
 

 
 
 
 
 

Applications of the Visible Heart® for Cardiac 
Valve Repair and Replacement Devices 

 
 
 
 

A DISSERTATION 
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 
BY 

 
 
 
 

Jason Lloren Quill 
 
 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 
 
 
 

Advisor:  Paul A. Iaizzo, PhD. 
Professor of Surgery, Integrative Biology and Physiology, and Anesthesiology 

 
 
 
 

May 2009 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Jason Quill 2009 
 



 

 i 

Acknowledgements 
 

I’d like to thank Leah, and there is no way to thank her enough.  She has 

looked out for me and supported me through the last two years of my graduate 

studies, and I don’t know how I could have made it without her.   

Through constant encouragement and support of even my most ill-advised 

decisions, my parents have allowed me to grow through both my successes 

and failures.  They have taught me to make the best decisions I can and not to 

overanalyze them once they’ve been made.  Most importantly, they have 

impressed upon me that people will forget the things that you have done for 

them, but they will never forget the manner in which you did them.  I can only 

hope that I conduct myself in my personal life and in my career in a manner 

similar to them. 

I’d like to thank my brother, who decided to become an engineer two years 

before I did and has offered advice in manners related to school, work and 

otherwise.  It’s good to have someone who can relate to what I am doing, even 

if the government won’t let him talk about the specifics of what he does.  I’m not 

worried though, I’ll figure it out someday. 

My extended family is very close, and I feel fortunate to be a Wacky Wortz 

and to soon be a part of the Vanderploeg family.  Whether it’s snowshoeing to 

pick out a Christmas tree, the wrapping paper fights we have at Christmas, or 

the lip sync competitions that we hold each year, I can’t think of a better family 

to be a part of. 



 

 ii 

Thanks to all of my friends that I have accumulated over the years.  It’s fun 

to think that every conference I have gone to so far has also meant a reunion 

with a friend from some part of my life who I haven’t seen in a long time.  I’d 

also like to thank my friends in the twin cities, who I will hopefully be able to see 

more of once I finally finish writing this thing. 

The teachers that I’ve had throughout the years are too numerous to name 

here, but I have valued all of their efforts.  While I’m notorious for falling asleep 

in class, I assure all of my former teachers that it had nothing to do with them.  

When I finally finish up with this school stuff, they have a steak dinner on me. 

I’d also like to thank everyone who has helped me in the lab, whether it was 

learning the ropes, setting up experiments, or walking with me to buy an ice 

cream cone when I just needed to get out of the lab.  Monica Mahre has helped 

keep me organized, submitted papers and abstracts for me, and generally 

found the right person for me to talk to when I didn’t know who it was.  She also 

brings in lots of good food to the conference room, and that means she’s first on 

my list of people to thank.  Bill Gallagher has made sure that all of the 

experiments I plan actually work out by keeping the animal alive and ensuring 

that I have all of the preparations done before the test date.  He also taught me 

never to walk across a freshly mopped floor.  In addition, Charles Soule and 

Gary Williams have been of great help in all of my work.  Alex Hill, Tim Laske, 

and all the people in Medtronic Cardiovascular I have had the pleasure of 

working with have helped me by adding industrial relevance to my papers and 

identifying areas of research important to device design.  Mike Kimmel, Sarah 



 

 iii 

Ahlberg, Sara Anderson, Sara Overgaard, and Maneesh Shrivastav have all 

gone on to the working world, but showed me the ropes of the lab before they 

left.  Mike Eggen, Eric Richardson, Mike Bateman, Chris Rolfes, and Steve 

Howard are current graduate students in the lab, and have to put up with me on 

a regular basis.  They’ve also helped me run all of my experiments and have 

been great collaborators.  I’d like to thank the volunteers that have helped me 

so far, including Andy Geeslin, Chelsea Steinborn, Jackie Mohn, Erin Ge, Justin 

Peterson, and Marit Sanders.  I guess I could thank Paul Iaizzo, too.  He’s 

helped me out “once or twice”.  Thanks everyone. 



 

 iv 

Dedication 
 

This dissertation is dedicated to the patients in need of cardiac valve 

procedures.  I hope the studies I’ve worked on over the last four years will help 

create safer, more effective procedures.  I’ve tried to help through further 

description of valve anatomy, investigating device delivery and device/tissue 

interactions, creating pathological models to simulate disease states, by 

evaluating surgical procedures, and through device design. 



 

 v 

Thesis Abstract 
The Visible Heart® methodologies utilize an isolated heart apparatus for 

the investigation of large mammalian hearts, such as human, swine, canine, or 

sheep.  In vitro, the hearts are perfused with a clear buffer, allowing for real-

time, intracardiac imaging of a beating heart.  These methodologies have been 

developed, enhanced, and employed at the University of Minnesota for over ten 

years, with the general methods having been previously described.  The 

primary focus of earlier studies was on lead implantation and assessments of 

functional anatomy.  My work was to investigate how this unique experimental 

setup could be optimized to better understand valve function.  In addition, I 

designed subsequent experiments as a means to better design products for the 

repair and/or replacement of pathological cardiac valves.   

In order to achieve my desired thesis goal, it was paramount to gain a 

thorough understanding of cardiac anatomy.  As such, a review of the four main 

cardiac valves is provided in Chapter 1.  The goal of this chapter is to familiarize 

the reader with current nomenclature of the cardiac valves as well as the 

important anatomical features associated with each. 

In Chapter 2, the capabilities and limitations of the Visible Heart®, in its 

current state, are discussed in context of the design process for cardiac valve 

repair and/or replacement products.  To this end, the following areas are 

identified as applications for the Visible Heart® that can aid valve repair and 

replacement:  (1) Functional Anatomy, (2) Device Delivery and Device/Tissue 

Interactions, (3) Chronic Model Development and Acute Valve Assessment, (4) 
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Acute Assessment of Surgical Repairs, (5) Pre-clinical Human Heart In Vitro 

Testing, and (6) Early Prototype Testing for Designers.   

Chapters 3-7 provide detailed examples of employing Visible Heart® 

methodologies as they relate to each of these areas.  The functional anatomy 

affecting two percutaneous mitral valve repair procedures is discussed in 

Chapters 3 and 4.  Chapter 5 investigates the delivery and device/tissue 

interactions of a transcatheter pulmonary valve.  A chronic animal model of 

dilated cardiomyopathy was developed in which mitral regurgitation due to 

ventricular remodeling was observed after several weeks of pacing; this model 

is now available within the Visible Heart® for acute assessment of devices 

seeking to treat this valve pathology (Chapter 6).  Chapter 7 then looks at the 

acute assessment of the “edge-to-edge” mitral valve repair technique following 

induced P2 prolapse and provides control data for any device seeking to mimic 

this repair procedure percutaneously.  Perfusion-fixed human specimens were 

utilized in Chapters 3 and 4, and a reanimated human heart was utilized for in 

vitro testing in Chapter 5.  Finally, many early prototypes have been studied and 

tested in our laboratories using the Visible Heart® methods, but it is beyond the 

scope of this thesis to discuss the details of these studies. 

This work has advanced our understanding of the capabilities and 

limitations of a large mammalian, isolated heart preparation as it relates to the 

design processes for valve replacement and/or repair devices.  This work is not 

an exhaustive list, but rather the beginning of many potential studies that will 

now be better designed based upon the capabilities and limitations I have 
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identified.  Additionally, the Visible Heart® is a dynamic system that will continue 

to advance and add capabilities, which will only serve to make it more important 

in the field of valve assessment. 
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One of the primary aims of this dossier is to outline a plan for creating a 

novel test-bed for the assessment of cardiac valve performance.  It would be 

imprudent to attempt such an endeavor without a thorough understanding of the 

anatomy and physiology of native cardiac valves, including the most important 

pathologies likely to be encountered clinically, the devices, and the surgical 

techniques currently used to improve the clinical outcome of the patients with 

these pathologies.  In this section, a general overview of the anatomy of the 

cardiac valves will be provided as a structured format to discuss these topics.  

In general, the valves of the heart function to both allow forward flow of 

blood and subsequently to prevent backflow.  In the four chambered heart, the 

non-oxygenated systemic blood enters the right atrium.  The tricuspid valve 

opens during diastole to allow blood to enter and fill the right ventricle.  Once 

the ventricle is filled, it contracts during systole (closing the tricuspid valve) and 

pushes blood through the right ventricular outflow tract and across the 

pulmonary valve.  When the right ventricle relaxes, the ventricular pressure 

lowers, reversing the pressure gradient across the pulmonary valve, thereby 

closing it.  The blood then continues through the pulmonary vasculature, and 

the oxygenated blood returns to the left atrium.  A similar process is then 

followed, with the blood traveling across the mitral valve during diastole and the 

aortic valve during systole, before entering the systemic circulation once again.  

Figure 1.1 shows a diagram of the circulatory system of the right and left heart1. 

 



 

 

Figure 1.1:  Cardiac Circulation 
The circulation of the heart is shown with oxygenated blood of the left heart darker than 

deoxygenated blood of the right heart1. 
 
The four chamber valves described (tricuspid, pulmonary, mitral, and 

aortic) are not the only valves found within the heart.  A Thebesian valve can 

exist across the ostium of the coronary sinus2, a Eustachian valve is usually 

present in a remnant form from fetal development, and the coronary veins have 

numerous valves.  While these valves are important in their own right, the 

general term “cardiac valves” will only refer to the tricuspid, pulmonary, mitral, 

and aortic valves for the purposes of this dossier.  
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Figure 1.2:  Semilunar Valve Anatomy 
A drawing highlights the common features of the semilunar valves3. 

 

Semilunar Valves 
The pulmonary and aortic valves share several common characteristics, 

and the terms “semilunar valves” and “arterial valves” have arisen to refer to 

these two valves.  As previously described, semilunar valves open during 

systole and close during diastole.  In normal individuals, they both have trileaflet 

structures. The name semilunar comes from the shape of the leaflet attachment 

to the arterial wall and its similarity to the shape of the crescent moon. 

Figure 1.2 shows a cartoon description of the common features of 

semilunar valves3.  Each leaflet is roughly the same size, and upon leaflet 

closure, appears in the shape of a Mercedes-Benz logo.  Where the leaflets 

meet upon closure, three commissures, or zones of apposition are formed.  The 

region associated with the circumference of the arterial wall at the level of 

arterial leaflet attachment is called the sinotubular junction (Fig 1.2).  The 
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leaflets attachments follow a semilunar path in between attachments at the 

sinotubular junction, and the basal points form a virtual ring within the 

ventricular myocardium (Fig 1.2).  The arterial wall forms a sinus in between the 

basal attachments and the sinotubular junction, named the sinuses of Valsalva.  

The so-called interleaflet triangles exist on the ventricular side of the valve, and 

are defined on two sides by the semilunar attachment pathway of two leaflets, 

and on the third side by the virtual basal ring.  The analogous structures on the 

arterial side of the valve are called lunules. 

 

Figure 1.3:  Aortic Valve Histology 
A histological slice of the aortic valve, showing the endothelial cell layers, 
fibrous core, and the transition from myocardial to vascular tissue3. 

 
The semilunar valves also share similar histology that can be seen in 

Figure 1.3.  Endothelial cells line both the ventricular and arterial sides of the 

leaflets.  Insterstitial cells lie between the endothelial cell layers, and form a 
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fibrous core to the leaflet called the lamina fibrosa.  The lamina fibrosa thickens 

at the free margin of each leaflet, also called the nodule, or nodule of Arantius.  

This nodule appears to become more prominent with age.  The basal 

attachments of the leaflets are consistent with histology of ventricular tissue, 

with a change in histology occurring approximately a third of the way to the 

sinotubular junction.  At this level, the tissue becomes more consistent with 

arterial tissue3. 

 

Figure 1.4:  Cardiac Valves and Cardiac Skeleton 
The leaflets of the heart valves and the cardiac skeleton as viewed with the 

atria removed4.  Note that the left and right leaflets of the aortic and pulmonary 
valve face each other as if one is a reflection of the other. 

 

The Pulmonary Valve 
The pulmonary valve separates the right ventricular outflow tract of the 

right ventricle from the pulmonary trunk.  The pulmonary valve can also be 
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referred to as the “pulmonic valve”, the “right semilunar valve”, and the “right 

arterial valve”.  Its three leaflets, or cusps, are difficult to name because of the 

oblique angle of the valve.  Its nomenclature is therefore derived based on the 

nomenclature of the aortic valve, which lies in proximity to it.  The two leaflets 

attached to the septum are named the left and right leaflets, and correspond to 

the right and left leaflets of the aortic valve, which they face.   The third leaflet is 

called the non-coronary leaflet (to maintain the nomenclature of the aortic valve) 

or the anterior leaflet.  The leaflets are shown in Figure 1.4, along with the 

relative location of the pulmonary valve to the other valves of the heart4.  The 

pulmonary valve is supported by infundibular muscle, a supraventricular crest of 

the right ventricle that is called the ventriculo-infundibular fold.   

The pulmonary valve is typically the least affected by heart disease, and 

most associated complications are congenital.  For example, a bileaflet valve, 

caused by the fusion of two leaflets into a dome-shaped valve, is the most 

common congenital cause of pulmonic stenosis.  Severe stenosis of the 

pulmonary valve, diagnosed with echocardiography, is defined as a central 

orifice jet of greater than 4 m/s or a pressure drop of greater than 60 mmHg.  

Surprisingly, even patients diagnosed with severe stenosis are usually 

asymptomatic.  If symptoms are present, they may include dyspnea or fatigue.  

Long standing, untreated pulmonary stenosis can lead to right ventricle failure 

and/or tricuspid regurgitation.  For this reason, a balloon valvotomy may be 

performed in young or adolescent patients with pulmonary stenosis.  Surgical 

intervention is not common for a given patient with only pulmonary regurgitation 
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or stenosis.  Pulmonary regurgitation is considered to be a mostly benign 

disease.  It is rarely congenital, but mild to moderate regurgitation can occur 

after balloon valvotomy or surgical repair of Tetralogy of Fallot.  Yet, long-term, 

untreated, severe pulmonary regurgitation can result in right ventricular 

dilatation and possibly congestive heart failure.  Valve replacement may be 

performed for NYHA class II or III patients with severe pulmonary stenosis or 

regurgitation, but no consensus has been reached as to whether the valve 

should be replaced prior to the onset of right ventricular dilation5.  Transcatheter 

delivered pulmonary valves (those which are expanded into position once 

released from the catheter) have been approved for use in Canada and Europe, 

but have not yet been approved in the United States.  This topic will be 

discussed in greater detail in Chapter 5. 

The Aortic Valve 
The aortic valve separates the left ventricular outflow tract from the 

ascending aorta.  The aortic valve has also been called the “left semilunar 

valve” and the “left arterial valve”.  The inlets to the coronary artery system can 

be found within the sinus of Valsalva.  The left coronary ostium is found midway 

between the commissures of the left coronary cusp, and almost immediately 

branches into the anterior interventricular branch and the circumflex branch.  

The right coronary ostium is found above the right coronary cusp and gives rise 

to the right coronary artery.  The final cusp is named the non-coronary cusp and 

is positioned posteriorly relative to the other two cusps.  The leaflets and 

coronary ostia are shown in Figures 1.5 and 1.6, respectively. 



 

 

Figure 1.5:  Aortic Valve and Coronary Ostia 
The leaflets of the aortic valve are shown in an excised human heart 

relative to the other valves of the heart (left) and the coronary ostia are also 
shown with respect to the three aortic cusps (right). 

 
Strong support structures anchor the aortic valve in the heart.  The left 

fibrous trigone is roughly positioned in the aortic wall at the location of the left-

coronary and right-coronary commissure.  The right fibrous trigone is roughly 

positioned at the non-coronary cusp.  A thinner region of fibrous tissue connects 

these two trigones, called the aorto-mitral fibrous continuity, and is all that 

separates the aortic valve from the mitral valve.  These fibrous regions help to 

control motion of the aortic and mitral valves along the short axis of the heart.  

The membranous septum lies in close proximity to, but laterally and to the right 

of, the right fibrous trigone.  The combination of the right fibrous trigone and the 

membranous septum is usually referred to as the central fibrous body, which is 

the strongest part of the so-called fibrous skeleton.  The membranous septum 

separates the tricuspid valve from the aortic valve in a manner similar to the 

way the aorto-mitral fibrous continuity functions.  The fibrous support structures 

of the heart are shown in Figure 1.7. 
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Figure 1.6:  Trigones and the Aorto-Mitral Fibrous Continuity 

The cardiac skeleton is viewed from the apex of the heart.  The top of the image 
is anterior and the bottom is posterior3. 

 
The aortic valve also lies in close proximity to the left bundle branch of 

the conduction system in the left ventricle.  The atrioventricular node travels 

directly through the central fibrous body and into the septum where it appears in 

the left ventricle as the left bundle branch.  The left bundle branch lies inferiorly 

to the aortic valve approximately at the non-coronary and right coronary 

commissure.  Devices should be delivered so as not to interfere with the 

function of the left bundle branch or the coronary ostia, while the fibrous regions 

of the cardiac skeleton can be utilized as anchor points, if needed. 

 

Atrioventricular Valves 
The tricuspid and mitral valves share anatomic characteristics.  The 

atrioventricular valves were named because they allow the passage of blood 

from the atria to the ventricles, with the tricuspid valve on the right side of the 
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heart and the mitral valve on the left side of the heart.  The atrioventricular 

valves open during diastole to allow for filling of the ventricles and then close 

during systole.  The leaflets of the atrioventricular valves differ, but are both 

supported by an annulus and what is collectively called the subvalvular 

assembly.   

 
Figure 1.7:  Mitral Valve Histology 

The histology of the mitral valve is shown, consisting of a spongy atrial tissue 
and a fibrous ventricular tissue3. 

 

The subvalvular assembly consists of chordae tendinae and papillary 

muscles.  The chordae tendinae connect the papillary muscles to the ventricular 

side of the atrioventricular leaflets.  During systole, the papillary muscles 

contract and hold the chordae tendinae taut.  The tension transferred to the 

leaflets prevents leaflet prolapse in the same manner that the sails of the ship 

are held taut during a high wind.  The relative complexity of the subvalvular 

apparatus can be appreciated by images in later chapters. 

The highly variably anatomy of the chordae tendinae have been 

classified by function6, but it is most beneficial to simply recognize the so-called 
 11 



 

strut chordae that attach to the leaflet edges, and the fan-shaped, or 

fenestrated chordae that are usually present near the major commissures of the 

valves.  The strut chordae are relevant for two reasons.  They bear the highest 

mechanical load7 during systole and have been shown to contain blood vessels.  

These blood vessels are likely to supply the leaflet tissue that is furthest from 

the annulus of the valve8.  The fenestrated chordae are clinically relevant 

because they have been found to more often entangle devices during delivery, 

such as the passive-tined lead.  

The atrioventricular valves also share common leaflet histology, as 

shown in Figure 1.8.  The atrial side of the leaflet consists of spongy tissue, 

whereas the ventricular side consists of fibrous tissue.  The annulus of the valve 

can be seen at the attachment site of the leaflets.   

 

Figure 1.8:  Tricuspid Valve and Atrioventricular Node 
The proximity of the annulus of the tricuspid valve to the atrioventricular 

node and the membranous septum is illustrated. 
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The Tricuspid Valve 
The tricuspid valve, also called the “right atrioventricular valve”, has an 

annulus which is mainly composed of fibro-fatty tissue that supports the valve, 

but also insulates the electrical signals of the right atrium from the electrical 

signals of the right ventricle.  The membranous septum is the only portion of the 

cardiac skeleton providing support to the tricuspid valve.  The membranous 

septum is a part of the central fibrous body, through the center of which lies the 

penetrating bundle of His and the atrioventricular node.  It should be noted that 

the atrioventricular node is a highly complex structure with both fast and slow 

pathways, but the details will not be discussed here.  Figure 1.9 shows the 

tricuspid valve and illustrates its relation to the cardiac skeleton and the 

conduction system9.  The described annulus supports the leaflets of the 

tricuspid valve.   

