 195   

  Pediatric patients, heart failure in , 188   

  Pediatric ventricular assist devices , 192–193   

  Pedicles , 36   

  PediMag , 191   

  PediPump , 195   

  Penn State pediatric ventricular assist device (PVAD) , 195    

 PEO.    See  Proepicardial organ (PEO)  

  Percent peak enhancement , 431   

  Percutaneous delivery technology , 482   

  Percutaneous transluminal coronary angioplasty 

(PTCA) , 263  

 endothelial cells , 267–268  

 infl ammation in restenosis 

 chemokines and proinfl ammatory cytokines , 268–269  

 cross talk between infl ammation and thrombosis , 270  

 leukocytes recruitment , 268  
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 molecular signaling , 270–272  

 systemic markers , 269–270  

 late stent thrombosis , 272–273  

 vascular biology of restenosis , 263–268   

  PerDUCER ®  , 170   

  Performer CPB machine , 621   

  Perfusion-contraction matching , 284   

  Perfusion-fi xed hearts 

 qualitative anatomical assessment of , 103–104  

 quantitative anatomical assessment of , 104–105   

  Perfusion pressure , 620   

  Perfusion reserve , 429   

  Pericardial cavity , 47   

  Pericardium , 64–65  

 anatomy 

 arteries , 165  

 attachment to diaphragm , 169  

 epicardium , 164  

 ligament of left vena cava , 164  

 oblique and transverse sinus , 165  

 pericardial sac, posterior view of , 164  

 serous and fi brous , 165  

 disorders 

 asymptomatic , 167, 168  

 balloon pericardiotomy , 169  

 congenital abnormalities , 167  

 diagnosis , 168  

 iatrogenic disorders , 168  

 intrapericardial therapeutics 

 clinical pericardial access , 169–170  

 nonsurgical intrapericardial therapy , 170–171  

 transatrial technique , 170  

 parietal , 61, 64–65  

 pericardial pharmacokinetics 

 amiodarone dose , 172  

 diethylenetriamine/NO , 173  

 5-fl uorouracil dose , 171  

 procainamide doses , 172  

 tissue distribution and drug clearance , 171  

 physiology of 

 mechanical effects , 165–167  

 pericardial fl uid , 165  

 surgical uses of , 169  

 visceral , 61, 64–65   

  Perimembranous ventricular septal defect , 692–696   

  PeriPort ®  , 170   

  Permanent pacing , 545, 550, 551   

  Persistent atrial fi brillation , 503   

  Persistent truncus arteriosus , 28  

 classifi cation schemes for , 181  

 Van Praagh classifi cation system , 181  

 VSD and , 181    

 PET.    See  Positron emission tomography (PET)  

  Pharmacologic-induced atrial fi brillation , 475   

  Phase contrast imaging , 421   

  Phase contrast MRI technique , 420   

  Phased array transducers , 387   

  Phrenic nerve stimulation (PNS) , 581   

  PhysioHeart system , 755   

  Physiology–Surgery Conference , 455   

  PiCCO monitor , 407   

  Pig 

 coronary arterial circulation , 91, 100  

 heart 

 anterior aspect of , 91, 92  

 atrioventricular conduction systems , 103  

 cranial aspect of , 93, 95  

 opened right ventricular cavity , 96, 99  

 triangle of Koch , 101, 102  

 ventricular cavities , 96, 97  

 weight to body weight ratios , 91   

  Plasmalite , 623   

  Plastic embedding , 485   

  Plastinated hearts, of species , 96, 98   

  Platelets , 4   

  Plethysmographic method, for blood pressure assessment , 310   

  Pleura , 53–54   

  Pleural cavities , 61, 62    

 PMA.    See  Premarket approval (PMA)  

  Popular Electronics magazine , 449   

  Porcelain aorta , 674   

  Porcine heart , 474   

  Porcine hemorrhagic model , 714   

  Porcine model , 709, 721   

  Porotamine sulfate , 619   

  Portable Visible Heart ®  , 759–760   

  Positive chronotropic effect , 243   

  Positron emission tomography (PET) , 149, 418   

  Postcardiotomy failure , 188, 190   

  Posterior descending artery , 20   

  Posterior mediastinum 

 azygos venous system , 49–50  

 descending thoracic aorta , 51  

 description , 48  

 esophagus and esophageal plexus , 49  

 esophagus course , 49  

 lymphatics , 50–51  

 thoracic duct , 50–51  

 thoracic sympathetic nerves , 51–53   

  Posteromedial commissures , 122   

  Postganglionic denervation , 248   

  Post-pump syndrome , 287   

  Preclinical animal research , 90–91   

  Preganglionic denervation , 248   

  Preload , 338   

  Premarket approval (PMA) , 779, 783, 785   

  Premature atrial complexes (PACs) 

 tachyarrhythmias , 496   

  Premature complexes, tachyarrhythmias 

 AV junctional premature complexes , 496–497  

 multifocal atrial tachycardias , 496  

 premature atrial complexes , 496  

 premature ventricular complexes , 497   

  Premature ventricular complexes (PVCs) , 497   

  Pre-procedural imaging , 678   

  Pressure gradients, using Doppler echocardiography , 388   

  Pressure regulation 

 arteriolar , 245–248  

 baroreceptor , 245   

  Pressure transducer system , 346–347   

  Presynaptic sympathetic fi bers , 52   

  Prevertebral ganglia , 52   

  Primary heart tones , 313   

  Primum type ASD , 177, 179, 180   

  Proarrhythmias , 567   

  Proepicardial cells , 25, 26   

  Proepicardial organ (PEO) , 23, 24, 29   

  Profound hypothermia , 610   

  Prophylactic implantation, of ICD , 568   

  Propionyl-CoA , 370   

  Propofol , 302   

  Propranolol , 141   
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  Prosthetic heart valves , 451–452   

  Prosthetic valve replacements , 472   

  Prosthetic valves 

 biological prosthetic valves , 637  

  vs.  mechanical valve , 637–638  

 endocarditis and performance , 639  

 mechanical valve , 636–637   

  Pulmonary artery catheter , 350–353  

 complications , 408  

 description , 405–406  

 hemodynamic measurements , 405  

 TEE , 408  

 use of , 402   

  Pulmonary atresia , 183   

  Pulmonary blood fl ow , 299   

  Pulmonary cavities , 36   

  Pulmonary circulation , 5, 7   

  Pulmonary diameters , 129   

  Pulmonary regurgitation murmur , 317   

  Pulmonary valve , 116, 129–130   

  Pulmonary vein ablation catheter (PVAC) , 

524, 526   

  Pulmonary vein isolation (PVI) , 526   

  Pulmonary veins 

 circumferential isolations of , 514–515  

 segmental ostial isolation of , 514   

  Pulmonic valve , 106  

 transcatheter , 672, 673  

 diastole , 679  

 systole , 679   

  Pulsatile volume-displacement pumps , 189   

  Pulse contour wave processing , 407   

  Pulse defi cit , 312   

  Pulseless electrical activity (PEA) , 700, 703   

  Pulseless perfusion , 620   

  Pulse oximetry , 402   

  Pulse pressure , 308   

  Pulse wave Doppler , 387   

  Pulse waveform contour analysis , 407   

  Pulse wave tissue Doppler , 390   

  Pulsus alternans , 312   

  Pulsus paradoxus , 312   

  Pulsus parvus et tardus , 312   

  PumpKIN trial , 194   

  Pump records , 624   

  Purkinje fi bers , 221, 223    

 PVAC.    See  Pulmonary vein ablation catheter (PVAC)   

 PVCs.    See  Premature ventricular complexes (PVCs)   

 PVI.    See  Pulmonary vein isolation (PVI)  