The tricuspid valve gets its name because it is generally considered to 

have three leaflets:  the anterior, posterior and septal leaflets.  Of these, the 

anterior, also called the “infundibular” or “anterosuperior”, leaflet is typically the 

largest.  The posterior leaflet is also referred to as the “inferior” or “marginal” 

leaflet and the septal leaflet is also referred to as the “medial leaflet”.  Figure 1.4 

shows the leaflets as viewed from the right atrium.  Terminating on the 

ventricular side of the tricuspid valve leaflets, the chordae tendinae are 

connected to three papillary muscles in the right ventricle. 

In humans, the three papillary muscles of the right ventricle have highly 

variable anatomy.  The anterior papillary muscle is usually the most prominent, 



 

with the moderator band terminating at its head.  While an alphanumeric 

nomenclature has been posed for the leaflets and papillary muscles of the 

tricuspid valve, it has not yet found widespread use10.  The moderator band 

typically originates from the septal papillary muscle.  The septal papillary 

muscle is normally the least prominent, and is missing 21.4% of the time11.  The 

papillary muscles can have multiple heads that can either be joined or separate.  

However, these muscles contract simultaneously, with the moderator band 

supplying the electrical signal to the anterior papillary muscle.   

 
Figure 1.9:  The Mitre and the Mitral Valve 

The mitral valve is named for its resemblance to a cardinal’s hat, called a 
mitre1. 
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 To date, tricuspid valve repair or replacement is not recommended for 

patients with mild regurgitation, as diagnosed by a pulmonary artery systolic 

pressure less than 60 mmHg.  If the patient is undergoing mitral valve surgery, 

tricuspid valve repair or replacement can be recommended for a larger 

population.  Tricuspid valve repair or replacement is only recommended for 

symptomatic patients with severe regurgitation if there are no other co-existing 



 

pathologies.  Severe tricuspid valve stenosis is diagnosed by a valve area less 

than 1.0 cm2.  Severe tricuspid valve regurgitation is diagnosed by a vena 

contracta flow width less than 0.7 cm and systolic flow reversal in the hepatic 

veins5.  Note that surgical recommendations may change as less invasive 

procedures become available to treat such conditions in the high risk patient. 

 

Figure 1.10:  Mitral Leaflet Nomenclature 
The mitral valve nomenclature proposed by Carpentier is presented in 

alphanumeric fashion, with the nomenclature porposed by Kumar presented in 
numerals 1-6.  Stars indicate regions typically ignored by Carpentier’s 

nomenclature. 
 

The Mitral Valve 
The mitral valve gets its name because of its resemblance to the pope’s 

mitre as shown in Figure 1.10.  It is also called the “bicuspid valve” and the “left 

atrioventricular valve”.  As the name bicuspid valve may suggest, the mitral 

valve is considered to have two primary leaflets:  the anterior and posterior 
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leaflets.  The anterior leaflet has also been called the “septal”, “medial”, or 

“aortic leaflet”, while the posterior leaflet is also referred to as the “lateral”, 

“marginal”, or “mural leaflet”.  Each leaflet is then further broken down into 

scallops divided by commissures, or zones of apposition.  Due to the high 

variability of leaflet and scallop anatomy, and an alphanumeric nomenclature 

has been proposed by Carpentier12 that breaks the leaflets into regions.  An 

alternative nomenclature has been proposed by Kumar and colleagues which 

recognizes more scallops13.  Carpentier’s nomenclature has achieved 

widespread clinical use due to its flexibility and simplicity and is shown in Figure 

1.11 along with Kumar’s nomenclature.   

The leaflets of the mitral valve are supported by an annulus.  The 

anterior leaflet is supported by the aorto-mitral fibrous continuity, which 

terminates in the left and right fibrous trigones (see Fig 1.7).  Fibrous 

extensions continue from the trigones around the mitral valve, but the length of 

these extensions is highly variable.  A fibrous-fatty tissue surrounds the valve in 

areas where the cardiac skeleton is not present.  This tissue serves to insulate 

the electrical signals of the left atrium from the electrical signals of the left 

ventricle.  A great deal of research has been conducted to analyze the motion 

of the mitral annulus due to its importance in the design of annuloplasty rings 

that serve to narrow a pathologically enlarged orifice area of the valve.  For 

example, annuloplasty rings can be full or partial rings (originating at the left 

trigone and surrounding the posterior leaflet before terminating at the right 

trigone) that have various degrees of flexibility.  The relative motion of the 



 

native annulus has been studied to create a ring that most closely mimics the 

function of the native annulus.  An example of a full and a partial annuloplasty 

ring can be seen in Figure 1.12. 

Figure 1.11:  Mitral Annuloplasty Rings 
The Cosgrove-Edwards Annuloplasty System, a partial annuloplasty ring, is 

shown on the left, and the Carpentier-Edwards Classic Annuloplasty Ring, a full 
annuloplasty ring, is shown on the right. 
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  In principle, the left ventricle contains two papillary muscles, the anterior 

and the posterior.  These muscles function in the same manner as the papillary 

muscles of the right ventricle, except there is not a distinct moderator band 

connecting these muscles with the septal wall.  Like the papillary muscles of the 

right ventricle, there is much variability in the anatomy of the left ventricular 

papillary muscles.  They can have multiple heads which may or may not be 

joined at the base.  A study of the variability in the anatomy of the left 

ventricular papillary muscles and a proposed nomenclature for papillary muscle 

types has been reported14.  The anterior papillary muscle is usually situated 

nearest the septal wall of the left ventricle, in proximity to the left ventricular 

outflow tract.  The posterior papillary muscle is usually located at the most 

lateral portion of the posterior wall in the left ventricle.  The relative locations of 

the papillary muscles are important for mitral valve coaptation, and extensive 



 

left ventricular remodeling associated with disease changes the positions of the 

papillary muscles with respect to the mitral valve.  This is one possible cause of 

functional mitral regurgitation15, but this is a complicated disease process.  

Other factors, such as annular dilatation and the flattening of the mitral annulus 

“saddle shape” have also been indicated16, 17. 

 The complex anatomy of the mitral valve leads to many potential 

pathologies and thus, causes of mitral regurgitation or stenosis, while the 

location of the mitral valve in the left side of the heart makes repair or 

replacement of the valve of high clinical importance.  For these reasons, there 

are a variety of surgical repair techniques, replacement options, and, more 

recently, percutaneous repair technologies that are continually being improved 

and evaluated.  For more specific surgical guidelines, indications for surgical 

repair or replacement of the mitral valve as recommended by the American 

College of Cardiology and the American Heart Association can be found in the 

appendix. 

Table 1.1:  Types of Mitral Regurgitation 
A summary of Carpentier’s description of types of valve dysfunction  

listed with descriptions, morphologies, and causes of the valve dysfunction. 
Valve Dysfunction Description Mitral valve morphology Causes
Type I Normal leaflet motion annular dilatation LV remodeling

leaflet perforation congenital cleft
endocarditis

Type II Excessive leaflet motion elongation of chordae degeneration or ischemia
rupture of chordae
rupture of papillary muscles

Type III Restricted leaflet motion rheumatic heart disease  

 To date, mitral valve repair surgeries typically employ the classification 

scheme suggested by Carpentier to determine the functional nature of the mitral 

regurgitation.  A summary of mitral valve morphologies based on Carpentier’s 
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description of valve dysfunction is shown in Table 1.118.  The surgeon has a 

variety of techniques available for mitral valve repair that depend on the 

diagnosis of valve incompetence.  These surgical techniques are important, yet 

their descriptions are beyond the scope of this literature review, and can be 

easily found by the interested reader.  However, it should be briefly noted that 

mitral valve replacement is recommended when the option exists, as it keeps 

the native valve intact and 85-95% of patients do not require reintervention after 

10 years19. 

 Mitral valve replacement is recommended for patients whose mitral 

valves are beyond repair.  Later sections will discuss valve replacement options 

in detail, so they will not be discussed here.  Indications for mitral valve surgery 

can be found as recommended by the American College of Cardiology and the 

American Heart Association. 

 

Figure 1.12:  Evalve MitraClip Device 
A schematic of the MitraClip device is shown on the left with an animation of the 

mitral repair on the right 
 

Finally, there are multiple new technologies being developed to repair 

the mitral valve percutaneously.  For example, the MitraClip (Evalve, Inc., 
 19 
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Menlo Park, CA) seeks to reduce mitral regurgitation by mimicking the surgical 

procedure known as edge-to-edge repair or the Alfieri stitch using a 

percutaneous approach.  A chapter associated with the MitraClip device can be 

found in Chapter 3.  This product is currently in phase II clinical trials in the 

United States.  Another example of percutaneous technology is the Viacor 

device, a percutaneous mitral annuloplasty (PTMA) device for treatment of 

patients with congestive heart failure.  This catheter-based device enters the 

right atrium to gain access to the coronary sinus.  The PTMA system is 

positioned in the lateral wall of the left heart.  When deployed, the PTMA device 

cinches and reshapes the posterior mitral annulus (which is in close proximity to 

the coronary sinus vein) into the approximate shape of a native annulus.  This 

device is not currently approved for clinical use in the United States.  It should 

be noted that anatomical studies have also shown the location of the coronary 

sinus to be superior to that of the mitral annulus and this could affect the 

number of patients eligible for this device approach.  Figure 1.13 shows images 

of the MitraClip device and Figure 1.14 shows the PTMA device.  Many other 

percutaneous technologies are being developed, and these two serve only as 

examples.  



 

 

Figure 1.13:  Viacor PTMA 
An animation of the Viacor PTMA system being delivered 

 into position in the coronary sinus vein. 
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In vitro testing and subsequent pre-clinical animal testing are the 

accepted methods for assessment for cardiac valves prior to clinical trials.  In 

vitro testing is largely used for hydrodynamic performance and flow 

characterization, yet the mechanisms of valve function have also been 

investigated.  This includes testing of papillary muscle positions1 and chordal 

forces of the mitral valve2.  Additionally, bioreactors3 have been incorporated 

into the standard in vitro flow loop to investigate cellular responses to differing 

mechanical environments.  Meanwhile, preclinical animal testing has been well 

developed for the study of long-term effects of implantation and biologic 

interactions with the device.  For readers interested in preclinical testing, 

reference Appendix A:  Large Animal Models for Electrophysiologic Studies.  I 

am the primary author on this chapter of a textbook edited by Daniel Sigg, 

which is currently in press. 

     The Visible Heart® is an isolated heart apparatus for the investigation of 

large mammalian hearts such as human, swine, canine, or sheep.  The hearts 

are perfused with a clear buffer, allowing for intracardiac imaging of functional 

anatomy.  It has been in use at the University of Minnesota for ten years and 

whose methods have been previously described4-5, focusing on lead 

implantation and anatomical studies.  Could this unique experimental setup be 

turned into a test-bed for understanding valve function?  What type of 

experiments is it capable of, and where does it fit into the current state of valve 

testing? 



 

 

Visible Heart Capabilities 
The Visible Heart setup can accommodate multiple imaging modalities, 

including endoscopy, echocardiography, fluoroscopy, and, potentially, high-

speed imaging.  Currently, the Visible Heart® is capable of capturing four 

simultaneous images from multiple sources for comparative image analyses. 

 
Figure 2.1:  Endoscopic Images of the Tricuspid Valve within the Visible Heart 

The endoscopic imaging capabilities of the Visible Heart are illustrated by 
showing the tricuspid valve from the right atrium (left) and right ventricle (right). 

 

Endoscopic imaging has been the most common imaging modality by out 

lab.  The flexible, steerable endoscopes (6 and 4 mm) allow for easy navigation 

of the heart chambers.  Images of the tricuspid valve are shown as examples of 

the capabilities of endoscopic images in Figure 2.1, but a more comprehensive 

library can be found online at http://www.vhlab.umn.edu/atlas/atlas.html.  

Echocardiography and fluoroscopy are common clinical tools for imaging the 

heart.  Using these tools, we can compare what clinicians might see with direct 

visualization, but since these imaging modalities are well understood, they will 

not be presented here. 
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Figure 2.2:  High Speed Imaging Capabilities within the Visible Heart 
A schematic of the feasibility high-speed camera study (left), and selected 

images of the aortic valve, as seen from the aorta, are shown (right).  Images 1-
4 correspond to the systolic opening of the valve, while images 5-8 correspond 

to the diastolic closing of the valve. 
 
High-speed imaging remains a staple of valve testing and its application 

in the Visible Heart® laboratory was investigated in preliminary studies. As a 

proof-of-concept, one swine heart was isolated and reanimated.  In my studies, 

I employed a high-speed camera to gather images at three locations:  the 

ascending aorta through an aortic cannula, the left ventricle via an apical 

puncture, and the left atrium via an atrial puncture.  A rendering of the test 

setup used is shown of the left ventricular apex location (Fig 2.2).  These three 

locations provided high speed images of the inflow and outflow aspects of the 
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aortic and mitral valves with pressures, ECG, and aortic flow matched to the 

individual frames of the high-speed images.  Figure 2.3 shows selected images 

of the opening and closing of the aortic valve, as viewed from an ascending 

aorta. 

The following measurements were read at a sampling rate of 5 kHz:  ECG, 

aortic flow, and two pressure measurements. The feasibility study showed that 

high speed imaging could be coupled to the physiologic controls and 

measurements of the Visible Heart®. Upstream and downstream pressures, 

ECG, and aortic flow were matched to the individual frames of the high-speed 

images.  A high-speed camera system is currently being requested, meaning 

this system will be available to the Visible Heart® lab on a regular basis. 

In addition to the imaging capabilities of the Visible Heart®, a number of 

physiologic and pharmacologic parameters can be varied based upon study 

design.  A short list is shown below: 

 Physiologic Controls:  independent left and right preload and afterload, 

heart rate 

 Physiologic Measurements:  pressures, flows, ECG, LV volume (via 

sonomicrometry crysals) 

 Pharmacology:  dobutamine, epinephrine, and extracellular calcium are 

the most common additions, although other drug effects could be tested 

It should be noted that Appendix B:  Mechanical Aspects of Cardiac 

Performance, a chapter in the Handbook of Cardiac Anatomy and Medical 

Devices of which I am a co-author, provides greater details on invasive 
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monitoring of the heart.  Within this chapter, the interested reader can learn 

more about hemodynamic monitoring and measures of mechanical 

performance there.  

Visible Heart Limitations 
The following are currently known limitations of the Visible Heart® 

preparation that are pertinent to cardiac valve experimentation: 

 Limited to acute studies 

 Average experiment length (4-5 hours) 

 Maximum experiment length (~8 hours) 

 The lack of an oxygen carrier creates an global ischemic environment 

 Decreased cardiac output (1-4 L/min) and ejection fractions 

 Increased diastolic stiffness of the ventricles  

 Ischemic effects are greater on the left side than the right side 

 PIV and other advanced flow field tools are not applicable 

 Progressive edema decreases heart performance during the experiment 

 Echocardiography limitations due to microbubbles in the buffer, which 

can be minimized during imaging 

 Spectral broadening of pulse wave signals 

 Color-flow limitations 

Visible Heart Applications 
While the Visible Heart® will never replace bench top testing of cardiac 

valves for assessment of hydrodynamic performance, lifecycle testing, or pre-

clinical animal testing for chronic implantation, it does provide some unique 
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characteristics for novel experimentation.  Some general categories of potential 

research topics are presented and described below: 

 

Functional Anatomy 

     The Visible Heart can be used to characterize the working environment of 

medical products.  It is believed that better products can be designed when new 

insights into the functional anatomy of the intended patient population is 

obtained and incorporated.  For specific examples of this notion, this thesis 

includes two chapters (Chapters 3 and 4) that show novel anatomical 

assessments and an observed large degree of variability within human cardiac 

anatomy that could ultimately affect the placement and function of 

percutaneous mitral valve repair devices. 

 

Device Delivery and Device/Tissue interactions

     Delivery of therapy to valves (i.e. replacement or repair) is being done in 

increasingly minimally invasive and technologically sophisticated ways.  The 

Visible Heart methodologies allow the direct visualization of these systems as 

they enter the heart, traverse to the appropriate deployment location, and 

deliver therapy.  Chapter 5 provides a unique example of these investigative 

capabilities; a Melody valve is implanted in the pulmonary position of a 

reanimated human heart.  The delivery system was shown as it navigated 

through the tricuspid valve, avoided chordal entanglement, and advanced 

around the RVOT, with no visible trauma to the tissue.  Once deployed, the 



 

 29 

stented valve could be visualized and subsequent valve performance was 

assessed using echocardiography and direct visualization (e.g. coaptation of 

the valve leaflets). 

 

Chronic Model Development and Acute Valve Assessment      

One of the main advantages of the Visible Heart® preparation is that 

pathological heart models can also be reanimated.  Further, chronic animal 

models may be developed to simulate specific disease states and then be 

reanimated in the Visible Heart to more accurately mimic implant complications 

of an intended patient population for a device.  Our lab has developed a well-

characterized dilated cardiomyopathy model in a swine through chronic high-

rate pacing (Chapter 6).  In this model, mitral regurgitation due to ventricular 

remodeling was observed in 2-3 weeks of pacing.  As such, hearts from these 

animals could be isolated on the Visible Heart® apparatus for the acute 

assessment of mitral repair or replacement devices intended for patients with 

ventricular remodeling. 

 

Acute Assessment of Surgical Repairs 

 Many emerging medical devices for minimally invasive valve repair seek 

to mimic conventional surgical techniques, such as “edge-to-edge repair” of the 

mitral valve.  In this surgical procedure, opposing leaflets of the mitral valve are 

sewn together, creating a double orifice valve.  Chapter 7 shows an acute 

assessment of this technique following an induced P2 prolapse.  We consider 
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that the use of this experimental approach could then be used as an acute 

performance benchmark for any device attempting to mimic the procedure. 

 

Pre-clinical Human Heart In Vitro Testing 

     Through the generous contributions of organ donors and their families, from 

identified donors whose hearts were not deemed viable for transplant 

(LifeSource, Inc., Minneapolis, MN), these organs were obtained for research 

study and subsequent reanimation.  Several of the chapters in this thesis 

(Chapters 3 and 5) utilized reanimated human hearts.  The opportunity to do 

studies and test prototypes on reanimated human hearts is an invaluable 

opportunity to conduct pre-clinical human heart testing. 

 

Early Prototype Testing for Designers 

      Many of the aforementioned applications can be combined with prototype 

device testing.  For example, valve designers can bring in early-stage designs 

in a low-stress environment to obtain direct visualization of how their designs 

are interacting with functional cardiac anatomy.  This allows design roadblocks 

and flaws to be identified earlier in the development process than otherwise 

possible.  While many early prototypes have been studied and tested in our 

laboratories using the Visible Heart® methods, it is beyond the scope of this 

thesis to discuss the details of these studies. 
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Chapter Preface 
 

An in depth knowledge of functional anatomy is vital to the understanding 

of the environment constraints in which designed medical devices will operate.  

As an example, the location of clefts on the posterior leaflet was speculated to 

affect the delivery of percutaneous mitral repair devices that mimic the Alfieri 

stitch, or “edge-to-edge repair” technique.   

Although surgical repair of the mitral valve is a mature and proven 

technique, many patients remain untreated.  In part, this is due to the fact that 

many patients that would benefit from such a repair are not healthy enough to 

undergo the surgery itself.  This unmet clinical need has motivated the recent 

development of numerous new devices and procedures for transcatheter repair 

of the mitral valve.  Of the transcatheter technologies pursued, the edge-to-

edge technique currently has the most documented clinical experience 

evaluating its surgical use.  More specifically, the EVEREST I and II trials for 

the MitraClip device (see Chapter 1) have shown that multiple devices were 

required for therapeutic benefit in 34% of successful device deployments.  We 

believe that the necessity for placing multiple devices may be caused by the 

variability within functional mitral leaflet anatomy, which this chapter of my 

thesis investigates.   