  Pyrolytic carbon valve leafl ets , 636   

  Pyruvate , 367   

  Pyruvate dehydrogenase (PDH) , 367    

  Q 

  QRS complex , 586   

  QRS to LV EGM onset (QLV) , 586–587    

  R 

  Radiofrequency (RF) ablation , 522  

 contact force , 527–529  

 irrigated tip RF catheter , 526–527  

 MiFi Sensor Technology , 527  

 multielectrode catheter , 524  

 RF catheters , 524–526  

 RF generators , 522–524  

 tissue ablation, mechanism of , 522   

  Radiofrequency (RF) catheters 

 design for , 524  

 handle of , 525   

  Radiofrequency (RF) generators , 522  

 frequency , 522  

 impedance , 524  

 power limitations , 524  

 temperature range , 524   

  Radiofrequency (RF) lesion formation 

 depth and width , 522  

 schematic illustration , 523   

  Radiofrequency pulses , 412  

 application of , 414   

  Rami communicantes , 51   

  Rapamycin , 265   

  Rapid atrial pacing , 475   

  Rate-pressure product , 363   

  Reactive oxygen species (ROS) 

 species , 377–378   

  Real-time ultrasound guidance , 310   

  Reanimating human hearts , 751  

 beating test , 751  

 mechanisms , 757  

 MRI images , 761  

 pathological animal models, acute testing , 761–762  

 tricuspid valve , 758  

 in vitro cardiac device research , 756–757   

  Reanimation of large mammalian hearts , 754   

  Red blood cells , 4, 7   

  Red blood cell (RBC) transfusion , 621   

  Refl ectance near-infrared spectroscopy , 408   

  Refl ected wave , 386, 387   

  Regional isovolumic contraction time (RIVCT) , 389   

  Regional myocardial function , 417   

  Regional myocardial strains , 429   

  Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in 

Acute Myocardial Infarction (REPAIR-AMI) trial , 742   

  Relative wall motions 

 MRI quantitative analyses , 427–428  

 parameters , 428   

  Reperfusion injury 

 accelerated cell death , 286  

 acute and global assessments , 291  

 antioxidants , 288  

 arrhythmias , 286  

 aspects of , 285  

 assessment of , 286  

 calcium channel antagonists , 288  

 glucose–insulin–potassium , 288  

 glutamate/aspartate , 289  

 growth factors , 288–289  

 hibernation-specifi c proteins , 289  

 mechanism , 285  

 microvascular damage , 286–287  

 myocardial stunning , 286  

 myocardial viability , 286  

 Na + /H +  exchange blockers , 287  

 nitric oxide , 289  

 no-refl ow phenomenon , 286  

 pathologies , 285  

 pharmaceutical agents via target pericardial delivery , 289–290  

 post-pump syndrome , 287   

  Respiration, mechanics of , 57–58   

  Respiratory diaphragm , 35, 40–41   
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  Respiratory sinus arrhythmia , 248   

  ResQGARD ®  impedance , 712   

  ResQPOD ®  impedance , 701   

  Restenosis 

 defi nition , 263  

 DESs drugs , 265–267  

 role of infl ammation 

 chemokines and proinfl ammatory cytokines , 268–269  

 cross talk between infl ammation and thrombosis , 270  

 leukocyte recruitment , 268  

 molecular signaling , 270–272  

 systemic markers , 269–270   

  Resting Heart System , 623   

  Resuscitation , 400   

  Retrograde (RETRO) administration, of crystalloid cardioplegia , 631   

  Retrograde brain perfusion , 618   

  Return of spontaneous circulation (ROSC) , 703, 704   

  Reveal LINQ TM  , 334, 791   

  Reverse remodeling , 580, 586–589   

  Reversible suppression , 529   

  Rhythmia mapping system , 601   

  RhythmView TM  workstation , 605, 606   

  Right atrium , 61   

  Right coronary artery , 19, 20   

  Right ventricle 

 pulmonary semilunar valve , 72–73  

 role , 61  

 SHF contribution , 26–27  

 tricuspid valve , 71–73   

  Riva-Rocci method.    See  Auscultation method  

  Rodent heart transplantation model , 480    

 ROSC.    See  Return of spontaneous circulation (ROSC)  

  Ross procedure , 117, 131   

  Roving catheter , 606   

  RV apex mitral valve , 106   

  Ryanodine receptor , 376    

  S 

  Safe Medical Devices Act (SMDA) , 453   

  Sagittal plane , 15, 16   

  SAPIEN XT , 673, 675   

  Sarcomere , 204, 206, 208   

  Saturation-recovery magnetization, preparation , 417    

 SE.    See  Spin-echo (SE)  

  Second heart sound , 313   

  Secundum-type atrial septal defects (ASDs) , 177, 178   

  Sedation , 296   

  Segmented acquisition of data , 416   

  Seldinger’s technique , 310   

  Semicircular arch , 70   

  Semilunar valve 

 compositions , 121  

 dysfunction of , 121  

 functioning of , 119–121  

 idealized three-dimensional arrangement of , 119   

  Senile aortic stenosis , 639   

  Sensing algorithms , 554–556   

  Septal defects 

 atrial septal defects , 177–178  

 AVSD , 179–180  

 ventricular   ( see  Ventricular septal defects (VSDs))  

  Septomarginal trabeculae , 71, 73, 84   

  Septomarginal trabecularis , 178–179   

  Septum primum , 69, 73, 79, 80   

  SE pulse sequences , 414   

  Sequential mapping systems , 602  

 electroanatomical mapping , 602–603  

 LocaLisa ®  system , 603–604   

  Sevofl urane , 296–298   

  S4 gallop , 314   

  Sheep 

 heart 

 anterior aspect of , 91, 92  

 anterior surface , 104  

 atrioventricular conduction systems , 103  

 cranial aspect of , 93, 95  

 end-diastolic volumetric reconstruction , 104  

 opened right ventricular cavity , 97, 99  

 triangle of Koch , 101, 102  

 ventricular cavities , 96, 97  

 weight to body weight ratios , 91  

 thorax, lateral radiograph of , 92   

  Shock , 711–717  

 diagnosis of , 400  

 treatment of , 399  

 types , 406   

  Sick human heart , 441   

  Signaling pathways regulation , 364   

  Signal intensity curve, for myocardial sector , 419   

  Silent ischemia , 281, 284   

  Silicone antifoam solution , 447   

  Simpson’s biplane rule , 387   

  Single-chamber endocardial lead confi gurations , 569   

  Single-photon emission computed tomography (SPECT) , 149   

  Single proton emission computed tomography (SPECT) , 418   

  Sinoatrial nodal cells, features of , 216   

  Sinoatrial nodal rate , 544   

  Sinoatrial node , 216   

  Sinoatrial node conditions , 544   

  Sinotubular junction , 127   

  Sinus bradycardia , 507   

  Sinus nodal reentry tachycardias , 497–498   

  Sinus node dysfunction , 551   

  Sinus node dysfunction (SND) , 507–508   

  Sinus of Valsalva , 73, 75, 83, 129   

  Sinus tachycardias 

 inappropriate , 497  

 physiological , 497   

  Sinus venarum , 67, 69, 79   

  Sinus venosus-type ASD , 177   

  Sirolimus , 149   

  Situs ambiguous , 175   

  Situs inversus , 175   

  Situs solitus , 175   

  Skeletal muscle contractions , 7   

  Skeletal myoblasts , 743   

  Sleeper hold , 240    

 SMDA.    See  Safe Medical Devices Act (SMDA)  

  Smooth muscle cells (SMC) 

 biology of , 264–265  

 cycle and proliferation , 265  

 extracellular matrix accumulation , 265    

 SND.    See  Sinus node dysfunction (SND)  

  Solar-powered organ , 362   

  Sonomicrometry crystals , 340–342   

  Spatial modulation of magnetization , 418   

  Specialized conduction cell , 221    

 SPECT.    See  Single proton emission computed tomography (SPECT)  

  Spin-echo (SE) , 414   

  Spin echo amplitudes, decay of , 413   

  Splanchnic nerves , 51–53   
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  Spongiosa , 121   

  Spontaneously occurring animal models , 470    

 SSFP.    See  Steady-state free precession (SSFP)  