The mitral valve leaflets of 38 human hearts were examined either 

employing Visible Heart® methodologies and/or analyzing carefully prepared 

perfusion fixated specimens.  In 14 hearts (36%), valve leaflets had deviant 



 

 33 

clefts in the A2 or P2 regions.  Such deviant clefts are now considered a part of 

the native anatomical variability within the mitral valve leaflet structure, and this 

variability could account for the necessity of placing multiple repair devices in 

the aforementioned clinical studies.  While the correlation between deviant 

clefts and the need for multiple repair devices is not proven, I believe it to show 

how the Visible Heart laboratory can be used to characterize the operating 

environment of medical devices.   

I was responsible for the experimental design (with Dr. Iaizzo, Dr. Hill 

and Dr. Laske), data collection (with Dr. Anderson, acknowledged), data 

analysis, drafting and editing (with all co-authors) of the material in this chapter.  

After the conception of this experiment, it became apparent that the variability of 

the mitral leaflets was not well understood, and Dr. Ottavio Alfieri was consulted 

and agreed to be a co-author on this work.  Based upon the implications to the 

surgical procedure named after him, Dr. Ottavio Alfieri agreed to not only help 

with the preparation of this manuscript, but he now looks for deviant clefts 

during all of his edge-to-edge repair procedures. 

 



 

 

 
Figure 3.1:  Mitral Valve Orientation and Leaflet Nomenclature 

The relative orientation of the human mitral valve (MV) with respect to the other 
cardiac valves is shown on the left.  The anterior (A) and posterior (P) leaflets of 

the mitral valve were labeled along with the aortic valve (AV), the pulmonary 
valve (PV), and the tricuspid valve (TV).  The alpha-numeric diagram on the 
right shows Carpentier’s description1,2 of the mitral valve leaflets, where the 

stars indicate the commissural scallops described by Kumar5. 
 

Introduction 
The human mitral valve is a very complex, dynamic, and highly variable 

structure.  Current nomenclature describes it as a bileaflet valve with chordae 

tendinae connecting the leaflets to two ventricular papillary muscles; this 

definition was made popular by Carpentier1,2.  Furthermore, the leaflet 

nomenclature typically describes an anterior and posterior leaflet, each divided 

by two commissures.  The posterior leaflet is then further divided into P1, P2, 

and P3 scallop regions by clefts.  The anterior leaflet descriptions do not include 

the labeling of any clefts, but is subdivided into the A1, A2, and A3 regions that 

oppose the scallops of the posterior leaflet (Fig. 3.1).   Since the term 

commissure is defined as “a line at which two things are joined,” we have 
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chosen to reserve the term commissure for where the anterior leaflet joins the 

posterior leaflet, and will use the term cleft for a division between scallops on 

either the anterior or posterior leaflet.   

Several previous investigators have described the mitral valve leaflet 

anatomy and each has added unique insights.  For example, in 1970, 

Ranganathan et al. classified the mitral leaflet based on its functional zones3.  

They described an “edge zone”, a “clear zone”, and a “basal zone”, based upon 

the thicknesses and locations of these leaflet tissues.  Interestingly, this 

extensive study (46 specimens) was highly descriptive, but subsequently the 

developed nomenclatures and/or definitions were mainly utilized by anatomists 

and not clinicians.  Furthermore, valve scallops were classified based upon the 

presence of “cleft” chordae, in which 92% of the posterior leaflets observed 

contained three scallops4.  Likewise, Chiechi et al. classified “accessory 

leaflets” on the posterior cusp5.  Yet, neither group charted the exact locations 

of clefts if and when they occurred, which in their study were defined as slits 

that separate the scallops of the leaflets.  Nevertheless, the simplicity and 

practicality of Carpentier’s anatomical description led to its widespread use after 

it was introduced in 1976.  It should be noted that Kumar and colleagues went 

on to classify the leaflets of the mitral valve using a numbering scheme for the 

scallops6, but Carpentier’s description remains the most commonly used. 

Importantly, from a pure anatomical perspective, the use of the terms 

“anterior” and “posterior” leaflets has been disputed.  Specifically, common 

anatomic terms used to describe the human heart are typically based upon 
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examination of a specimen in the so-called “valentine” position with the heart 

oriented so that the interventricular septum would be parallel to the long axis of 

the body, with the apex positioned inferiorly.  This position is not attitudinally 

correct; that is, it is not how the heart is positioned in the intact thoracic cavity.  

In other words, terms such as anterior and posterior are thus applied to the 

incorrect surfaces of the heart and thereby to structures within the heart as well, 

including the mitral valve.  Therefore, if one employs an attitudinally correct 

nomenclature, the terms anterior and posterior leaflets become imprecise.  

Alternative names have been proposed based on the correct position of the 

heart, the aortic and mural leaflets, respectively7.  The authors feel it is 

important to acknowledge this discrepancy in common nomenclature, but will 

use the Carpentier nomenclature for this study.  Rather than attempting to 

provide a new nomenclature that perhaps more accurately and precisely 

describes the attitudinally correct anatomy of the mitral leaflets, we will 

acknowledge a large variation in the number of scallops and their location, and 

simply propose a manner to describe this variation in anatomy relative to the 

widely employed Carpentier definitions. 

Specific Aims 
The aims of this paper were to employ both the functional imaging 

capabilities of the Visible Heart® laboratory and the endoscopic visualization of 

mitral valves in perfusion fixed specimens to better characterize variability in 

mitral valve leaflet anatomy and to provide a method to classify mitral leaflets 

that vary from the current nomenclature .   
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Methods 
 The protocol and procedures employed for this research was reviewed 

and approved by the Human Subjects Committee Internal Review Board at the 

University of Minnesota.  Specimens were either procured through the Anatomy 

Bequest Program at the University of Minnesota or from Lifesource, Inc (St. 

Paul, MN). 

Functional endoscopic video footage was gathered from 11 isolated 

reanimated human hearts using previously described Visible Heart® 

methodologies8.  Briefly, these hearts obtained from organ donors that were 

deemed not viable for transplant, were administered a cardioplegia solution and 

cooled.  Upon arrival in the lab and after cannulation, the hearts were 

subsequently perfused with a Krebs-Henseleit buffer which was warmed to 

normal body temperature (37 ºC).  Subsequently, these hearts were defibrillated 

and all elicited a normal (non-innervated) sinus rhythm.  The utilization of this 

clear buffer solution allowed for functional, intracardiac, endoscopic imaging 

within these beating hearts; including that of the functioning mitral valve from 

above and below.8 

Static endoscopic anatomical images of the mitral leaflets were also 

gathered from 38 perfusion-fixed specimens, including the 11 aforementioned 

hearts observed using Visible Heart methodologies.  These hearts were 

obtained fresh with their great vessels intact, cannulated, and subsequently 

fixed by pressurizing the heart (40 - 50 mmHg) with a 10% formalin solution 

during which time the heart remained submerged in a formalin filled tank.  All 
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hearts were fixed using this method for greater than 48 hours.  Following 

perfusion fixation, and while keeping the specimen fully intact, the leaflets of the 

mitral valve were observed from an endoscope placed into the left atrium  which 

were navigated through a pulmonary vein ostium.    

For each valve studied, the nomenclature proposed by Carpentier was 

used to diagram the locations of each cleft within the anterior and posterior 

leaflets.  If a cleft was found in either of the two locations described by 

Carpentier, they were referred to as “standard” clefts.  Any clefts that were 

found in regions described as being scalloped regions, by the current 

nomenclature, were termed “deviant” clefts.  In this way, clefts that were 

uniquely located beyond the classic mitral valve description, were tabulated in 

the leaflet region that the deviant cleft occurred. 

Results 
The locations of commissures and clefts relative to Carpentier’s 

description for the 38 analyzed hearts are shown in Figure 3.2.   All hearts 

analyzed had two commissures separating the anterior and posterior leaflets.  

Carpentier’s description describes two clefts in the posterior leaflet (termed 

“standard” clefts).  The “standard” cleft that separates P1 from P2 (i.e., from 

Carpentier’s description of two clefts in the posterior leaflet), was found to be 

present at the described locations in 66% of the hearts (n = 25 of 38), while the 

“standard” cleft that separates P2 from P3 was present in 71% of the hearts (n 

= 27). 



 

 
Figure 3.2:  Mitral Cleft Locations 

Of the 38 human hearts studied, cleft locations were compared with 
Carpentier’s description as shown by the diagram and labeled regions.  Clefts 
that occurred within a scallop region instead of the diagrammed commissure 
positions were tallied in the scallop region they were discovered and termed 

deviant clefts. 
 

All other clefts were defined to be located at places that deviated from 

Carpentier’s description (i.e. within regions described as having scallops).  

“Deviant” clefts occurred in the anterior leaflet in each region (A1, A2, and A3 

regions) and the relative occurrences were 5%, 8%, and 13% (n = 2, 3, and 5), 

respectively.  Such ”deviant” clefts also were found in the posterior leaflets, and 

more frequently observed than “deviant” clefts in the anterior leaflet.  The 

numbers of occurrences of deviant clefts per region are:  P1 was 13.2% (n=5),  

P2 was the highest at 32% (n=12), and P3 was 21% (n=8).   Interestingly, one 

mitral valve had a deviant cleft in both the A2 and P2 regions.  It was also noted 

that none of the hearts analyzed had more than one “deviant” cleft in any single 

leaflet region. 
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Figure 3.3:  Histogram of Mitral Leaflet Scallop Frequencies 

Shown is a histogram of anterior and posterior scallop frequencies  
which indicates that the average number of anterior leaflet scallops is  
1.19 ± 0.40 and the number of posterior leaflet scallops is 2.97 ± 1.03. 

 

The average number of anterior leaflet scallops was 1.2 ± 0.4 and the 

average number of posterior leaflet scallops was 3.0 ± 1.0.  The relative 

variability of the scallops associated with each of the 38 hearts is presented as 

a histogram in Figure 3.3.      
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Figure 3.4:  Mitral Valves with Deviant Clefts 
Two mitral valves are shown in systolic (A,C) and diastolic (B,D) positions with 
the anterior leaflet to the left and the posterior leaflet to the right.  Blue arrows 
signify deviant clefts, while red arrows signify standard clefts.  The mitral valve 
in panes A and B contains three deviant clefts in regions P1, P2, and A3, with 

two standard clefts.  The mitral valve in panes C and D has four deviant clefts in 
the A1, P1, P2, and P3 regions.  This mitral valve has one standard cleft 
between P2 and P3, but is lacking a standard cleft between P1 and P2. 

 

Figure 3.4 shows functional images of two human mitral valves during 

systole (left panel) and diastole (right).   The mitral valve in the top panes of the 

figure has two anterior scallops and five posterior scallops with deviant clefts in 

the A3, P1, and P2 regions.  The mitral valve in the lower panes of the figure 

has “deviant” clefts in the A1, P1, P2, and P3 regions, while lacking a “standard” 

cleft between P1 and P2.    
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Discussion 
Our observations described here are consistent with the notion that the 

human mitral valve is a very complex, dynamic, and highly variable structure.  

For example, in every region of the anterior and posterior leaflets, “deviant” 

clefts were observed in at least one heart; yet they were present less often than 

“standard” clefts.  In our specimens, the anterior leaflets were found to have 

fewer deviant clefts than in the posterior leaflet; deviant clefts appeared most 

often in the P2 regions.  It should also be noted that standard clefts were found 

in the majority of the hearts analyzed, but were not always present at the 

described position.  

Here we also provided a simple and practical way for describing mitral 

valve leaflet anatomies that differ from the common nomenclature.  Our review 

of the literature identified that the most common configuration for leaflet 

anatomy was the description provided by Carpentier; in which it is described 

that there are 3 posterior leaflet scallops with two clefts separating them, two 

commissures separating the anterior and posterior leaflet, and one anterior 

scallop.  We believe that our study supports the use of this common 

nomenclature, but provides a novel extension to accurately describe variations 

in mitral leaflet clefts. 

Functional anatomic studies, such as video analyzed from the 

reanimated human hearts in the Visible Heart lab, can provide new insights that 

are difficult to observe in conventional anatomy studies.  Anatomical studies of 

the mitral leaflets are typically analyzed with the valve in the systolic position, 
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since this is how surgeons see the valve.  However, figure 4 shows two 

examples of hearts that were analyzed using functional images.  Clefts that 

were not readily apparent in the systolic position become obvious in the 

diastolic position.  Basing anatomical studies on the systolic position of the 

mitral valve may soon change with the improvement of non-invasive imaging 

technologies.  

  An accurate assessment of in vivo mitral valve anatomies will become 

even more important in the future, as more and more interventional procedures 

are developed and performed to repair or replace dysfunctional valves.  More 

specifically, detailed anatomical analyses examining the presence or absences 

of leaflet clefts would be preformed prior to or during a repair procedure.  

Currently, real-time 3D echocardiography has the capability to observe the 

mitral leaflets at the level of the mitral annulus, with enough resolution to 

observe individual leaflet scallops.9,10  This imaging technique may potentially 

provide evidence of any “deviant” clefts described in this study, prior to or 

during a procedure.   It has been suggested that 3D echocardiography will play 

an important role in percutaneous mitral valve repair,11 an arena that the 

authors believe deviant clefts could affect device delivery.   

Mitral valve dysfunction can be related to several factors, including 

diseased leaflets12, annular changes13, abnormal or damaged chordae14, and 

ventricular dilatation15 causing displacement of the papillary muscles.  Although 

surgical repair of the mitral valve includes several mature and proven 

techniques, many patients remain untreated16 (58,000 U.S. surgical mitral 
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procedures in 2005 vs. a prevalence of 2.3 million with moderate to severe 

mitral regurgitation).   This unmet clinical need has motivated the recent 

development of numerous new devices for transcatheter repair of the mitral 

valve.  These transcatheter devices can be subdivided into five general types: 

1) devices for Alfieri-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 replacement17,18. 

The approach to mitral valve repair of particular interest relative to the 

finding of our study is the edge-to-edge technique, in which a stitch is placed to 

join the anterior and posterior leaflets at the location of regurgitation19-21.  This 

technique is most commonly used in patients with A2 or P2 prolapse, and the 

simplicity of the edge-to-edge technique has led to opportunities for 

percutaneous valve repair22-24.   The authors theorize that the A2 or P2 deviant 

clefts demonstrated in this study could affect the deployment of transcatheter 

edge-to-edge devices in select patients and that routine use of 3D 

echocardiography could identify these clefts and aid in procedural success.      

Conclusions 
Humans elicit complex and highly variable mitral valve anatomy.  We 

expanded the description of these variations in leaflet anatomies in the context 

of currently accepted nomenclature.  A useful way of describing variation in the 

anatomy is to describe the clefts as either “standard” or “deviant” and to locate 

the leaflet regions in which they occur (A1-A3 or P1-P3).   
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Chapter Preface 

 An example of how functional anatomy can affect device delivery and be 

investigated using the Visible Heart® methodologies is by looking at systems 

that utilize the coronary sinus for mitral valve repair.  For patients with annular 

dilatation of the mitral valve, many devices deployed via minimally invasive 

procedures are currently being developed to replace traditional annuloplasty 

procedures which require open heart surgery (see Chapter 1).  These products 

are classified as either indirect, which typically involves a transvenous coronary 

sinus approach, or direct, which involves placing the device in direct contact 

with the mitral annulus.  Percutaneous, transvenous mitral annuloplasty is a 

technology that implants a metal bar with flexible ends and a stiff midsection 

within the coronary sinus to reshape the posterior leaflet, and is a reversible 

procedure (Viacor Inc., Wilmington, MA).  The Monarc system is another device 

that is implanted within the coronary sinus that features two self-expanding 

stents tethered together, which reshapes the posterior region of the annulus in 

2-3 weeks (Edwards LifeSciences, Irvine, CA).  Similar to the Monarc, the 

Carillon XE (Cardiac Dimensions Inc., Kirkland, WA) utilizes tethered stents in 

the coronary sinus to reshape the posterior annulus.  These aforementioned 

technologies all rely upon the proximity of the coronary sinus to the posterior 

aspect of the mitral annulus, and all must be navigated around any venous 

valves within the coronary venous system. 

 In this chapter, the primary goals of the described investigation were to 

identify the prevalence of venous valves within the coronary sinuses and the 
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four main branches of the coronary venous system within perfusion-fixed 

human specimens through observations using fiberscopes within the venous 

system.  The Visible Heart® could be used to directly visualize the delivery and 

placement of mitral valve repair devices like the ones mentioned above, and the 

delivery system could be tested hearts with prominent venous valves, 

particularly the Valve of Vieussens.   

 For this project, I was involved in experimental design, data collection, 

and creation of figures, as wells as manuscript preparation.  Dr. Sara Anderson 

is primarily responsible for conception of the idea, analysis of the data and 

drafted the paper, and it was included within her thesis defense (2008). 
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Introduction 
Cardiovascular interventional procedures, such as cardiac 

resynchronization therapy, require access to the left ventricular (LV) coronary 

venous system.  While coronary venous angiography1-4 and multislice 

computed tomography5 reveal gross anatomical features of the coronary 

venous system, venous valves are not easily viewed using these methods.  

Similarly, venous valves at the ostia of the major LV veins have been 

characterized previously6-8 and viewed directly in an isolated human heart 

preparation9, but the frequency and location of venous valves within coronary 

veins has yet to be investigated.  The purpose of this study was to quantify and 

characterize venous valves within the major LV veins, which could hinder 

advancement of therapy delivery devices, including guide wires, catheters, or 

pacing leads.  A more complete understanding could therefore provide the 

necessary knowledge to develop and design more efficacious therapeutic 

procedures and implant techniques. 

Methods 
Freshly obtained human hearts (n = 26) with their great vessels intact 

were carefully perfusion fixed in a pressurized fixation chamber (10% formalin).  

Briefly, perfusion fixation involved cannulating the superior vena cava, 

pulmonary trunk, aorta and one pulmonary vein, while obstructing the ostia of 

other major vessels.  Each heart was submerged in a container of formalin and 

the cannulated great vessels were connected to a formalin-filled upper 

chamber.  Formalin was continuously pumped to the upper chamber and was 
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forced by gravity into the heart at a pressure of between 40-45 mmHg.  After 

fixation, steerable (articulating) endoscopic cameras (6 mm, ILV-C1, DSM-2, PF 

Type 14, IV6C6–13; Olympus Optical, Tokyo, Japan) and steerable fiberscopes 

(2.5 mm, Karl Storz Endoscopy, Culver City, CA, USA) were employed to obtain 

images.  These cameras were inserted into the coronary sinus and manipulated 

to as many of the major LV coronary veins as possible.  Images were recorded 

(UVW-1800, Sony, Inc., Tokyo, Japan) as the cameras were advanced distally 

into each coronary vein.  Due to tortuosity of the vessels and the size of the 

cameras used, some coronary veins were not accessible along their entire 

lengths, and some vessels were not accessible altogether.  Observed venous 

valves were categorized by general type and location.  More specifically, valves 

and prominent ridges were recognized as two differing types of anatomical 

structures capable of directing the flow of blood through the coronary venous 

system (Figure 4.1).  The venous valves and ridges were further categorized 

based upon their locations either at a venous branch or within the vein.  The 

relative valve types and quantities were compared amongst the major LV veins. 