  Standard cardiopulmonary resuscitation (STD) , 710   

  Standard transthoracic cardiac echo , 391–393   

  Steady-state amplifi er , 536   

  Steady-state free precession (SSFP) imaging , 414, 416  

 global cardiac function , 415   

  Stem cell delivery methods , 487   

  Stem cell engraftment issues , 487   

  Stem cell research , 487–488   

  Stem cell therapies, functional assessment of , 488   

  Stem cell treatment 

 adverse remodeling attenuation , 743  

 endogenous cardiac progenitors cells , 744  

 extracellular matrix homeostasis , 744  

 function and survival , 744–745  

 homing , 744  

 improved perfusion , 743  

 infarct environment immunomodulation , 743–744  

 microenvironment designing , 745  

 mobilization , 744  

 paracrine effects , 743  

 primary remuscularization , 743    

 STEMI.    See  ST segment elevation myocardial infarction (STEMI)  

  Stenosis , 119, 121   

  Sterile bubble oxygenator , 448   

  Sternum-Sparing surgery , 662   

  Strain gauge principle , 310   

  Stroke volume , 338–340, 415, 417, 544  

 and contractility , 244–245  

 Frank–Starling law , 244  

 increased sympathetic stimulation , 244   

  Strut cords , 117   

  ST segment elevation myocardial infarction 

(STEMI) , 460   

  St. Thomas II solution , 626   

  Subaortic ridge , 185   

  Subclavian vein , 43, 45, 48, 50, 59, 403   

  Subcutaneous continuous glucose monitoring , 409   

  Sublingual capnometry , 409   

  Substrate ablation technique, atrial fi brillation , 515   

  Sudden cardiac arrest , 557  

 CPR techniques , 700  

 PEA , 700   

  Summer Research Scholars Program , 450   

  Superior mediastinum 

 arteries in , 44  

 brachiocephalic veins , 44  

 contents of , 43  

 description , 43  

 innervation pattern , 47  

 nerves of , 45–46  

 phrenic and vagus nerve course , 45  

 thymus , 47  

 trachea and esophagus , 45  

 vessels of , 42–43   

  Superior vena cava (SVC), cannulation of , 616   

  Supply ischemia , 379   

  Supraventricular crest , 70   

  Supraventricular tachycardias (SVT) 

 paroxysmal 

 atrial tachycardias , 498  

 AV nodal reentry tachycardias , 498–500  

 AV reentry tachycardias , 500  

 sinus nodal reentry tachycardias , 497–498  

 WPW syndrome , 501–503    

 SVR.    See  Systemic vascular resistance (SVR)   

 SVT.    See  Supraventricular tachycardias (SVT)  

  Swine heart , 754  

 contrast-enhanced CT image , 762  

 electrophysiologic properties , 228, 229  

 transplantation model , 480   

  Sympathetic nerves , 52   

  Sympathetic trunk , 51   

  SynCardia Total Artifi cial Heart (TAH) , 192   

  System calibration , 311   

  Systemic circulation , 5   

  Systemic vascular resistance , 297   

  Systemic vascular resistance (SVR) , 406   

  Systole , 8   

  Systolic blood pressure , 308, 309, 311, 312   

  Systolic blood pressure (SBP) , 702, 713   

  Systolic clicks , 316    

  T 

  Tachyarrhythmias 

 atrial fi brillation , 503–506  

 atrial fl utter , 503, 504  

 detection intervals , 558–559  

 paroxysmal supraventricular tachycardias 

 atrial tachycardias , 498  

 AV nodal reentry tachycardias , 498–500  

 AV reentry tachycardias , 500  

 sinus nodal reentry tachycardias , 497–498  

 WPW syndrome , 501–503  

 pharmacologic considerations , 558–559  

 premature complexes 

 AV junctional , 496–497  

 multifocal atrial tachycardias , 496  

 premature atrial complexes , 496  

 premature ventricular complexes , 497  

 sinus tachycardias 

 inappropriate sinus tachycardias , 497  

 physiological , 497  

 ventricular tachyarrhythmias 

 accelerated idioventricular rhythm , 507  

 nonparoxysmal junctional tachycardias , 507  

 Torsades de pointes , 507, 508  

 ventricular fi brillation , 506–507  

 ventricular fl utter , 506–507  

 ventricular tachycardias , 506   

  Tachycardias, mechanisms , 494   

  Tacticath Quartz Contact Force catheter , 528    

 TAPSE.    See  Tricuspid annular plane systolic excursion (TAPSE)   