 



 

 

Figure 4.1:  Representative Examples of Venous Valves 
Representative Examples of Venous Valves within Left Ventricular Cardiac Veins 

(valves are highlighted in blue): A) venous valve within the posterior 
interventricular vein, B) venous ridge within the great cardiac vein, C) valve 

covering the ostia of a venous branch emptying into the posterior 
interventricular vein, D) ridge near the ostia of a venous branch draining into the 

posterior interventricular vein. Additional footage of valves within the left 
ventricular coronary veins can be seen in the file “Ch4_ValvesInVeins.mov” file. 
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Results 
Cardiomyopathies were present in 12 of the hearts studied (46%) (Table 

4.1).  Valves at the ostia of the major LV veins within the coronary sinus were 

included in this data set.  It was determined that venous valves were present in 

at least one vein in 23 of the 26 hearts studied (89%).  Specifically, anterior 

interventricular veins were accessible in 23% (n = 6) of hearts, left marginal 

veins in 19% (n = 5), posterior veins of the LV in 35% (n = 9), and posterior 

interventricular veins in 88% (n = 23).  Veins were inaccessible due to 

tortuousity of the vessels or size constraints of the fiberscope diameter.  

Altogether, 105 valves associated with LV veins were observed in all hearts.  

Sixty-one of the valves were observed at the ostia to smaller branch veins (58% 

of all valves observed) (Figure 4.2).   

 

Table 4.1:  Cardiac histories of patients 
Cardiac History Percentage of Hearts 

in Data Set (%) 
Hypertension 15 

Atrial Fibrillation 12 

Other 12 

Tachycardia 8 

Unknown/no cardiac 

history 

54 

 

 



 

 

Figure 4.2:  Location and Types of Venous Valves within Left Ventricular Cardiac Veins 
Valves were quantified and characterized in 26 fixed human hearts.  This graph 
shows the characterization of valves from all major left ventricular veins.  Valves 

at venous branch ostia were the most observed valve type. 
 

Figure 4.3 shows the total number of valves observed in each major LV 

vein with the distribution of how these valves were characterized.  In anterior 

interventricular veins, 17 valves were observed; 71% were valves at venous 

branch points.  In left marginal veins, 4 valves were observed; 50% were valves 

at venous branch ostia.  Twenty-six valves were observed in posterior veins of 

the LV; 69% were valves at venous branches.  In posterior interventricular 

veins, 58 valves were observed; 50% of these were valves at venous branch 

points.  Posterior veins of the LV had the most valves per observed vein (2.89) 

in comparison to anterior interventricular veins (2.83), posterior interventricular 

veins (2.52), and left marginal veins (0.80).  Representative examples of these 

valves can be seen in the accompanying video (see Electronic Supplementary 

Material). 
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Figure 4.3:  Location and Types of Venous Valves by Vein 
Valves, valves at branches and ridges at branches were found in all four major 

left ventricular veins.  Ridges were not observed without a venous branch in any 
left marginal veins.  Valves at branches were observed more often than ridges 

at branches or valves and ridges within the veins. 
 

Thirteen of the hearts were from males, 11 of the hearts were from 

females, and gender was unknown for two hearts.  Male hearts weighed an 

average of 654.3 ± 175.8 g, while the average heart weight of the female hearts 

was 493.5 ± 129.3 g.  Twenty-five veins were accessible in male hearts and 71 

valves were observed.  In contrast, only 14 veins were accessible in female 

hearts and 25 valves were observed.   
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Discussion 
The principal findings of this study include: 1) venous valves were highly 

prevalent in the human hearts studied; 2) all the major LV veins were 

comparable in number of valves per vein except the left marginal vein; and 3) 

valves were most prevalent at the ostia to smaller branch veins. 

Similar to previous reports of highly prevalent venous valves at the ostia 

to major left ventricular veins6-8,10-12, venous valves within the major LV veins 

were present in 89% of the studied hearts.  

Anterior interventricular veins, posterior veins of the LV and posterior 

interventricular veins had an average of 2.5 – 2.9 valves per vein, while left 

marginal veins had an average of 0.8 valves per vein.  These latter two vessels 

are typical target sites for left sided transvenous pacing therapy13-16.  The 

smaller number of valves in left marginal veins would suggest an easier implant 

path for the delivery of therapies/leads to a left marginal targeted location; 

however, the smaller number of valves could be due to the size of the vein, 

which might, on the other hand, limit the therapies that could be delivered there.  

While vein sizes were not measured in this study, from previous reports and 

visual observation in this study, posterior interventricular veins were larger than 

posterior veins of the LV and anterior interventricular veins3,8,17,18.  The 

steerable fiberscope employed in this study for navigation through these LV 

vessels had an outside diameter of 2.5 mm, thus the vessels we examined had 

this as a minimal diameter.  Nevertheless, we were able to position the scope in 

this sample of hearts in the reported desired location, where transvenous leads 
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have been reported to be needed to optimize therapy19-27.  From the average 

valves per vein, these three vessels have approximately the same amount of 

valves, and thus, approximately equivalent ease of therapy delivery when 

ignoring other factors such as vessel diameter. 

Of the 105 total valves observed, 61 were valves at the ostia to branch 

veins emptying into one of the major LV veins.  When attempting to sub-select a 

branch vessel for implanting a pacing lead, a venous valve over a branch could 

either hinder or aid in the advancement of a pacing lead down a particular 

branch (i.e. in the latter case, it  serves as a “guide” directing the pacing lead 

more distally in the major vessel). 

While valves in female hearts numbered less than half the valves 

observed in male hearts (25 and 71, respectively), less veins were accessible in 

female than in male hearts (14 and 25, respectively).  This discrepancy could 

be due to gender differences related to overall heart size, represented in our 

study by heart weight (male hearts: 654.3 ± 175.8 g and female hearts: 493.5 ± 

129.3 g).   

Conclusion 
Coronary venous valves could hinder or help advancement of guide 

wires, catheters, and pacing leads for a variety of cardiac interventional 

procedures, especially during sub-selection of venous branches, where a large 

number of venous valves were observed.  Venous valves within the major LV 

veins were observed in 89% of hearts studied.  Anterior interventricular veins, 

posterior veins of the LV, and posterior interventricular veins had more valves 
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per vein than left marginal veins.  Valves were observed most often at the ostia 

to smaller branch veins (58% of all valves observed).  This initial 

characterization and quantification of coronary venous valves in this sample of 

human hearts could help to explain either difficulties or successes one may 

observe in clinically accessing targeted coronary venous locations. 
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Chapter Preface 

The following article was an original image paper our group published in 

2007.  Despite its relative brevity, we believe it is a vital example of how the 

Visible Heart® methodologies can be utilized to investigate device delivery and 

device/tissue interaction.  It should be noted that two videos complimented the 

text, and are available electronically in their published form.  In addition, Dr. 

Bonhoeffer, the primary inventor of this product and clinical procedure, has 

shown the videos from this work at conferences in both the US and Europe to 

educate clinicians about transcatheter valve placement; the videos are available 

for the general public on www.visibleheart.com. 

In this paper, a human heart was reanimated, and Dr. Bonhoeffer 

happened to be present in the United States and performed the actual 

placement of a Melody transcatheter pulmonary valve.  The valve was delivered 

through the inferior vena cava while the heart was functioning, to simulate a 

femoral access, off-pump procedure.  The delivery and valve deployment was 

filmed via endoscopic cameras, and the interaction between the delivery system 

and the surrounding anatomy was clearly observed.  Upon deployment of the 

valve, the interactions between the stent and the native outflow tract can be 

visualized, and the performance of the valve is checked using 

echocardiography. 

http://www.visibleheart.com/
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Introduction 
The complexity of intracardiac interventions has increased with the 

advent of trans-catheter valve replacement.  Advanced imaging modalities will 

be required to both plan and guide these interventions. To date, the imaging 

modalities used have limited temporal and spatial resolution. We set out to have 

a glimpse into the future by demonstrating the exquisite picture quality of direct 

visualization of a MelodyTM Transcatheter Pulmonary Valve (TPV) Implantation1-

3 within the Visible Heart® 4. With the onset of “trans-blood” visualization 

techniques this imaging quality could become a clinical reality. 

Methods 
Endoscopic cameras were placed within the right ventricle of a human 

donor heart which was deemed not viable for transplant purposes. The heart 

was reanimated and perfused with a clear Kreb’s-Henseleit buffer, using the 

previously described Visible Heart® methodologies4.  This heart had an intrinsic 

rhythm and could sustain function in a four chamber working mode4. Baseline 

right ventricular pressures were 35/4 mmHg. All steps of the trans-catheter 

pulmonary valve implantation procedure could be monitored with direct 

visualization.  

Results 
Initially, a guidewire was positioned into the right ventricular outflow tract 

and across the native pulmonary valve (Video 5.1).  Next, the delivery system 

was placed over the guidewire and advanced until the valve was properly 

positioned at the native pulmonary valve. Once in position, the TPV was 
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unsheathed.  The overlay sheath was left in place while passing through the 

tricuspid apparatus to avoid damage to the chordae or leaflets.  The first balloon 

of the double balloon delivery system was then inflated, partially deploying the 

valve. Finally, the second balloon of the double balloon delivery system was 

inflated and the deployed TPV could be observed (Video 5.2). Shown in Video 2 

is the implanted, functioning TPV as viewed from the right ventricular outflow 

tract and the pulmonary trunk, providing qualitative assessment of performance.   

Discussion 
The Visible Heart® provides imaging which should be considered as a 

new gold-standard for future imaging modalities. At present it offers new 

opportunities for in-vitro and bench testing of new devices. 

Disclaimer:  Melody is not available for sale in the United States. 

Trademark Statement:  Melody and Visible Heart are registered trademarks of 

Medtronic, Inc. 

 

Supplemental Videos: 

Video 5.1:  The delivery of the TPV system and subsequent deployment across 

the native pulmonary valve in a human, isolated heart is shown.   

Melody Procedure Video

Video 5.2:  The implanted TPV is shown from the right ventricular outflow tract, 

the pulmonary trunk, and using 2D and color flow echocardiography. 

Functional Assessment of the Implanted Melody Valve
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Chapter Preface 

 By developing animal models of different cardiovascular pathologies, 

which include those affecting one or more valves, devices can be tested in 

environments that more closely mimic the intended therapeutic populations.  

The Visible Heart® methodologies were not developed to be employed as a tool 

in serial investigations within chronic studies, but chronic animal models can be 

created and then reanimated for acute assessment of the disease etiology 

and/or treatment.    

 In this chapter, an animal model for dilated cardiomyopathy that we 

developed is discussed.  More specifically, high-rate pacing limits the ability of 

the heart to fill during diastole, and the chambers enlarge.  It is relevant for my 

thesis because functional mitral regurgitation developed after 2-3 weeks of 

high-rate pacing.  The remodeling of the ventricles changes the locations of the 

papillary muscles relative to the mitral valve, the annulus dilates, and 

regurgitation develops from these changes.  The Visible Heart® lab then has a 

model of functional mitral regurgitation available for acute assessments.  In the 

next chapter, an inherently different type of mitral regurgitation is created, one 

caused by the acute cutting of chordae tendinae. 

 My role in this current chapter was to aid in data collection, analysis of 

the echocardiography and anatomy data, drafting of the echocardiography and 

anatomy sections of the paper, and editing.  Dr. Mike Kimmel was responsible 

for the primary design of the experiment and was included in his thesis (2007). 
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Introduction 
Heart failure (HF) affects over 22 million people worldwide and more 

than 5 million individuals in the U.S. alone each year, and causes or contributes 

to over 300,000 deaths.(1, 2)  The term “heart failure” is often used as if it were 

a singular condition.  In reality, it is a complicated combination of progressive 

symptoms.  Treatment options vary with the progression of the condition and 

also with the individual patient.  Given the difficulty and ethical concerns 

surrounding human subjects research, especially in the setting of heart failure, 

non-human disease models provide a valuable opportunity to advance 

treatment and better understand the relevant pathophysiology. 

In an effort to more fully understand the complex condition of HF, 

multiple animal models have been developed over the years – each examining 

a particular phase or facet of heart failure. Volume overload, pressure overload, 

myocardial ischemia, toxic cardiomyopathy, genetic alterations, and high-rate 

pacing (HRP) have all been used to reproduce some of the aspects of human 

heart failure; utilizing models ranging from dogs and pigs, to rats, rabbits, 

turkeys, and ducks.(3-6) 

HF is more than just a hemodynamic event; sub-cellular, cellular, 

metabolic, and neurohormonal events strongly influence disease 

progression.(7)  In an attempt to more fully address the diverse nature of HF 

more complex models are required in order to study the condition as a whole.  

According to a summary report published containing the findings of a National 

Heart, Lung, & Blood Institute “Task Force for Research in Heart Failure”, the 
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pacing-induced HF model is one such model of interest & should be studied 

intensely.(8) 

Use of HRP to induce myocardial abnormalities, going back to early 

research by Whipple, was originally performed to mimic ventricular dysfunction 

caused by atrial arrhythmias.(9, 10)  Since that time, the model has also been 

utilized in research into human DCM.  Variations exist amongst experimental 

details such as pacing site, rate, duration, and protocol.  However, it is generally 

agreed that HRP-induced cardiomyopathy in animal models appropriately 

recreates the HF condition as observed in humans.(11-13)  The canine model 

has been the primary large-mammalian model of pacing-induced HF, with 

porcine and ovine models also utilized.(13-17) 

In the setting of HF, neurohormonal, cellular, and overall structural 

change leads to cardiac electrical and mechanical dysfunction, ultimately 

worsening pump function.  Separately, researchers have shown chronic high-

rate pacing to induce a range of physiologic and anatomic changes, including:  

gross anatomic (14, 15); hemodynamic (15, 18, 19); electrophysiologic (17, 20, 

21);  myocyte/cellular; fiber reorganization/disarray; metabolic (22, 23); and 

neurohormonal disruption (18, 24-26).  Each of these factors is certainly of 

interest on its own, but the ability to concurrently measure multiple parameters 

within the same individual subject is of great value.  To our knowledge, a 

comprehensive analysis of the structural, hemodynamic, and electrical effects 

of HRP-induced dilated cardiomyopathy (DCM) in the same animal has not 

been described to date. 
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Given the established relevance of the cellular, anatomic, hemodynamic, 

and neurohormonal changes induced by prolonged exposure to HRP, selecting 

the appropriate animal model is likewise key; the porcine model has been used 

successfully to approximate the human clinical DCM condition.(15)  The overall 

and coronary anatomical and electrophysiological similarities between swine 

and humans make the swine model attractive for use in translational 

research.(27-29)  Further, research has shown that HF-relevant hemodynamic 

endpoints can be reached after 1 week of HRP in swine; while canine require a 

longer treatment period, sometimes up to 8 weeks.(13, 15, 18)  With the above 

considerations in mind, as well as our lab’s extensive experience using swine in 

cardiac research, the current study was performed to utilize multiple 

methodologies to provide a detailed characterization of a swine model of 

chronic HRP-induced DCM. 

Methods 
This research protocol was reviewed and approved by the University of 

Minnesota Institutional Animal Care and Use Committee, and was designed to 

ensure the humane treatment of all animals as indicated by the “Guide for the 

Care and Use of Laboratory Animals” (NIH).  

 

High-Rate Pacing Protocol 

The overall study progression is depicted in Figure 6.1.  Briefly, induction 

of DCM was accomplished over the course of four weeks, with weekly checkup 

exams to monitor the animal’s condition.  A variety of methodologies were used 



 

to characterize the model and to assess cardiac function.  A more detailed 

description of the procedure follows. 

 
 
Figure 6.1: Schematic overview of the current experimental protocol 
Beginning with device implantation at week 0, continuing with weekly checkups 
at weeks 1, 2, and 3, and further including study termination and post-explant 
data collection.  Measurement methodologies are indicated at the appropriate 
time points.  Each measurement was taken with high-rate pacing on and off.   
During checkup exams and at termination, TEE (trans-esophageal echo), and 
TTE (trans-thoracic echo) were performed.  At termination, hemodynamic and 
cardiac mechanic measurements were also recorded.  Following explantation, 
the heart was weighed and also scanned using MRI. 
 

Device Implantation 

Yorkshire-cross swine (n=9, 73.4 ± 9.2 kg) were initially anesthetized via 

an intramuscular (IM) injection of telazol (7 mg/kg), weighed and prepped for 

surgery.  Animals were mechanically intubated to control ventilation and allow 

administration of inhaled isoflurane for maintenance of surgical anesthesia.  To 

minimize risk of complications (e.g. laryngeal spasm) from intubation and later 
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transesophageal echocardiography, an IM bolus of glycopyrrolate (0.01 mg/kg) 

was given.  Aseptic technique was practiced during all device implant 

procedures. 

A minimal incision was made exposing the right subclavian vein for 

implantation of a bipolar pacing lead (CapsureFix Novus 5076, Medtronic, Inc. 

Minneapolis, MN) in the right ventricular apex (RVA) using fluoroscopy.  Typical 

RVA lead location as recorded with MRI post-study is shown in Figure 6.2.  The 

lead was fixated and pacing threshold and impedance were verified to be 

acceptable (< 2 V, < 500 Ω,).  A modified implantable pulse generator (IPG) 

(Kappa 700-series, Medtronic, Inc.) was implanted subcutaneously via a lateral 

incision on the neck.  The IPG firmware had been modified to allow HRP (rate > 

180bpm).  After the pacing lead was tunneled subcutaneously and connected to 

the IPG, the pocket was sutured closed and a sterile adhesive dressing applied.  

 
 

Figure 6.2:  HRP pacing lead location  
Lead location within the right ventricular apes (RVA) as recorded using MRI in a 
perfusion-fixed HRP heart.  Labeled right-heart landmarks include the right 
atrium (RA), tricuspid valve, and right ventricle (RV); left-heart landmarks 
include the left atrium (LA), mitral valve, and left ventricle (LV). 
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Following successful lead placement and IPG implantation, cardiac 

ultrasound was used to record baseline images (see Echocardiography).  Swine 

were allowed to recover to the point of extubation and permanent HRP was 

initiated at 200bpm (2-3 V, 0.5 ms).  Buprenorphine (0.01 mg/kg) along with 

Cephazolin (1g in 5cc @ 1cc/min) were administered near the end of the 

procedure to aid recovery and avoid infections.  Animals were then transferred 

to post-op where they were given unlimited access to water and allowed to 

recover.  Animals were monitored for the duration of the study for deviations in 

heart rate from 200bpm, and also for signs of unexpected stress or discomfort. 

 

Study Termination 

After four weeks of HRP, the animals were again anesthetized with 

telazol and intubated for administration of isoflurane.  Cardiac functional and 

structural conditions were then examined using multiple methodologies.  

Closed-chest echocardiographic assessment was performed as described 

below (see Echocardiography).  Following baseline data acquisition, the chest 

was opened and pericardium removed to allow epicardial access.  Introducers 

were placed within the right and left external jugular veins, as well as the right 

common carotid artery for intracardiac access.  Each animal was instrumented 

to allow data collection; model assessment was carried out as described below. 



 

 

Model Assessment and Characterization 

Echocardiography 

At implant and termination, transthoracic (TTE) and transesophageal 

(TEE) cardiac ultrasound (Acuson Cypress, Siemens Medical, Malvern, PA) 

assessments were performed with HRP on and off.  Long-axis two- and four-

chamber LV apical images were recorded in 2-D mode; pulse-wave and color 

Doppler images were taken of the mitral valve.  Short-axis views of the LV were 

also taken in 2-D and M-mode.  Ejection fraction (EF) was determined using the 

CypressViewer software (Acuson Cypress) to delineate and compare end-

systolic (ES) and end-diastolic (ED) LV dimensions using short-axis M-mode 

images taken at the papillary level. 

From these images, mass and volume were determined for the LV, along 

with LV sphericity index (SI) and wall thickness.  Left ventricular end diastolic 

volumes (LV EDV) and left ventricular systolic volumes (LV ESV) were found 

using the biplane ellipsoid method, with two short axis diameters (D1 and D2) 

and a length (L) according to the equation: 

Eqn. 1:  LV volume  LDDV 216
⎟
⎠
⎞

⎜
⎝
⎛=
π  

Left ventricular mass (LV mass) was calculated by first finding the mean wall 

thickness (t) by tracing epicardial (A1) and endocardial (A2) cross sectional 

areas from a short axis view and determining the endocardial radius (b): 

 71 



 

Eqn. 2:  Short axis endocardial radius  
π

1Ab =  

Eqn. 3:  mean wall thickness  bAt −=
π

1  

Short axis measurements were taken at the papillary level.  In a four chamber 

view, the length of the chamber (L) was subdivided into two lengths:  a length 

from the papillary muscle level to the base of the heart (d) and a length from the 

papillary muscle to the apex of the left ventricle (a).  LV mass was then 

calculated as follows(30): 

Eqn. 4:  LV mass 
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Sphericity index (SI) was defined as the ratio of LV EDV to that of a theoretical 

sphere with a diameter equal to the measured LV long-axis dimension (L).  An 

SI of 1 corresponds to a perfect sphere.   

 

Hemodynamic & Cardiac Mechanic Evaluation 

Catheter access to the RV and LV of the heart was achieved via the 

isolated external jugular veins and common carotid artery respectively.  

Separate Millar Mikro-Tip® pressure catheters (5 French (Fr), MPC 500, Millar, 

Houston, TX) were inserted into each ventricle to allow for continuous 

assessment of right and left ventricular pressures (RVP, LVP).  The derivative 

of the LV pressure signal was supplied via the acquisition software (IOX, Emka, 
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Paris, France). Maximum positive rate of pressure increase (dP/dtmax) and 

maximum rate of pressure decrease (-dP/dtmax) values were noted. 

 

As shown in Figure 6.3, during open-chest experimentation, 4-6 piezoelectric 

sonomicrometry crystals (SonoMetrics, London, ON, Canada) were individually 

implanted into the mid-myocardium at the base, apex, and the anterior and 

posterior walls of the LV for continuous measurement of both dimensional and 

volumetric data.(16, 31, 32)  Global LV volumes were determined in software 

(IOX, EMKA) , employing both the long- and short-axis crystal pairs using a 

two-axis ellipsoid model.(33) 

 
 
Figure 6.3:  Sonomicrometry crystal locations 
Anatomical (A), and schematic (B) depiction of sonomicrometry crystal locations 
(yellow dots) as seen from the epicardial surface.  The right and left ventricles 
(RV, LV), right atrial appendage (RAA), right ventricular outflow tract (RVOT), 
and the left anterior descending coronary artery (LAD) have been labeled for 
reference.  Crystals were implanted mid-myocardially.  The apex-base (a-b) and 
anterior-posterior (a-p) dimensions were used to calculate LV volume utilizing a 
two-axis ellipsoid model. [Schematic B (modified), CC Patrick J. Lynch and C. 
Carl Jaffe, Yale University, 2006] 
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Endocardial Mapping 

Using methods similar to those previously published, LV endocardial 

electrical activation was recorded at termination with HRP on and off using a 

non-contact mapping (NCM) system (EnSite 3000) from Endocardial Solutions, 

Inc. (St. Jude Medical, St. Paul, MN).(34-41)  Briefly, a 9 Fr multielectrode array 

(MEA) was inserted into the LV via the left coronary artery, and a 7 Fr steerable 

electrophysiology (EP) catheter (Conductr MC 6022, Medtronic, Inc., 

Minneapolis, MN) was advanced via the left carotid artery.  Catheters were 

visualized using fluoroscopy to verify position within the heart. 

NCM was used to analyze LV electrical activation patterns, and also to 

determine total LV endocardial activation duration (TAD), local activation 

duration (LAD), and endocardial breakout (BO).  The BO location was identified 

as the site on the LV endocardium where depolarization first appeared.  This 

was defined as the instant where the time-derivative of the virtual unipolar 

electrogram (dV/dt) was maximally negative (maximum negative slope), at the 

BO location. (36, 42-46) The TAD was defined as the interval from endocardial 

BO to the latest observed LV electrical activation (based on virtual unipolar 

electrogram recordings). 

 

Anatomic Examination: Body & heart weight 

Following 4 weeks of HRP, hearts were excised and perfusion fixed with 

formalin in an end-diastolic geometry.  These were weighed and the data 

compared with values from a database of normal (non-HRP) swine hearts from 
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previous studies.  Body weights from HRP and control animals were compared 

directly and further used to calculate heart weight-to-body weight (HW/BW) 

ratios, also for comparison between HRP and controls. 

 

Anatomic Examination: Atrial appendage alterations 

Perfusion-fixed hearts from the chronic high-rate study (n=9) were 

compared to those from control animals (n=5) of similar size (60-80kg). Weight, 

total right side volume (RSV), total left side volume (LSV), sulcus circumference 

(SC), right atrial appendage short axis (RAASA), right atrial appendage long 

axis (RAALA), right atrial appendage length (RAAL), left atrial appendage short 

axis (LAASA), left atrial appendage long axis (LAALA), and left atrial 

appendage length (LAAL) were measured in each heart. 

To determine RSV measurements, the left side was clamped off at the 

aorta and pulmonary vein and the heart was submerged in water, allowing the 

right side to fill. After removing the air from the chamber, the heart was removed 

from the water and drained into a graduated cylinder. The process was 

repeated on the left side for LSV measurements. 

For SC measurements, a string was placed around the heart along the 

atrioventricular sulcus and then measured with a ruler. Atrial appendage 

measurements where made using a Microscribe® 3D digitizing arm (3DX, 

Immersion Corporation, San Jose, CA). Long and short axes were measured 

using a hypothetical ellipse at the location where the appendage joins to the 

atrium, shown as solid arrows in Figure 6.4.  Atrial appendage lengths were 



 

measured from the ellipse to the distal termination of the appendage, shown as 

dashed arrows in Figure 6.4. 

 

RVA

LVA

RA
LA

RVOT

 
Figure 6.4:  Appendage Measurements   
A perfusion fixed heart from a swine subjected to high-rate pacing over a four 
week time period is used to illustrate the anatomical measurements of the atrial 
appendages.  Long and short axis measurements of a hypothetical ellipse were 
taken at the location where the appendage connected to the atrium.  An 
appendage length measurement was taken along the anterior surface of the 
atrium, from the location of the ellipse to the distal termination of the 
appendage. (RA = right atrium, RVOT = right ventricular outflow tract, RVA = 
right ventricular apex, LA = left atrium, LVA = left ventricular apex) 
 

Statistical analysis 

When possible, animals served as their own control.  Where 

instrumentation & data acquisition was not possible at implant, values were 

used from previous swine experimentation using animals of similar weight and 

age.  Factorial analysis of variance (ANOVA) was performed to determine the 

effects of HRP on the measured parameters.  When significance was indicated 

by ANOVA, Fisher’s least squares post hoc test was performed, with a p-value 
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< 0.05 being considered significant.  Data are reported as the mean ± standard 

error. 

Results 
At termination, 3 of 9 animals died before complete data sets could be 

collected; 2 upon administration of anesthesia, and 1 after the echo exam.  Two 

animals exhibited lethargic behavior attributed to HRP treatment.  Qualitative 

observations of systemic dysfunction included: visually dilated hearts, 

enlarged/discolored livers, abdominal ascites (5-10L), lung congestion, 

hypotension, decreased gastric motility, and general malaise. 

For fixated hearts, animals were unable to serve as their own controls, 

and information was used from an internal database of previous 

experimentation.  This included perfusion-fixed hearts, as well as hemodynamic 

and electrophysiologic data from animals of age and body weight similar to 

those in the present study. 

 

Echocardiography 

Figure 6.5 shows a reference schematic and a course of images taken 

from one subject over the course of the DCM induction protocol.  There is 

noticeable ventricular wall thinning present already after one week of HRP.  As 

shown in Table 6.1D, EF decreased significantly over the course of the pacing 

protocol, from an average initial value of 68.10 ± 3.71% to a final (failing) EF of 

26.72 ± 5.14% (p<0.01).  EDV and ESV both increased significantly, with EDV 

starting at 44.76 ± 6.46 mL and ending at 120.46 ± 14.79 mL (p<0.01), and ESV 



 

increasing from 14.11 ± 2.45 mL to 86.27 ± 11.02 mL (p<0.01) after high rate 

pacing.  Stroke volume was maintained, with pre-HRP values of 30.65 ± 4.87 

mL and post-HRP values of 34.16 ± 8.30 mL (p=0.72).    The sphericity index 

increased (pre-HRP:  74.44 ± 7.40%, post-HRP:  95.09 ± 6.80%, p=0.06), but 

did not reach significance.  Additionally, there was an increase in LV mass from 

data taken prior to pacing (85.71 ± 6.99 g) to the termination of the study 

following four weeks of high rate pacing (130.65 ± 19.21 g, p<0.05).   

 
Figure 6.5: Echocardiography visualization of DCM progression 
Four-chamber long-axis transesophageal echocardiographic images were taken 
over the course of high-rate (200bpm) right ventricular apex pacing.  Images 
were recorded with pacing off; (A) at implantation, (B) after 1 week of HRP, (C) 
after 2 weeks of HRP, and (D) after 3 weeks of HRP.  A reference four-chamber 
schematic is included to provide correct landmark identification.  Major 
chambers, including the left atrium (LA), left ventricle (LV), right atrium (RA), 
and right ventricle (RV); and also the visible valves, including mitral valve (mv), 
aortic valve (aov), and tricuspid valve (tcv) are labeled for reference. [Schematic 
E (modified), CC Patrick J. Lynch and C. Carl Jaffe, Yale University, 2006] 
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Hemodynamics & Cardiac Mechanics 

Table 6.1A shows the summary of the hemodynamic results of HRP-

induced DCM as measured at termination.  Following 4-weeks of HRP, 

minimum left-ventricular pressure (LVP) increased significantly compared to 

controls as measured both with HRP off and on (4.9 ± 0.6 mmHg versus 14.2 ± 

3.2 mmHg, 23.2 ± 1.1 mmHg, p<0.05).  Compared to controls, maxLVP was 

unchanged with HRP off, however, with HRP on, maxLVP was significantly 

lower (76.8 ± 3.6 mmHg versus 89.3 ± 1.5 mmHg).  Maximum rate of LVP 

increase (dP/dtmax) was significantly decreased following HRP (1350 ± 48 

mmHg/sec control vs. 850 ± 170 mmHg/sec HRP, p<0.05).  Likewise, the 

maximum rate of LVP decrease (-dP/dtmax) was significantly impaired with HRP 

on and off compared to controls (-738 ± 81 mmHg/sec, -806 ± 18 mmHg/sec 

versus -1654 ± 73 mmHg/sec).  End-systolic pressure was unchanged with 

HRP off, however, end diastolic LVP was significantly higher compared to 

controls (21.3 ± 4.3 mmHg versus 12.2 ± 2.3 mmHg, p<0.05). 

Figure 6.6 shows an example pressure-volume loop series from within 

the same animal, including acute progression from unpaced to HRP.  A 

characteristic shift towards decreased pressure generation and stroke volume 

with HRP enabled is apparent. 



 

 
 
Figure 6.6:  Pressure-Volume loops 
Pressure-volume loops as recorded during transition from unpaced to HRP in a 
swine.  It can be seen that both pressure and volume were decreased upon 
initiation of HRP, and further of note that stroke volume decreased. 
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Table 6.1: Comparison of parameters between control and high-rate paced 
animals. 
Hemodynamic (A), electrophysiologic (B), and anatomic (C, D) data as 
recorded for control and high-rate paced (HRP) animals.  Where available, HRP 
data are provided with pacing turned off (HRP off) and on (HRP on).  Data are 
presented ± SE [* p<0.05 vs. control, # p<0.05 vs. pre/post-HRP] 

  n Control n Failure 
A Hemodynamics    HRP off  HRP on 

 maxLVP (mmHg) 
3
2 89.3 ± 1.5 6 90.0 ± 1.1  

76.8 ± 3.6 
*# 

 minLVP (mmHg)  4.9 ± 0.6  19.5 ± 3.2 *  23.2 ± 1.1 * 

 dP/dtmax   1349 ± 48  628 ± 28 *  619 ± 68 * 

 dP/dtmin  -1654 ± 73  -806 ± 18 *  -738 ± 81 * 

 ES_LVP 
1
1 81.5 ± 2.4 6 80.0 ± 3.1   

 ED_LVP  12.2 ± 2.3  21.3 ± 4.3 *   

B Electrophysiology 6  4  5  

 QRSd (ms)  56.3 ± 1.6  62.9 ± 3.2 * 95.6 ± 2.7 * 

 TAD (ms)  62.7 ± 2.6  27.9 ± 1.2 * 47.6 ± 2.9 * 

C 
Body & Heart 
Weight 

6
6  9  

 BW (kg) 

  
 
86.3 ± 1.4  

Pre-HRP: 73.5 ± 3.1 # 
Post-HRP: 85.9 ± 4.9 

 HW (kg)  0.46 ± 0.006  0.53 ± 0.024 * 

 HW/BW 
 0.0054 ± 

0.0001  0.0062 ± 0.0003 * 

D 
Echocardiograph
y   9  

 LV EDV (mL)    
Pre-HRP: 44.76 ± 6.46 
Post-HRP: 120.46 ± 14.79 # 

  LV ESV (mL)    
Pre-HRP: 14.11 ± 2.45 
Post-HRP: 86.27 ± 11.02 # 

  LV SV (mL)    
Pre-HRP: 30.65 ± 4.87 
Post-HRP: 34.16 ± 8.30 

 LV EF (%)    
Pre-HRP: 68.10 ± 3.71 
Post-HRP: 26.72 ± 5.14 # 

 LV mass (g)    
Pre-HRP: 85.71 ± 6.99 
Post-HRP: 130.65 ± 19.21 # 

 LV SI (%)    
Pre-HRP: 74.44 ± 7.40 
Post-HRP: 95.09 ± 6.80 
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Endocardial Mapping 

Left-ventricular endocardial activation in normal (non-HRP) swine hearts 

is initiated in the basal to mid-septal region, which results in a single 

depolarization wavefront radiating across the inferior portion of the LV and then 

continuing up the lateral wall.  The posterior-basal region of the lateral wall is 

the latest to be activated. 

Following 4 weeks of HRP at 200bpm, there were noticeable alterations 

in the endocardial electrical activation progression.  Figure 6.7 shows example 

activation patterns from a healthy and a HRP heart.  The colors in the figure 

correspond to voltage as measured by a unipolar electrode, with white 

designating the region of greatest depolarization (negative potential) and purple 

indicating tissue that has not yet depolarized.  The movement of the 

depolarization wavefront across the endocardium as shown in Figure 6.7A 

normally progresses from basal septum, down the septum to the apex, then up 

around to the lateral wall, terminating high on the lateral LV.  Comparatively, the 

activation patterns following four weeks of high rate pacing can be seen with the 

pacing turned on (Figure 6.7B) and off (Figure 6.7C). 

As shown in Table 6.1B, QRSd was slightly longer in the HRP group 

compared to control animals (66 ± 17 HRP vs. 56 ± 9 ctrl; p=ns).  However, 

TAD was significantly shorter in the HRP group when compared to normal, 

healthy swine hearts. 



 

 
 
Figure 6.7:  Electrical activation of the left ventricle 
Electrical activation progression depicted using isopotential electrical maps of 
the approximate left-ventricular (LV) endocardial geometry as recorded using 
non-contact mapping.  All maps are oriented spatially in the AP view as 
indicated by the torso, and oriented temporally top to bottom from breakout 
(BO) to termination (Term).  Progression in the normal heart (A) began high on 
the LV septum, progressed downward towards the apex, swept across the apex 
and up the lateral wall, terminating posterio-laterally.  This process was 
completed in 74ms as indicated.  Notable electrical disruption was observed 
following a 4-week high-rate pacing (HRP) protocol for dilated cardiomyopathy 
induction.  With HRP turned on (B), activation was initiated low on the LV 
septum, progressed radially upward across the anterior and posterior surfaces, 
and terminated high on the lateral wall.  This progression was completed in 
58ms, quicker than Norm.  With HRP turned off (C), BO was located high on the 
LV septum, from whence the activation wavefront quickly radiated laterally 
downward across both anterior and posterior surfaces, terminating laterally at 
the LV apex.  This progression occurred over 43ms, noticeably shorter than 
both HRP on and normal. 
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Anatomic Examination: Body and Heart Weight 

As outlined in Table 6.1C, there was no significant difference in animal 

body weights between non-HRP and HRP animals prior to initiation of pacing.  

Heart weights from the control group averaged 0.46 ± 0.05 kg, while those 

following HRP averaged 0.53 ± 0.13 kg (p<0.05).  In the control group, average 

HW/BW was 0.0054 ± 0.0005, which was significantly increased in HRP 

animals to 0.0062 ± 0.0009 (p<0.05).  A qualitative comparison between the 

HRP and non-HRP groups can be seen in Figure 6.8, which shows the right 

lateral (6.8A), anterior (6.8B), and left lateral (6.8C) views of the heart. 

 
Figure 6.8:  Anatomic comparison of DCM vs. Control hearts 
A direct comparison of exemplar control and high-rate failure perfusion fixed 
swine hearts.  The control (non-paced) heart is shown on the right, and the 
heart from a swine subjected to high-rate pacing at 200bpm for four weeks is 
shown on the left.  The hearts are shown from the (A) right-lateral, (B) anterior-
posterior, and (C) left-lateral views.  The right atrial appendage (RAA), right 
ventricle (RV), left atrial appendage (LAA), and left ventricle (LV) are labeled for 
reference. 
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Anatomic Examination: Atrial Appendage Alterations 

As shown in Table 6.2, LSV significantly increased from 89 ± 16ml to 207 

± 24ml (p<0.01).  Likewise, RSV significantly increased from 134 ± 14ml to 239 

± 30ml (p<0.05).  With the exception of sulcus circumference and LAASA, all 

other measures of atrial anatomic changes were significantly larger for the HRP 

animals (p<0.01). 

Table 6.2:  Anatomic Data from Perfusion Fixed Hearts 
Calculated total right side volume (RSV), total left side volume (LSV), sulcus 
circumference (SC), right atrial appendage short axis (RAASA), right atrial 
appendage long axis (RAALA), right atrial appendage length (RAAL), left atrial 
appendage short axis (LAASA), left atrial appendage long axis (LAALA), and 
left atrial appendage length (LAAL) as compared between control and HRP 
hearts.  All data is shown as mean ± SE. 
 

Control 
(n=5) 

High-Rate 
Paced 
(n=8) 

P-Value 

Average Average  
Weight (g) 541 ± 33.1 591 ± 33.2 0.33 
RSV 134 ± 14.3 239 ± 30.1 .024* 
LSV 89 ± 16.1 207 ± 23.7 <.01* 
SC 33 ± 0.7 35 ± 1.1 0.12 
RAASA 16 ± 0.4 25 ± 0.5 <.01* 
RAALA 31 ± 2.3 41 ± 1.7 <.01* 
RAAL 21 ± 1.2 36 ± 1.9 <.01* 
LAASA 12 ± 2.4 16 ± 1.7 0.09 
LAALA 26 ± 1.3 41 ± 1.7 <.01* 

 

Discussion 
Previously published work has demonstrated the utility of the chronically 

high-rate paced heart failure model, however, going back to the earliest 

description of the model, the majority of research has been performed using 

canine.(6, 9)  It bears mentioning that HRP disturbs not only the mechanical 

performance, but also disrupts myocardial perfusion as well.  The result is that 
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the heart is both overworked and under-nourished. Given the established 

similarities in the coronary blood supply between swine and humans, the swine 

heart is assumed to react to metabolic insult more similarly to the human heart 

than the canine heart.  Swine hearts are also more similar to human hearts 

regarding arrhythmia potential.  Initial concerns we had regarding induction of 

fibrillation due to HRP proved to be unfounded.  Overall, HRP was tolerated by 

all animals into the fourth week of the studies, with some complications 

encountered related to anesthesia administration at termination. 