 TAPVC.    See  Total anomalous pulmonary venous connection (TAPVC)  

  Targeted drug delivery , 466   

  Tawara’s anatomical diagram , 132    

 TdP.    See  Torsades de pointes (TdP)   

 TEE.    See  Transesophageal echocardiograms (TEE)   

 TEI.    See  Transmural extent of infarction (TEI)  

  Tei index , 388   

  Tele-ICU , 402, 403, 409   

  Telemedicine, ICU , 402–403   

  Temperatures of perfusion , 619–620   

  Temporal resolution (TR) 

 cine loop , 416   

  Temporary pacing systems , 551   

  Tendinous cords , 117, 121, 122, 124   
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  Tethering length , 124   

  Tetralogy of Fallot , 183–184   

  The Atlas of Human Cardiac Anatomy , 753, 762–763   

  Thebesian veins , 86   

  Thermocool Smart touch catheter , 528   

  Thermodilution technique , 353–354   

  Thiopental , 300   

  Third heart sound , 313   

  Thoracic bioimpedance method , 354–355   

  Thoracic cage , 36–38   

  Thoracic cavity walls  vs.  lungs , 53   

  Thoracic sympathetic nerves , 51–53   

  Thoracic wall 

 bones of 

 horacic cage , 36–38  

 pectoral girdle , 38  

 landmarks of , 58  

 muscles of 

 intercostal muscles , 40  

 pectoral muscles , 38–40  

 respiratory diaphragm , 40–41  

 scalene muscles , 41  

 sternocleidomastoid muscles , 41  

 nerves of , 41–42  

 vessels of , 42–43   

  Thoracocentesis , 59   

  Thoratec HeartMate III , 194   

  Thoratec VAD , 726, 728   

  Thorax 

 compartments , 35  

 description , 35  

 inferior aperture , 35  

 superior aperture , 36  

 thoracic wall 

 bones of , 36–38  

 muscles of , 38–41  

 nerves of , 41–42  

 vessels of , 42–43   

  Thromboembolic events , 195   

  Thromboembolism , 636, 637   

  Thymosin  β 4 (T β 4) , 742   

  Thymus , 47   

  Thyroid ima , 44   

  Tilt , 558, 566   

  Time to peak , 431   

  Tip-based catheters , 531   

  Tissue destruction mechanisms , 532   

  Tissue Doppler imaging (TDI) , 389–390   

  Tissue heating, with RF energy , 522   

  Tissues, ultrasound imaging , 386   

  Tonometry devices , 310   

  Topera 3D mapping system , 605   

  Torsades de pointes (TdP) 

 ventricular tachyarrhythmias , 507, 508   

  Total anomalous pulmonary venous connection (TAPVC) , 184   

  Total Artifi cial Heart (TAH) , 192   

  Total cardiopulmonary bypass , 616–618   

  Total circulatory arrest technique , 618   

  Total intravenous anesthetic (TIVA) technique , 296   

  Toxic byproducts , 377–379    

 TR.    See  Temporal resolution (TR)  