At termination, upon excision of the major organs, large amounts (5-10 

L) of interstitial fluid were frequently present in the abdominal cavity.  Acute 

systemic blood pressure increased noticeably following aspiration of the fluid.  

Additionally, effects of HRP we often observed in organs other than the heart, 

including enlargement of the liver, lung congestion, kidney dysfunction, and 

decreased bowel motility. 

Published studies utilizing high-rate pace models in dogs, sheep, and to 

a lesser extent, swine, indicate that remodeling (dilatation) occurs within a week 

of overdrive pacing.  Other observed pathophysiologic changes include 

elevated levels of circulating neurohormones (BNP, epinephrine), decreased 

cardiac output, altered expression of certain membrane channel proteins, as 

well as myocyte morphologic and fiber orientation changes.(47)  In DCM, 

ejection fraction decreases, however stroke volume may be preserved. 

Additionally, while chamber volume increases, it does so without a proportional 

muscle mass gain, increasing the volume/mass ratio. 
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In the present study, the decision was made to induce DCM by delivering 

HRP via a pacing lead implanted in the RVA.  Clinically, chronic RV pacing has 

shown to be detrimental in the setting of bradycardia and ventricular 

dyssynchrony.(48-50)  The impairment associated with long-term RV pacing 

has been attributed to abnormal ventricular activation, for which the 

consequences on ventricular function have been well described.(51)  Further, 

when directly comparing the outcome of chronic atrial versus ventricular 

tachycardia, ventricular arrhythmias were found to cause greater LV dilation 

and increased deterioration of LV EF than atrial.(52)  As such, during the 

current study, HRP was performed from the RVA with the goal of maximally 

disrupting ventricular both electrical activation and hemodynamic performance.  

Anesthetics used in this study were selected as they have shown minimal 

affects on parameters of interest.(53-59) 

 

Echocardiography 

Swine anatomy sometimes complicates acquisition of proper 

transthoracic echo images.  It is necessary to angle the transducer 

perpendicular to the long-axis of the LV in order to perform proper M-mode and 

also Doppler flow measurements.  In our experience, the prominent sternum 

and minimal intra-rib spacing makes it difficult to orient the echo transducer 

correctly in relation to the heart so as to get a usable image.  When the 

transducer-LV relationship is altered, so to are the calculated ejection fraction 

values.  While the particular values may appear to be skewed high in this study, 



 

 88 

all images were taken using a similar technique, and so the relative changes in 

EF are valid for comparison between implant and termination dates. 

Analysis determined that stroke volume was maintained following the 

high-rate pacing protocol, while EDV, ESV, SV, EF, SI, LV mass all significantly 

increased over the course of the study.  This is in agreement with what is 

currently known about DCM in humans, where the volume overload maintains 

the stroke volume even as the heart continues to remodel.   

 

Hemodynamics & Cardiac Mechanics 

There was no significant change in maxLVP with HRP off following the 4-

week induction period.  Also, there was correspondingly no difference in end-

systolic LVP.  Diastolic measures, such as minLVP and -dP/dtmax were 

significantly impaired in the HRP group, even with the pacing turned off.  In 

general, systolic dysfunction associated with HF is observed after diastolic 

impairment has already occurred.  With this in mind, the results of the present 

study are in line with clinical observations.  That maxLVP was preserved but 

dP/dtmax was significantly decreased following HRP indicates that the heart’s 

contractility was hindered, however, maxLVP was augmented by the increased 

diastolic pressures and shift in chamber volume. 

Hemodynamic data were collected using two different software 

packages, and consequently, end-systolic and diastolic points were not 

calculated in the same way across all data.  This limited the available control 

data for comparisons based on these conditions. 
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Endocardial mapping 

Chronic RVA pacing at 200bpm was found to disrupt normal electrical 

activity, specifically, LV endocardial activation sequence, QRSd, and TAD as 

described earlier.  As shown in Figure 6.10, not only was the activation pattern 

disrupted, but the duration was consistently altered.  While QRSd was slightly 

increased, TAD in the HRP animals (with HRP off) was markedly decreased 

compared to normal.  From Figure 6.10C, activation started at what would be 

considered a normal breakout point.  From there it raced downward across both 

the anterior and posterior surfaces to a termination point low on the lateral wall 

near the apex.  Further, during unpaced periods, multiple sequential 

spontaneous beats were observed to exhibit breakout and activation patterns 

mimicking HRP from the RVA.  In effect, it appears that some kind of substrate 

modification occurred, creating a modified conduction pathway. 

 

Anatomic Examination: Body and Heart Weight 

While on average, animals continued to gain weight while undergoing the 

HRP protocol, the average gain was less than the expected amount given the 

unlimited access to food.  Assuming a growth rate of about 1 kg/day, it would 

have been expected that the animals weighed at or above 100 kg at 

termination, rather than about 86 kg.(60)  In fact, in the current study, several 

animals actually lost weight or remained approximately constant over the 

duration of the HRP protocol. 
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Anatomic Examination: Atrial Appendage Alterations 

While there was no significant difference in weight, SC, or LAASA, 

compared to control hearts used in this section, the atrial measures taken from 

HRP hearts were significantly larger than control hearts in all other 

measurements. Minimized enlargement in the SC could possibly be due to the 

fibrous nature of the cardiac skeleton. Also, the LAASA was the smallest 

measurement made, so lack of significant difference could be due to our 

measurement capabilities. 

 

Limitations 

While anatomic and physiologic changes associated with HRP have 

been correlated with DCM in the human population, due to the comparatively 

short period over which the condition is induced, it is generally assumed that 

the specific pathophysiology is not exactly the same as clinically occurring 

DCM.(13)  Upon cessation of HRP, an initial rapid (~hours) improvement of 

hemodynamic parameters followed by a gradual (~days) increase has been 

shown by others.  Similarly, neurohormonal disturbances improve initially, and 

gradually reach pre-failure levels.(18, 52)  It has been reported in humans that 

upon correction of supra-ventricular tachycardia, EF values recover initially 

within days and continue to improve gradually over several months.(61)  Other 

studies have shown restoration of normal function over the course of several 
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weeks.(62)  By immediately carrying out any experimentation using this model, 

the effects of any “recovery” are considered to be minimized. 

Conclusions 
Previous animal research has used using high-rate atrial or ventricular 

pacing to induce and/or study anatomic, neurohormonal & hemodynamic 

alterations associated with rate-induced ventricular dysfunction.  By combining 

advanced endocardial electrical mapping with traditional hemodynamic, MRI, 

and echocardiographic imaging, the current study demonstrated that RVA 

pacing at 200bpm for 4 weeks in swine causes a condition analogous to DCM 

in humans.  Further, by utilizing an animal model which is considered to 

approximate human anatomy and physiology, along with a wide range of 

measurement/characterization methodologies, we feel that insight has been 

gained into the condition of tachycardia-induced DCM. 

This model and the measurement methodology described here will allow 

continued research into the understanding of therapies and their underlying 

mechanisms of action, as associated with DCM.  Studies of gross cardiac 

anatomical changes, valvular structural disorders, and even variations in 

arrhythmogenicity of cardiac substrate are all relevant using this model.   

Further, given the observed electrical and structural changes, this model is well 

suited to investigations of relative effects of pacing lead placements, and 

implications for therapy.   

 



 

 92 

Acknowledgements 
The authors would like to acknowledge the assistance during the 

experiments and with animal care provided by Sarah Ahlberg, Sara Anderson, 

and Sarah Overgaard. 



 

 93 

 
 
 

Chapter 7 :  Edge-to-edge Repair of Isolated Swine 
Hearts with P2 Prolapse 

 
 
 
 
 

Jason L. Quill, BS1,2 

 

Michael G. Bateman, M.Eng1,2 

 

James L. St. Louis, MD2 

 

Paul A. Iaizzo, PhD1,2 

 
 
 
 
 
 

Departments of Biomedical Engineering1 and Surgery2 

University of Minnesota, Minneapolis, MN 55455 
 
 
 

 
 
 

This article is in the final stages of editing and will be submitted to 
the Journal of Thoracic and Cardiovascular Surgery 



 

 94 

 

Chapter Preface 

 In this chapter, a model of mitral regurgitation was acutely created by the 

cutting of chordae, creating relative degrees of P2 prolapse.  These studies 

were completed entirely using Visible Heart® methodologies, and it is the only 

study I have found that is capable of directly comparing a normally functioning 

valve with a pathological valve and the valve following a repair procedure; all 

study groups were within the same heart.  In other words, we employed direct 

visualization of functional mitral anatomy to determine which chordae to 

transect and then visualized the resultant leaflet prolapse.  Hemodynamic 

assessments of both the heart function and the valve function were taken 

throughout the experiment.   

We chose to repair the mitral valve using a surgical edge-to-edge repair 

technique.  This technique will be described in detail in the chapter, but it was 

chosen because several new percutaneous repair devices, both in clinical use 

and in development, attempt to mimic this repair type.  By choosing to study the 

surgical repair of the mitral valve, the Visible Heart® lab now has data to 

compare the effectiveness of any devices that try to mimic the surgical edge-to-

edge technique. 

My role for this project was to: (1) develop and refine the experimental 

design, (2) perform data collection and data analysis, and (3) draft and edit the 

resulting manuscript.
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Introduction 
 Edge-to-edge mitral valve repair (also known as the Alfieri stitch) is a 

repair procedure in which the free edge of the anterior leaflet is sewn to the free 

edge of the posterior leaflet at the area of regurgitation, creating a double orifice 

mitral valve1-3.  The main indications for surgical repair using the edge-to-edge 

technique are bileaflet prolapse, anterior leaflet prolapse, commissural 

prolapse, or functional mitral regurgitation4.  However, the procedure has been 

shown to be effective in a variety of clinical settings, with a low risk for creating 

mitral stenosis5.   

 Due to the simplicity of the edge-to-edge technique, percutaneous valve 

repair is being explored6-8.  In the Everest I trial for the MitraClip device (Evalve, 

Inc., Menlo Park, CA), the majority (14 of 24 patients) had P2 prolapse prior to 

device implantation.  Since posterior leaflet prolapse is conventionally repaired 

using quadrangular resection, the edge-to-edge technique that these devices 

mimics should be investigated for P2 prolapse, especially for mitral stenosis, 

which has been voiced as a concern regarding edge-to-edge repairs4. 

 We simulated the repair of P2 prolapse within isolated swine hearts, 

where the orifice of the mitral valve could be directly visualized.  The use of an 

isolated heart preparation allowed for comparison between the normally 

functioning, the regurgitant, and the repaired valve.  Clinical studies can show 

improvement from the pathological state, but a direct comparison between the 

repaired valve and a normal valve are difficult to obtain.  Heart and mitral valve 
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function were monitored with invasive pressure catheters and 

echocardiography.   

Specific Aims 
 The annulus and orifice areas of the mitral valve were directly imaged 

within isolated swine hearts for three valve states; native mitral anatomy 

(Normal), a model of P2 prolapse created by the cutting of strut chordae in the 

P2 region (Prolapse), and the repaired valve that has undergone an edge-to-

edge procedure (E2E).  Annulus area was analyzed throughout the cardiac 

cycle, while analysis of the orifice area investigated whether there is a reduction 

in the area of diastolic flow through the valve.  Echocardiography analyses were 

coupled with the directly visualized orifice and regurgitant areas to assess the 

performance of the valve and the severity of the created prolapse.  Invasive 

hemodynamic monitoring was used to assess the performance of the heart as 

the study progressed. 

Methodology 
 This research protocol was reviewed and approved by the University of 

Minnesota Institutional Animal Care and Use Committee, and was designed to 

ensure the humane treatment of all animals as indicated by the “Guide for the 

Care and Use of Laboratory Animals.” 

 Six castrated, male swine (n=6) were administered with the triggering 

agent, Telazol (7 mg/kg), which sedated the animals.  In the sedated state, 

venous access was gained through an ear vein, and the animal was weighed, 

transported to the patient table, intubated, and administered the volatile 
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anesthetic isoflurane.  Once a surgical plane of anesthesia (>1.2 MAC) was 

reached, a medial sternotomy was performed and the animal was administered 

heparin.  An aortic cannula was sewn into the ascending aorta, and a high 

potassium cardioplegia solution was given to depolarize the heart.  

Simultaneously, the chest cavity was filled with ice to lower the metabolism of 

the cardiac cells.  Once stopped, the heart was excised and prepared for 

reanimation. 

 The isolated heart was reanimated using previously published Visible 

Heart® methodologies9.  Briefly, the great vessels of the heart were cannulated 

and attached to the Visible Heart® apparatus.  The heart was then warmed to 

body temperature and supplied with a Krebs-Henselait buffer.  Reanimation 

occurred following a defibrillatory shock.  Since the buffer is clear, intracardiac 

imaging of the mitral valve was possible.  For this experiment, the heart was 

switched between two modes of perfusion.  In between data periods, the heart 

was in right-sided working mode.  Right-sided working mode allows the right 

side of the heart to function normally, but the left side of the heart beats against 

an increased afterload.  The increased afterload keeps the aortic valve from 

opening, and continuously perfuses the coronary system, minimizing the global 

ischemia resulting from a lack of an oxygen carrier within the buffer solution.  

Prior to data periods, the heart was switched into full-working (physiologic) 

mode.  In full working mode, there are physiologic preloads and after loads so 

that all chambers and valves are functional. 
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Endoscopic video was obtained by 4 mm diameter endoscopes (IplexFX, 

Olympus Corporation, Tokyo, Japan) at 30 fps from both the ventricular and 

atrial sides of the mitral valve.  The atrial camera was inserted via a camera 

port in a pulmonary vein, while the ventricular camera was inserted through a 

small incision in the left ventricular apex.  The endoscopic video was fed 

through the same video router as the echocardiography video, so all video was 

synchronized for post-analysis. 

 Hemodynamic monitoring of the reanimated heart was obtained to 

assess the performance of the left atrium and left ventricle.  Millar Mikro-Tip® 

pressure catheters (5 French (Fr), MPC 500, Millar, Houston, TX) were placed 

in the left atrium, via a pulmonary vein access, and the left ventricle, via a trans-

apical access.  ECG data was also available and all hemodynamic signals were 

acquired simultaneously by a data acquisition system (IOX, Emka, Paris, 

France). 

 Subsequently, the Normal data period began.  Dobutamine (3 mL) and 

extracellular calcium (30 mL) were administered into the buffer solution (~7.5 L) 

to maximize cardiac function.  Following twenty seconds, to allow the drugs to 

take effect, the heart was switched from right-sided working mode into full 

working (physiologic) mode.  Hemodynamic signals were then stored, and video 

was recorded.  The mitral valve was directly visualized from both the left atrium 

and the left ventricle throughout the data storage period.  Simultaneously a 

transthoracic echocardiography probe was used on the epicardial surface of the 

heart to obtain four-chamber apical views, followed by pulse-wave Doppler 
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images of the mitral valve and 2D color flow views (Acuson Cypress, Siemens 

Medical, Malvern, PA).  Upon acquisition of the echocardiography data, the 

data period was ended, and the heart was switched into right-sided working 

mode.  The buffer was then washed out and replaced to minimize the amount of 

any circulating dobutamine or extracellular calcium within the system. 

 Following the Normal data period, mitral regurgitation was created by 

cutting a strut chordae in the P2 region of the posterior leaflet.  A 5 mm 

ENDOPATH instrument with a 5DCS tip was inserted through the apex of the 

left ventricle (Ethicon Endo-Surgery, Inc.).  The endoscopic camera in the left 

ventricle was used to visualize the tool location and the chordae.  Once the 

endoscopy tool captured the correct chordae, it was cut.  The heart was then 

switched into working mode very briefly to observe the resulting P2 prolapse.  

The endoscopic camera in the left atrium was used to visualize the prolapsing 

region and to create consistent areas of prolapse.  The heart was then switched 

back into right-sided working mode.  Dobutamine and extracellular calcium 

were again administered, and data was obtained following previously described 

methodologies. 

 The P2 prolapse was then repaired using the edge-to-edge, or Alfieri, 

technique.  With the heart in right-side working mode, two perpendicular 

incisions were made on the superior aspect of the left atrium.  A surgical 

window for repair was created with two tissue spreaders, one in each incision.  

A stitch was then placed from the prolapsed P2 region on the posterior leaflet to 

the A2 region on the anterior leaflet, creating a double orifice valve.  The tissue 
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spreaders were removed, and the window closed.  Air in the left atrium was 

removed using a syringe.  The E2E data period began, following described 

methodologies. 

 
Hemodynamic analysis: 

 The following hemodynamic data was analyzed:  heart rate, left 

ventricular pressures, left atrial pressures, and the time derivative of the 

ventricular pressures (maximum dp/dt and maximum –dp/dt).  Waveforms were 

plotted for the data period of the study, and then all values were calculated and 

averaged over three consecutive beats.  The time derivative of the ventricular 

pressures is a measure of contractility (maximum dp/dt) and relaxation 

(maximum –dp/dt).  Since the heart is in an ischemic environment, these 

parameters were used to assess the relative health of the heart as the 

experiment progressed.     

 

Endoscopic Image Analysis: 

   Endoscopic images were analyzed over the course of one cardiac cycle.  

The video of the pulse-wave Doppler waveform was used to gather several key 

frames of images.  The “start” image was defined when the leaflets first opened, 

corresponding to the onset of forward flow in the echo waveform.  Three images 

were analyzed during diastole:  the frame corresponding to the leaflets fully 

opening (d1), a mid-fill time point (d2), and the frame just prior to the onset of 

leaflet closure (d3).  When the filling phase ended, according to the pulse-wave 
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waveform, a point was defined as the “intercept”.  The regurgitant waveform 

then began, corresponding to the systolic phase of the heart.  The “end” of the 

regurgitation was then defined by the pulse wave Doppler waveform and direct 

visualization.  The frames “s1, s2, and s3” were evenly divided between the 

intercept frame and the end frame. 

 Once these frames were identified, they were imported into Photoshop 

7.0.1 (Adobe Systems, Inc.), and the following dimensions were calculated:  

annulus area, orifice area, regurgitant area, and the anterior-posterior (A2-P2) 

diameter.  The annulus area was identified by the change in color when the 

tissue transitions from leaflet tissue to muscle tissue.  The orifice area was 

defined for the diastolic portion of the cardiac cycle (d1-d3) as the area within 

the annulus not occupied by leaflet tissue.  The regurgitant area was defined for 

the systolic portion of the cardiac cycle (s1-s3) as the area within the annulus 

not occupied by leaflet tissue or containing a prolapsed section of leaflet tissue.  

Dimensions were converted using the anterior-posterior diameter from 

endoscopic images and the mitral valve diameter from the four-chamber view of 

the heart using echocardiography. 

 

Echocardiography Analysis 

The four-chamber view was used to obtain the mitral valve diameter 

during diastole and systole.  Ejection fraction was also calculated based upon 

chamber volumes from the four-chamber view.  The area of the left ventricle 

was calculated in the four-chamber view, and then a single-plane ellipsoid 
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method was used to estimate the left ventricular volume during diastole and 

systole.  The pulse-wave Doppler images were used to calculate the following 

parameters:  mean velocity, mean gradient, time, and the velocity-time interval 

(VTI).  The VTI was used to calculate the stroke volume of both the forward and 

regurgitant flows, and the stroke volumes were used to calculate the regurgitant 

fraction.  The orifice area for diastolic flow was taken to be the average of d1-d3 

from the directly visualized areas, and the regurgitant flows during systole were 

calculated using the average of s1-s3. 