  Trabeculae carneae , 96, 98   

  Trachea and esophagus , 45   

  Trademark , 771   

  Trade secret , 771   

  Transabdominal fetal echocardiography , 390–391   

  Transcatheter closure devices , 453   

  Transcatheter-delivered pulmonary valve , 759   

  Transcatheter-delivered valve systems , 672   

  Transcatheter valve repairs and replacements , 671  

 aortic valve , 673–676  

 imaging , 678–680  

 intracardiac interventions , 680–681  

 mitral valve , 675–677  

 pulmonic valve , 672–673  

 tricuspid valve , 677   

  Transcatheter valve replacement , 671, 672, 680   

  Transcutaneous energy transmission (TET) , 191   

  Transcytosis , 6   

  Transdermal drug delivery systems , 466   

  Transducer catheters , 347   

  Transducers 

 high-frequency , 386  

 position for standard transthoracic echocardiography , 392  

 for two-dimensional imaging , 387   

  Transesophageal echocardiograms (TEE) , 391, 407–408   

  Transmural extent of infarction (TEI) , 432   

  Transplantation of Progenitor Cells and Recovery of LV Function in 

Patients with Chronic Ischemic Heart Disease (TOPCARE-

CHD) trial , 742   

  Transplantation of Progenitor Cells and Regeneration Enhancement 

in Acute Myocardial Infarction (TOPCARE-AMI) 

trial , 742   

  Transpulmonary dilution method , 354   

  Transthoracic echocardiography , 391   

  Transvaginal fetal echocardiography , 390–391   

  Transvalvular gradient , 636   

  Transverse pericardial sinus , 65   

  Transverse plane , 15, 16, 19   

  Transverse thoracic plane , 35, 62   

  Triangle of Koch , 101, 102, 124, 130–131   

  Tricarboxylic acid (TCA) cycle , 368  

 fl ux rate , 376  

 regulation , 375–377   

  Tricuspid annular plane systolic excursion (TAPSE) , 389   

  Tricuspid atresia , 178   

  Tricuspid regurgitation murmur , 318   

  Tricuspid stenosis murmur , 318   

  Tricuspid sub-valvar apparatus , 128   

  Tricuspid valve , 20, 93, 97, 106, 116–118, 124–127, 677  

 anomalies of , 178   

  Tricuspid valve disease 

 etiology , 654  

 tricuspid regurgitation , 654  

 annuloplasty , 655  

 valve replacement , 655  

 tricuspid stenosis , 654  

 clinical features , 654   

  Tricuspid valve leafl ets , 126   

  Tricuspid valve opening snap , 316   

  Triggered activity , 558   

  Triphenyltetrazolium chloride (TTC) staining , 476, 478   

  Troponin I , 30   

  True bipolar leads , 570   

  TrueFISP slices , 429   

  True ribs , 36   

  Truncus arteriosus 

 anatomy of , 181  

 persistent , 181–182  

 repair of , 181–182   
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  TTC staining.    See  Triphenyltetrazolium chloride (TTC) staining  

  Tumor necrosis factor alpha (TNF- α ) , 269   

  Tuohy needle , 170   

   T2 * weighting of a gradient echo image , 414   

  12-lead ECG , 323, 329–330   

  Two-dimensional imaging , 389   

  Typical atrial fl utter , 512    

  U 

  UCB stem cells.    See  Umbilical cord blood (UCB) stem cells  

  Ultrasound ablation 

 benefi ts , 532  

 mechanisms of , 532–533   

  Ultrasound imaging 

 cardiac hemodynamics , 407–408  

 of tissues , 386  

 use of , 385   

  Umbilical cord blood (UCB) stem cells , 737   

  Unipolar pacing systems , 549   

  United Network for Organ Sharing (UNOS) 

 cardiac transplant waiting list registrants and donor hearts per year , 

478, 479   

  United States Patent and Trademark Offi ce (USPTO) , 772   

  University of Minnesota 

 bubble oxygenator , 447  

 cardiovascular physiology at , 455–456  

 cross-circulation , 443–444  

 description , 439–443  

 DMD Conference , 454  

 heart block , 448–451  

 heart valves , 451–453  

 IEM , 454  

 LifeScience Alley , 453–454  

 Lillehei–DeWall bubble oxygenator , 444–448  

 and Mayo Clinic , 443–444  

 medical device regulation , 453  

 Medical Devices Center , 454–455  

 milestones , 444  

 operating room environment , 443  

 other University-affi liated medical devices , 453  

 pacemaker development , 448–451  

 Physiology Department chair/interim head , 455  

 schematic of , 442  

 Surgery Department chair/interim head , 441    

 UNOS.    See  United Network for Organ Sharing (UNOS)  