   

Statistics: 

 An analysis of variance (ANOVA) test was performed using three groups:  

normal, prolapse, and E2E.  All statistically significant differences reported are p 

< 0.05.  All values are reported as average ± standard deviation.   

 

Results: 
 Systolic and diastolic images are shown for the Normal, Prolapse, and 

E2E groups of this study, as seen from the left atrium (Fig 7.1).  Video footage 

with left ventricle images, left atrial images, and the creation of prolapse is 

available online. 



 

 

Figure 7.1:  The mitral valve in systole in diastole 
The mitral valve is shown in diastole (left) and systole (right) for the Normal 
(top), Prolapse (middle), and E2E (bottom) data periods. 
 

The hemodynamic data is summarized in table format (Table 7.1), and 

further described here.  The heart rate averaged 101 beats per minute over all 

experiments, and was found not to change significantly between the Normal, 

Prolapse, and E2E groups.  Likewise, the atrial pressures were not statistically 

significant when the groups were compared (overall average of 17/10 mmHg).  

However, the left ventricle did show a statistically significant decrease in its LV 

systolic pressure and its negative dp/dt.  Normal systolic pressures averaged 95 

mmHg, decreased to 79 mmHg for the Prolapse data period, and decreased 
 103 



 

again to 54 mmHg for the E2E data period.  Similarly, negative dp/dt values 

decreased in magnitude over the course of the experiment (743, 608, and 402 

mmHg/s for Normal, Prolapse, and E2E storage periods, respectively).  LV 

diastolic pressures and positive dp/dt did not show significance, but both 

showed trends of decreasing over the course of the experiment.  The overall 

average LV diastolic pressure was 14 mm Hg and the overall average positive 

dp/dt value was 804 mmHg/s. 

Table 7.1:  Hemodynamic Data 
A decrease in overall cardiac function was observed, as evidenced by a 
statiscally significant drop in left ventricular systolic pressure and the maximum 
–dp/dt measured.  This is due to the global ischemia and progressive edema of 
the reanimated heart over the course of the experiment. 

 104 

 

Heart Rate Systole Diastole Systole Diastole max dp/dt max -dp/dt
(bpm) (mmHg) (mmHg) (mmHg) (mmHg) (mmHg/s) (mmHg/s)

Normal 106 ± 13 10 ± 7 18 ± 8 95 ± 16 17 ± 8 916 ± 244 -743  ±  200
Prolapse 100 ± 13 10 ± 10 18 ± 9 79 ± 14 18 ± 9 814 ± 274 -608 ± 289

E2E 96 ± 16 9 ± 6 14 ± 10 54 ± 9 8 ± 6 682 ± 374 -402 ± 121
P value 0.48 0.97 0.68 < 0.01* 0.11 0.43 0.045*

Left Atrium Left Ventricle
 

The annulus area was tracked over the cardiac cycle, with graphs 

showing the average annulus areas and the reduction in annulus area for the 

Normal, Prolapse, and E2E groups.  Generally, the annulus area increased 

during the opening of the mitral valve, with the maximum area occurring during 

late diastole (d3), followed by a decrease in annulus area with a minimum 

annulus area occurring in late systole (s3).  All three groups followed this same 

general pattern (Fig. 7.2A).  The average annulus area between the three 

groups was 9.85 ± 2.67, with no statistical significance (Fig. 7.2B).  Finally, the 

average reduction in annulus area through the cycle was calculated, normalized 

against the maximum annulus area and graphed (Fig. 7.2C).  The overall 



 

average reduction in annulus area between the Normal, Prolapse, and E2E 

groups was 15 ± 3%.   
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Figure 7.2:  Annulus Area Measurements 
The annulus area was normalized against the maximum annulus area and 
plotted throughout the cardiac cycle (A).  The average annulus area (B) and the 
average reduction in annulus area (C) were preserved throughout the 
experiment. 

 

The orifice area was defined as the area within the annulus that does not 

contain leaflets.  Averaged over the diastolic phase of cardiac cycle (d1-d3), the 

orifice areas for the Normal, Prolapse, and E2E groups were 4.49 ± 2.70, 4.13 ± 

2.16, and 1.99 ± 1.19 cm2, respectively.  Due to the high variability between 

valve sizes, the orifice areas were normalized against their corresponding 

annulus areas (Fig. 7.3).  Normalized values of orifice areas for Normal, 

Prolapse, and E2E groups are:  41 ± 13%, 44 ± 14%, and 21 ± 13%, with a 

significant p value of 0.02. 
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Figure 7.3:  Normalized Orifice Areas   
The orifice area was normalized against the annulus area.  The repaired valve 
(E2E group) had significantly lower orifice area (p<0.05). 

 

The regurgitant area was defined as the area within the annulus not 

occupied by leaflet tissue or as the area containing a prolapsed section of 

leaflet tissue.  These areas were averaged over the duration of regurgitation 

during the systolic portion of the cardiac cycle (s1-s3).  The regurgitant area 

increased from 0.20 ± 0.16 cm2 for the Normal group, to 0.73 ± 0.35 cm2 for the 

Prolapse group, and then decreased to 0.12 ± 0.10 cm2 for the E2E group.  

These values were normalized against their corresponding annulus areas (Fig 

4).  The normalized regurgitant areas for Normal, Prolapse, and E2E groups 

are:  2 ± 2%, 8 ± 3%, and 1 ± 1%, with a significant p value less than .01. 
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Figure 7.4:  Normalized Regurgitant Areas 
The regurgitant area was normalized against the annulus area.  The repaired 
valve (E2E group) returned the regurgitant area to Normal levels after the 
creation of P2 prolapse. 
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Echocardiography data was divided into forward flow measurements and 

regurgitant flow measurements (Table 7.2).  The significant measurements for 

the forward flow data consisted of the mean flow velocity (Normal:  45 ± 12 

cm/s, Prolapse:  53 ± 12 cm/s, E2E:  33 ± 8 cm/s) and the peak velocity 

(Normal:  72 ± 14 cm/s, Prolapse:  77 ± 14 cm/s, E2E:  55 ± 12 cm/s).  The 

mean gradient, time, VTI, and stroke volume were not significantly different.  All 

measurements for regurgitant flow were found to be significant, as one would 

expect when regurgitation is created and then repaired. 

Table 7.2:  Echocardiography Measurements 
Peak gradients in the forward phase remain low for all groups, with no signs of 
mitral stenosis. A lower mean velocity and peak velocity during the forward flow 
measurements for the E2E group was probably due to decreased cardiac 
performance. Regurgitation measurements were all significant. 

 

Forward Flow Measurements Normal Prolapse E2E p value
mean velocity (cm/s) 45 ± 12 53 ± 12 33 ± 8 0.02*

mean gradient (mm Hg) .98 ± .43 1.06 ± .4 .54 ± .25 0.06
time (ms) 186 ± 38 209 ± 73 197 ± 60 0.80
VTItotal .08 ± .03 .09 ± .03 .06 ± .01 0.14

Peak Velocity (cm/s) 72 ± 14 77 ± 14 55 ± 12 0.03*
Peak Gradient (mmHg) 2.11 ± .86 2.29 ± .77 1.27 ± .49 0.06

CSAtotal (cm^2) 4.49 ± 2.7 4.13 ± 2.16 2.72 ± 2.21 0.41
SV total (cm^3) 35 ± 22 41 ± 28 18 ± 17 0.21

Regurgitation Measurements
mean velocity (cm/s) 28 ± 7 29 ± 6 20 ± 3 0.03*

mean gradient (mm Hg) .33 ± .14 .37 ± .13 .17 ± .04 0.02*
time (ms) 76 ± 18 132 ± 41 89 ± 38 0.03*

VTIregurge .02 ± .01 .04 ± .02 .02 ± .01 0.04*
Peak Velocity (cm/s) 36 ± 7 41 ± 10 28 ± 5 0.03*

Peak Gradient (mmHg) .54 ± .23 .72 ± .29 .33 ± .11 0.03*
CSA regurge (cm^2) .2 ± .16 .73 ± .35 .25 ± .34 0.01*
SV regurge (cm^3) .37 ± .25 3.11 ± 2.74 .52 ± .82 0.02*

The regurgitant fraction was analyzed based upon the VTI found from 

the echocardiography data, and using the orifice and regurgitant areas from the 

endoscopic video.  The regurgitant fractions were then normalized against the 
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maximum regurgitant fraction observed (Fig 7.5).  The normalized regurgitant 

fractions for the Normal group was 10 ± 6%, increased to 57 ± 26% for the 

Prolapse group,  and returned to 13 ± 13%, with a p value of less than .01.  

Trace regurgitation was observed in endoscopic videos for three of the six 

repairs. 

Discussion 
 The annulus area was found to be unaffected by the edge-to-edge 

technique.  Qualitatively, the annulus area was found to follow the same pattern 

throughout the cardiac cycle regardless of the study group and is consistent 

with previous studies10, 11.  Neither the average annulus, nor the maximum 

change in annulus area was statistically significant between the Normal, 

Prolpase, and E2E groups.  The maximum change in annulus area was found 

to be 15 ± 3% in this study, which is in agreement with sonomicrometry data 

from sheep, where a 13 ± 13% change in annulus area was reported10, and 

human data with a reported change in annulus area of 18.2 ± 1.5%12. 

 The orifice area was unaffected after prolapse was created, but was 

found to be significantly lower after edge-to-edge repair.  Hasegawa et al. 

reported that the orifice area was decreased approximately 30% from a normal 

mitral orifice area after edge-to-edge repair in an isolated swine heart13.  The 

numbers comparing the Normal and E2E groups from this study are higher than 

reported by Hasegawa.  Part of this discrepancy could be caused by the 

decrease in overall cardiac function during this study.   
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 The regurgitant area from the E2E group in this study did not differ 

significantly from the Normal group.  Consistent P2 prolapse was created for 

this study, and the edge-to-edge technique repaired the valve to Normal levels.  

Three of the six repairs showed small areas of prolapse following repair, in all 

cases it was in the area of the prolapse prior to repair and directly adjacent to 

the repair stitch.   

Limitations of the Study 

The buffer solution entering the isolated swine heart does not contain an 

oxygen carrier.  As such, the buffer is super-saturated with oxygen to provide 

adequate oxygen supply to the myocardium, resulting in the formation of micro-

bubbles in the echocardiography views.  These micro-bubbles decreased the 

effectiveness of color mapping to the point in which the data was not used.  The 

2D echo data showed the micro-bubbles flowing through the heart, but still 

allowed for analysis of the images.  Likewise, the pulse-wave Doppler images 

had spectral broadening, but were still analyzed. 

For the regurgitant fraction analysis, raw values were not reported.  The 

reason for this is two-fold.  The first is that due to the altered hemodynamics of 

the in vitro setup, the regurgitant fractions did not compare with clinically 

published values for mitral valve prolapse.  The second is that an error in the 

placement of the pulse wave Doppler cursor during the study resulted in 

artificially low VTI values for the regurgitant phase.  Despite these errors, the 

authors reported normalized values because they found it useful to compare the 



 

relative values of regurgitant fraction among the Normal, Prolapse, and E2E 

groups. 
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Figure 7.5:  Normalized Regurgitant Fractions 
The regurgitant fraction was normalized against the maximum regurgitant 
fraction measured.  The repaired valve (E2E group) returned the regurgitant 
fraction to Normal levels after the creation of P2 prolapse. 

Conclusions 
 To the best of the author’s knowledge, this is the first directly visualized 

edge-to-edge repair of a mitral valve with prolapse.  The creation of prolapse 

did not affect orifice area or annulus area of the mitral valve.  Regurgitation was 

created in the Prolapse group and effectively repaired using the edge-to-edge 

technique.  The orifice area of the mitral valve during diastole was decreased in 

the E2E group from both the Normal and Prolapse groups by approximately 

49%.  This decrease in orifice area did not result in mitral stenosis as indicated 

by low pressure gradients for all three groups in the study. 
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Medical devices, in general, have complicated design and regulatory 

processes to ensure the safety and efficacy of the devices prior to market 

release.  Products for the repair or replacement of cardiac valves must undergo 

several design iterations that are tested under appropriate mechanical loading 

conditions for fatigue testing, leaflet motion, and fluid dynamics.  Data from in 

vitro experiments is used to provide boundary conditions for finite element 

models and to validate finite element results.  Preclinical animal testing is 

conducted in parallel with the in vitro experiments to refine the testing methods 

and advance the device design.  Upon successful preclinical animal testing, the 

design begins clinical trials in humans with a fixed design. 

Despite all the testing and computer modeling that is utilized in the 

design of products for valve repair and replacement, it remains difficult to 

predict how a device will react in the complex anatomy and physiology of the 

human body.  As such, any test apparatus that can provide new insights into 

the device and tissue interactions during delivery and deployment of devices for 

the replacement or repair of cardiac valves will (1) allow quicker design iteration 

cycles and ultimately decrease the time of development, (2) decrease the cost 

associated with device development, and (3) make therapy available to patients 

more quickly due to the decreased development time.  The Visible Heart® 

methodologies utilize a large mammalian, isolated heart preparation to take 

intracardiac images within a beating heart.  My work was to investigate how the 
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Visible Heart® methodologies could be optimized to aid in the design processes 

for devices used in cardiac valve replacement and repair. 

The Visible Heart® methodologies have been developed and refined for 

twelve years, but focused use for cardiac valves and associated devices had 

achieved little investigational attention to date.  My work helped to identify the 

potential capabilities and current limitations of employing Visible Heart® 

methodologies for valve studies (Chapter 2); they were presented here in the 

context of current design practices.  Specifically, several experimental 

approaches were identified in which the unique setup of the Visible Heart® 

could provide advantages:  (1) functional anatomical assessment, (2) device 

delivery and device/tissue interaction, (3) chronic model development and acute 

valve assessment, (4) acute assessment of surgical repairs, (5) the ability to 

obtain preclinical human data, and (6) early prototype testing for designers. 

The chapters in my thesis go on to provide examples of how studies can 

be conducted in each of these areas to provide important insights for device 

designers, physicians, and ultimately, to make procedures safer and more 

effective.  Papers using functional anatomy to enhance the understanding of the 

operating environment of two devices were provided in Chapters 3 and 4.  

Device delivery and the device/tissue interface were observed in the Melody 

deployment detailed in Chapter 5.  The footage from this chapter has also 

shown to be educational for not only the physicians doing the implants, but also 

patients to understand what the procedure would entail.  In Chapter 6, a chronic 
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model of functional mitral regurgitation was developed and this model is now 

available for use within the Visible Heart® when this disease state needs to be 

simulated.  Finally, Chapter 7 was the first study to compare a surgically 

repaired valve with a pathological state and also the normally functioning mitral 

valve. 

I believe the work I have done in this thesis has helped to optimize how 

an isolated heart preparation can be utilized within the design processes of new 

medical devices for the repair and replacement of cardiac valves.  I feel that the 

work I have presented is not an exhaustive list, but rather the beginning of 

many potential studies that will now be better designed based upon the 

capabilities and limitations I have identified.  Additionally, the Visible Heart® is a 

dynamic system that will continue to advance and add capabilities.  I’m excited 

to see where the Visible Heart® progresses and am proud to be a part of its 

development and application. 

Finally, my experience in the Visible Heart® Lab has taught me much 

more than the work presented in this thesis.  Our lab has a very collaborative 

research team, from which I’ve been able to not only receive help on my own 

projects, but have aided other graduate students or engineers from industry 

with their projects.  By working closely with engineers from industry, both in the 

lab and during my internship at Medtronic’s Cardiovascular Research Group, I 

have had the opportunity to learn the design processes first hand, analyzing 

data for several devices in development and even being listed as an inventor on 
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a patent application.  At the lab, I have had the benefit of collaborating with 

world-class surgeons and cardiac interventionalists, including Dr. Phillip 

Bonhoeffer, Dr. Ottavio Alfieri, and Dr. James St. Louis, from whom I have 

learned a great deal.  Additionally, I have been able to share what I have 

learned through a number of educational platforms.  I have co-authored two 

chapters in cardiac textbooks, published three articles in peer-reviewed journals 

with several more articles in submission, lectured in the cardiac anatomy and 

physiology course, and presented research and the Atlas of Human Cardiac 

Anatomy at a number of conferences.  My work on the Atlas of Human Cardiac 

Anatomy includes the construction of an echocardiography tutorial, helping to 

create the Anatomy Tutorial, producing three-dimensional renderings for each 

functional Visible Heart® video, labeling anatomic footage, and answering 

questions from users who utilize the website.  In my career, I will take the 

lessons and skills I have learned in the Visible Heart® Lab to educate, innovate, 

and develop safe and efficacious medical devices for patients in need.   
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Abstract 
 
 Large animal models can be utilized to recreate many cardiac 

electrophysiological diseases states and procedures, in addition to being used 

to test new devices and imaging techniques.  In this chapter, a brief summary of 

regulatory principles regarding animal models is presented.  Factors for 

choosing an animal model, such as growth rates, ease of handling, and 

comparative cardiac anatomy are presented, with the cardiac anatomy 

presented in terms of common electrophysiologic procedures:  lead placement, 

His pacing, and ablation studies.  General anesthesia information is then 

provided, along with common methods of accessing the heart and invasive 

monitoring techniques.  Finally, common electrophysiologic interventions are 

discussed.  This includes different techniques for creating common pathologies, 

such as:  congestive heart failure models, acute and chronic atrial fibrillation 

models, ventricular fibrillation, and myocardial infarction (ischemia).    
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Introduction 
 

 Animal experimentation has resulted in numerous discoveries including: 

the need for insulin, the creation of vaccines for polio and rabies, skin grafts for 

burn victims, and CT scanning technology.  Furthermore, both every drug and 

any invasive medical device in use today, has undergone some form of animal 

testing prior to human clinical studies and/or medical usage.  Importantly, these 

advances in medical technologies have not only benefited countless patients, 

but veterinary science as well.  More specifically, it has been reported that dogs 

can now receive heart valves and hip replacements thanks to surgical research, 

vaccines to benefit pets have been developed, and heart disease treatments for 

pets have all resulted from medical research through animal experimentation.1

Currently, research on large animals primarily exists at Universities in the 

regulatory environment described by the Animal Welfare Act of 1966 and the 

Health Research Extension Act of 1985.  The Public Health Service Policy on 

Humane Care and Use of Laboratory Animals published through the Office of 

Laboratory Animal Welfare in 2002 supplements the Health Research 

Extension Act.  In brief, the goals of these policies are to require: 

 Procedures to be designed and performed with due consideration of 

their relevance to human or animal health, the advancement of 

knowledge, or the good of society 
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 The selection of appropriate species and the minimum number of 

animals to be used to achieve valid results (including using alternate 

forms of testing, such as in vitro testing and computer simulations). 

 The avoidance or minimization of animal discomfort, distress, and 

pain when consistent with sound scientific practices. 

 The appropriate use of sedation, analgesia, or anesthesia during 

procedures that involve more than momentary or slight pain to the 

animal.  Acute studies should terminate with a painless ending of the 

animal’s life. 

 Appropriate living conditions and care for the animals and for 

investigators to be properly trained. 

 

Prior to animal experimentation, the study protocol must be approved by 

an independent body that ensures investigators comply with the above goals.  If 

the study is found to comply, all animals are kept in facilities overseen by a 

veterinarian and provided adequate food, housing, and medical care.   