  Unrestricted somatic stem cells , 737   

  Upslope , 431   

  U.S. International Trade Commission (ITC) , 788    

  V 

  VAD testing.    See  Ventricular assist device (VAD) testing, animal 

models for  

  Valvar incompetence , 118   

  Vascular access, surface landmarks of , 59–60   

  Vascular endothelial growth factor (VEGF) , 737   

  Vascular steal , 417   

  Vasoactive therapy, titration , 400–401   

  Vaughn-Williams classifi cation , 495      

VEGF.    See  Vascular endothelial growth factor (VEGF)  

  Vein of left atrium , 164   

  Venous drainage , 616–617   

  Venous system, blood fl ows , 6   

  Ventricles, septation of , 27–29   

  Ventricular arrhythmias , 463   

  Ventricular assist devices (VADs) , 188.     See also  Left ventricular assist 

device (LVAD) 

 classifi cations , 726  

 continuous fl ow pumps 

 axial design , 728–729  

 centrifugal designs , 729  

 HeartMate II LVAD , 729  

 designing , 192–193  

 device management , 730  

 failure and durability , 196  

 implantation techniques , 729–730  

 long-term support , 191–192  

 LVADs , 725–728  

 management and complications , 195–196  

 pediatric patients , 188  

 short-term support , 189–191  

 University of Minnesota , 730  

 volume displacement pumps , 726–728  

 HeartMate XVE LVAD , 726  

 Thoratec VAD , 726, 728  

 thromboembolism , 726, 728   

  Ventricular assist device (VAD) testing, animal models for , 481  

 explant analysis , 482–486  

 federal guidelines , 481–482  

 mechanical VADs , 481  

 pathology , 483  

 research and development , 481   

  Ventricular chambers, examination of , 17   

  Ventricular conduction system , 216, 220   

  Ventricular escape rhythms , 221   

  Ventricular fi brillation , 463, 506–507, 557   

  Ventricular fi brillation (VF) , 700, 702   

  Ventricular fl utter , 506–507   

  Ventricular function, quantitative analyses , 426–427   

  Ventricular gallop , 314   

  Ventricular myocyte , 9, 225   

  Ventricular parasystole , 497   

  Ventricular septal defects (VSDs) , 178–179  

 AVSD  vs.   ,  179–180  

 classifi cation of , 179  

 murmur , 318  

 persistent truncus arteriosus , 181–182  

 physiologic sequelae , 178  

 redundant nomenclature , 178  

 surgical correction , 179  

 tetralogy of Fallot  vs.   ,  180   

  Ventricular tachyarrhythmias 

 accelerated idioventricular rhythm , 507  

 nonparoxysmal junctional tachycardias , 507  

 Torsades de pointes , 507, 508  

 ventricular fi brillation , 506–507  

 ventricular fl utter , 506–507  

 ventricular tachycardias , 506   

  Ventricular tachycardias (VTs) , 506, 558, 562  

 bundle branch reentry , 519  

 in clinically normal hearts , 518  

 ischemic heart disease , 518–519  

 nonsustained , 506   

  Vertebrate heart development 

 cardiac maturation , 29–31  

 cardiac neural crest contribution , 27–29  

 contributors , 24, 29  

 fi rst heart fi eld contribution , 23–25  

 outfl ow tract and ventricles, septation of , 27–29  

 proepicardial organ , 29  

 second heart fi eld contribution , 26–27   
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  Very long-chain acyl-CoA dehydrogenase (VLCAD) defi ciency , 382   

  Visceral pleura , 53, 56, 58   

  Visceroatrial situs , 175   

  Visible Heart ®  Laboratory , 440, 443   

  Visible Heart ®  laboratory , 751  

 Anatomy Bequest Program , 752  

 apparatus , 753  

 comparative imaging in apparatus , 758–759  

 fresh cadaver hearts , 753  

 high-resolution noninvasive cardiac imaging , 753  

 limitation , 760–761  

 mammalian isolated heart model , 755  

 pathological animal models, acute testing , 761–762  

 perfusion-fi xed specimens , 753  

 portable , 759–760  

 species selection , 756–757   

  Voice of customer (VOC) , 769, 772    
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