With these regulations in place, every effort is made to maximize health 

advancements while minimizing the number of animal experiments performed 

and the distress experienced during the protocol.  Since there are not computer 

simulations and/or adequate in vitro tests that are yet capable of mimicking the 

system responses of the human body, animal testing is not only necessary, but 

the best way to screen potential therapies and/or devices prior to human use. 
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Choosing the Right Animal Model 
 
 There are many factors that go into the careful decision of selecting the 

proper/ correct animal model for pharmacological or device investigations, 

including: (1) the species (and breed), (2) size of the animal (or target organ of 

interest), and (3) whether or not the study is to be acute or chronic.  The three 

most common large animal models for cardiac investigations are the dog, pig, 

and sheep.  Thus, this section will focus and attempt to compare these three 

models to human anatomy, so to aid in the choice of which species is 

appropriate for the type of proposed study.  Nevertheless, both the relative 

expertise and experiences of the given investigator with the chosen animal 

model are important factors in the ultimate success of the planned experiments.  

Additionally, an experienced investigator may be able to recall a previous study 

in which data from control animals could be used (i.e., historic data, thereby 

reducing the number of newly required experiments. 

 

Rate of growth  
 
 Pigs, dogs, and sheep all can be appropriate models for use in acute 

studies, but the study design for chronic studies must accommodate the natural 

growth of the animal when interpreting results.  Dogs reach mature size by 

approximately one year of age.  Sheep are also relatively slow growing and 

reach a standard mature weight with little growth beyond that size.  Their final 

size is highly heritable and thus breed specific; but can also be nutrition 
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dependent.  The large rate of growth of swine makes the results of chronic 

studies with these animals more difficult to interpret; e.g.,the heart continues to 

enlarge with the size of the animal (within the age range of most swine during 

cardiac studies).  There are mini-pigs available that have a much lower growth 

rates2, and are available for chronic studies. 

   In studies where a specific heart size is required, estimates have been 

done for each species comparing the excised heart weight to body weight.  In 

general, the heart weight to body weight ratio for adult dogs, pigs, and sheep 

are 7 g/kg, 2.5 g/kg, and 3 g/kg, respectively3.  For comparison, the heart 

weight to body weight ratio of humans is 5 g/kg.  It should be noted that for the 

pig model, a more realistic heart weight to body weight ratio may be obtained by 

using younger animals (25-30 kgs, several months old)4.  However, these 

numbers are variable based upon breed of the animal or lifestyle of the 

population, so they should be used in the context of an animal experiment only 

as a rule of thumb for ordering animals. 

Arrythmogenicity 
 There have not been any detailed studies comparing the relative onsets 

of arrythmias in canine, swine, and sheep.  Nevertheless, many investigators 

have noticed a qualitative order to the sensitivity with which the animal develops 

arrythmias.  In general, dogs are thought to be relatively insensitive to 

arrythmias, followed by sheep, and ending with pigs.  Of interest, one highly 

experienced animal researcher (Dick Bianco, Experimental Surgical Services, 

University of Minnesota, at the Bakken Surgical Symposium, 2008) was 
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discussing the benefits of each animal model, and stated that pigs would 

“fibrillate if you looked at them funny.” 

Comparative Anatomy 
 Detailed descriptions regarding comparative cardiac anatomies between 

canine, sheep, swine, and humans has become recently available5.  In this 

section of this chapter, we will describe the major differences in cardiac 

anatomies between animals and humans, but will describe the anatomy in the 

context of how it most likely affects studies in cardiac electrophysiology, such 

as lead placement and ablation studies. 

 It should be emphasized that all of the animal models discussed in this 

chapter have cardiac anatomy that are generally similar to that of humans.  All 

hearts contain four chambers, with two atrio-ventricular valves and two 

semilunar valves and the same pathways of blood blow.  The systemic blood 

enters the right atrium through the superior and inferior vena cava, while the 

coronary venous system returns blood into the right atrium through the coronary 

sinus.  The blood then flows through the tricuspid valve during diastole to the 

right ventricle, where it is pumped through the pulmonary valve during systole 

and into the pulmonary artery and the lungs.  Upon oxygenation, the blood 

returns via the pulmonary veins to the left atrium.  During diastole, the blood 

passes through the mitral valve and into the left ventricle.  Finally, the left 

ventricle pumps the blood into the systemic arteries through the aortic valve.  

The coronary arteries are fed through backflow in the ascending aorta during 

diastole that enters the coronary system via the left and right coronary ostia, 
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located within the sinus of Valsalva.   The right and left heart pumps work in 

series in a coordinated fashion: in a healthy heart, the right and left atria 

contract in concert and subsequently so do the ventricles. 

One of the most important things to recognize when choosing an animal 

model is that there are differences between such, and the choice of an incorrect 

model can produce misleading results.  An often stated example of incorrect 

model choice comes from pharmaceutical studies using an infarction model in 

dogs during the 1970’s.  These protocols intended to create infarcts in sub-

selected regions of the coronary arteries.  However, canines have a high 

degree of collateralization within their coronary arteries compared with humans.  

Therefore, in these trials, the dog myocardium was still being fed in areas 

thought to be ischemic because of these collateralizations, and it was reported 

that various drugs were effective at reducing damage caused by myocardial 

ischemia.  Unfortunately, these drugs then failed in trials of human patients 

because the animal study data was not transferable6.  It is considered that this 

could have been avoided if an animal model was chosen, such as pigs or sheep 

that had a similar degree of collateralization as humans and produced 

consistent infarcts (not just myocardial stunning) as the protocol required.  

The remainder of this section will describe some common devices and 

therapies that are used in animal models, and describe how the structural 

anatomy of the differing species can and will influence ones ultimate 

experimental design. 



 

 
Figure A.1:  Position of the heart within the thorax 
The long axis of the heart in humans (left) is at approximately a 60 degree 
angle with the midline of the thorax, whereas quadrupeds, such as the pig 
(right), have a long axis of the heart more in line with the midline of the thorax. 

 

Lead Placement 
 The relative orientation of the heart within the thorax in quadrupeds 

differs from that of humans7.  In humans, the right ventricle rests upon the 

diaphragm, with the long axis of the heart at approximately a 60 degree angle 

from the sternum, in such a manner that one third of the heart is in the right half 

of the thorax and two thirds of the heart is in the left half of the thorax.  In 

contract, the long axis of the heart in quadrupeds is much more in line with the 

sternum (Fig. A.1).  Thus, the relative orientation of a given heart within the 

thorax will ultimately affect the entrance angles of the superior vena cava into 

the right atrium.  In humans, the superior and inferior vena cava are essentially 
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in line with each other, while in pigs, sheep and dogs, they enter the atrium at 

nearly right angles.  These differences become even more obvious and 

important when viewing a lead placement in a given heart location via 

fluoroscopy or any other imaging modalities.  For example, a physician/scientist 

may at first, have difficulties adjusting to these anatomical differences when 

placing leads in various animal models.  

When a research protocol calls for left-sided lead implantation, 

anatomical variabilities of the the Thebesian valve, coronary venous valves, and 

left azygous veins can all complicate such deliveries.  More specifically, the 

Thebesian valve covers the coronary sinus ostium and helps prevent backflow 

from the right atrium into the coronary sinus.  In humans, this valve was found 

to be present in a variety of morphologies:  remnant, non-obstructing valves, 

and prominent valves covering more than 50% of the ostium8.  In hearts with 

prominent Thebesian valves (Fig A.2), it has been shown using an isolated 

heart apparatus that coronary sinus access can be obstructed.  While 

comparative anatomy studies of the Thebesian valve in animal models were not 

found, observation of swine hearts in isolated heart preparations in our 

laboratory, have shown that prominent Thebesian valves are extremely rare 

and in most cases, non-existant.  When testing devices requiring coronary sinus 

access in animal models, it should be noted that access may be more difficult in 

humans due to the Thebesian valve.  The ostium of the dog is much smaller 

than those of the other animal models hence it would be most appropriate to 



 

use if one wants to increase the difficulty of assessing the coronary sinus by 

various means (e.g., studies in which on is trying to optimize catheter designs).  

 
Figure A.2:  Thebesian Valve 
A thebesian valve covers the coronary sinus ostium within the right atrium of a 
human 

 

Although the relative access to the coronary sinuses in pigs and sheep is 

usually not impaired by the presences of Thebesian valves, the left azygous 

veins in each species drains into their coronary sinuses near the ostium7, and 

thus this will often complicate left-sided lead implantations.   

 Left-sided pacing is usually accomplished by positioning a lead within a 

venous branch which feeds into one of the larger main coronary veins:  the 

posterior interventricular vein, the posterior vein of the left ventricle, the left 

marginal vein, or the anterior interventricular vein.  It should be noted that the 

sub-selection process of implanting a lead can be helped or hindered by the 

presence of cardiac veins within the venous system.  More specifically, intra-

luminal ridges and valves (Fig A.3) have been observed using fiberscopes (1.5 
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or 2.5 mm diameters) within the major cardiac veins of perfusion-fixed human 

hearts9.  Therefore, during a left-sided lead implantation, the location of these 

ridges and valves can angle a guidewire into a branch or hinder the sub-

selection process by blocking access10.  No published comparative anatomy 

studies have been found on cardiac venous valve anatomy, but qualitative 

observations by our group of swine hearts, have indicated that these valves to 

be less prevalent than in humans. 

 
Figure A.3:  Valve in the coronary venous system 
A valve (blue) within the human coronary venous system is shown in between 
the vein lumen (right) and the branch lumen (left) 

 

His bundle pacing 
 All of the major large mammalian animal models have similar conductive 

pathways as humans, with the presence of an SA node, AV node, bundle of 

His, left and right bundle branches, and purkinje cells.  Yet, there is subtle 

differences between species in all portions of the conduction system; we will 

discuss a few of the more notable ones here.   For example, sheep have an os 
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cordis, which is a bone at the base of the heart near the central fibrous body.  

This bone blocks the usual route of the His bundle to the crest of the ventricular 

septum, instead passing underneath the os cordis into the right ventricular 

septum before branching11.  Pigs and dogs do not have an os cordis, and 

neither do humans, with the His bundle located just beneath the membranous 

septum at the crest of the interventricular septum11.   

Additionally, the cells present in the His bundle and bundle branches of 

sheep differ from that of humans.  In sheep, the Purkinje cells are most 

prevalent, whereas in human His bundles and bundle branches, they are 

composed of mainly transitional cells.  Additionally, human hearts elicit Purkinje 

cells throughout the pathways to the subendocardium.  In contrast, sheep have 

comparatively more prominent cells that are present throughout the mural 

myocardium of the right and left ventricles12.  As such, these differences in 

conduction pathways and cellular makeup should be noted for researchers 

attempting to pace from this site.   

Ablation Studies 
There are numerous published reports describing ablation studies in 

large mammalian models, hence this section is by no means comprehensive.  

Yet, listed here are some important anatomical differences between the various 

animal models and that of humans which should be kept in mind for any type of 

ablation study. 

  If a trans-septal procedure is to be performed as part of the procedure, 

then the fossa ovalis is usually punctured via a catheter delivered from the 
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inferior vena cava.  As noted above, in quadripeds, the inferior and superior 

vena cava enter the right atrium at right angles to each other: which differs from 

that of humans where the entrances of the vena cava are in-line, but with flows 

in opposite directions7.  Yet, while the entrance angles of the vena cava may 

differ slightly, the relative locations of the fossa to the inferior vena cava in 

quadripeds is similar to human anatomy, and thus should have little effect on 

trans-septal punctures. 

It should also be noted that in humans, there exists an interatrial groove 

for communication of electrical signals between the right and left atrium, named 

Bachman’s bundle.  Bachman’s bundle has been claimed to not exist in 

sheep11, but more recent studies have claimed to pace at Bachman’s bundle as 

part of their methodology13.  This apparent discrepancy between anatomical 

literature and electrophysiology studies is quite interesting, but is noted without 

further comment.  Nevertheless, Bachman’s bundles have been reportedly 

found in both pig and canine hearts11. 

Pulmonary vein isolation via ablation has been the focus of multiple 

papers as sites to eliminate atrial fibrillation.  Humans typically have four 

pulmonary vein ostia, whereas pigs typically have two7, and dogs have five to 

six14.  In addition, it has been noted that there is a more prominent myocyte 

border between the pulmonary veins and atria in the swine heart: in other words 

there is no migration of myocytes into the lumen of the pulmonary veins in the 

swine heart.   
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Finally, an alternative ablation strategy is to use fractionation analysis 

and to ablate at the site of dominant frequency.  This technique is mentioned 

because it provides an excellent example of the value of animal models.  These 

sites of dominant frequencies were located and electrograms were 

simultaneously recorded with optical high-speed imaging within isolated sheep 

hearts: the employed clear perfusate allowed imaging within these hearts, and 

the electrical signals were correlated to regions with fast vortex-like re-entry 

around miniscule cores15.  This novel approach allowed the electrical signals to 

be compared with mechanical function of the atrial tissues through the use of a 

well-thought out experiment in an animal model, helping to validate this 

technique being used on human patients. 

Anesthetics and Monitoring 
The choice of anesthetic(s) to be employed in a given study protocol will 

depend on several factors, including: (1) the nature of the planned intervention, 

including the amount of pain or distress involved, (2) if the study is acute or 

chronic, (3) the known effect of the agents on suppressing hemodynamic 

function, and/or (4) if electrophysiology measurements will be taken during the 

intervention.  It should be noted that general guidelines for the choice of 

anesthesia can be found on AWIC website, under the section entitled 

“Anesthesia.”  Nevertheless, the use of profound anesthesia will typically 

require intubation and ventilation of the animal, and therefore a proper ventilator 

will be needed.  If the agent to be used is a volatile anesthetic, such as 

Isofluorane, a vaporizer will also be required.  
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At the beginning of a typical acute animal study, the conscience animal is 

sedated with an induction agent (e.g. Telazol, Thiopental Sodium), which then 

allows the investigator to gain intravenous access to provide supplemental 

agents if needed and then to subsequently intubate the animal.  Typically, at 

this point the animal is moved to the operating table, where mechanical 

ventilation and anesthesia is initiated and levels monitored.  Nevertheless, all 

animals should be properly secured to the operating table to prevent movement 

or falls from the table, if anesthesia levels become too low. This is usually done 

by using straps or ropes.  Yet, care should be taken so that the restraints do not 

prevent proper limb circulation or alter respiration, especially if it is planned that 

the animal will be recovering from the intervention. 

During anesthesia, all animals should be closely monitored.  At a 

minimum, a 3-lead ECG should be continuously monitored and blood pressure 

should be assessed often (e.g., either a non-invasive cuff or a direct arterial line 

can be used to do so).  An excessively high heart rate, high blood pressure, and 

movement of the animal can be signs that the anesthesia is too low (the animal 

is “light”).  Conversely, a low pressure and a low heart rate may be indicators 

that the animal is receiving too much anesthesia.  Typically, high-end 

anesthesia machines provide on-line inhaled and exhaled anesthetic levels, 

which can be assessed to ensure the animal is within an appropriate range of 

anesthesia.  Given that many anesthetics can cause arrhythmias, the ECG 

should be monitored to detect dangerous arrhythmias.  It should be noted that 

swine a particularly susceptible to rhythm abnormalities.  Yet, this characteristic 



 

can be utilized to develop models to study various treatment regimes.  Note that 

our laboratory always has a defibrillator available in case arrhythmias or 

fibrillation develops. 

 
 
Figure A.4:  Surgical preparation of a swine   
A 90kg swine has been properly sedated and intubated. The animal is under 
general anesthesia (Isofluorane) and secured to the operating table using 
chords. A commercial warming system (The Bair Hugger, Arizant Medical) is 
placed over the abdomen covered with a cotton blanket. 

 

Under general anesthesia, both humans and animals have impaired 

abilities to properly regulate their core temperatures; therefore while under 

general anesthesia, it is important to both constantly measure core 

temperatures and provide proper thermal management.  In most large animal 

studies, core temperatures are monitored via a temperature probe placed in the 
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rectum.  However, in those investigational studies in which a Swan-Ganz 

catheter is employed, this system will provide continuous pulmonary artery 

temperatures; of which our laboratory considers the “gold standard” 

measurement of core temperature.  Nonetheless, active warming or cooling 

may be necessary to maintain the animal within an appropriate range for a 

given research protocol.  For example, swine have a normal core temperature 

of 38 º C and our group always attempts to control core temperature within 0.5 º 

C.  For a simplistic approach to provide therapy, blankets around the abdomen 

and the chest can help raise temperature, whereas wet cloths (water or rubbing 

alcohol) allowing for evaporative cooling placed in the same locations can 

actively lower the temperature (the use of fans can also expedite convective 

losses).  Additionally, various heating (Fig A.4) and cooling systems are 

available commercially.  It has been our experience that electrophysiological 

parameters of the heart are extremely sensitive to temperature, particularly 

refractory periods and the induction of atrial fibrillation.  Furthermore, mild 

hypothermia, even several degrees C, is considered to confer some degree of 

cardio-protection against ischemic damage. 

Invasive Monitoring 
If more sophisticated hemodynamic monitoring is desired to accomplish 

the purposes of a given study protocol, appropriate venous and arterial 

accesses will be necessary to introduce appropriate catheters into the heart for 

sensing.  Access to large vessels, such as the femoral arteries, the carotid 

arteries, the femoral veins or the jugular veins, can be done 1) with a blind stick, 



 

2) under ultrasound guidance, or 3) after a direct surgical cut-down.  In most, 

acute investigational studies on large animal models, cut-downs, or incisions of 

the skin and exposures of the vessel walls, are commonly performed.  Next, the 

vessels are then accessed using the Seldinger technique with introducers; such 

sheaths typically have hemostasis valves which allows instruments to be 

passed in and out of the vessels without the loss of blood.  In acute surgeries, 

where a given catheter will be placed in the vessel but will not be moved during 

the intervention, an introducer is not necessary.  In such cases, a given vessel 

is isolated and then nicked and the catheter placed directly within; suture 

(ligatures) may then be used to cinch the vessel closed around the catheter 

(Fig. A.5). 
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Figure A.5:  Catheterization and arterial lines 
On the left, catheters are placed into the right jugular vein of a swine without an 
introducer. Suture is used to cinch the vein around the catheter after it is 
placed. On the right, an arterial pressure line is shown after placement into a 
branch of the femoral artery. A cut-down was performed prior to placement, 
exposing the vessel for easier access. 

 

With venous and arterial access, a variety of quantitative monitoring can 

be performed to obtain pressures, flows, and electrical information from each 

chamber of the heart.  With a Swan-Ganz catheter, for example, the balloon 
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tipped catheter is advanced into the superior vena cava, and then continues 

through the right atrium, through the tricuspid valve into the right ventricle, and 

passes through the pulmonic valve into a small branch of the pulmonary artery 

(i.e., within the lungs).  This catheter system can provide valuable real-time 

information as to right atrial pressures, wedge pressures (an estimate of left 

atrial pressures), cardiac outputs, core temperatures, and relative oxygen 

saturations.  Also commonly employed in large animal cardiovascular research 

are Millar pressure catheters, which are small-diameter catheters (5 to 7 F) that 

sense pressures at their tips via a diaphragm that covers a piezoelectric crystal 

sensor.  For example, in our laboratory, we typically place one each within the 

right and left ventricles to obtain continuous pressure waveforms; e.g., from 

these one can obtain parameters of cardiac contractilities and relaxations.  

Pacing leads, defibrillation leads, and electrophysiology catheters can also be 

placed within these hearts using similar approaches; these will be discussed 

later. 

Accessing the Heart 
If epicardial access to the heart is needed, there are a variety of 

approaches one may choose.  Perhaps the least invasive of these is a “sub-

xyphoid puncture”; this typically allows for access to the pericardial space at or 

near the apex of the heart.  It should be noted that a number of commercially 

available tools and methods have been developed to facilitate a sub-xyphoid 

puncture.  An added benefit of this procedure is that it can be done without 

perforating the pleural lining, preventing the need for intubation, general 
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anesthesia, or post-operative chest tubes.  However, it can be technically 

challenging because there are the added risks of puncturing the myocardium or 

an epicardial vessels, which can result result in cardiac tamponade.  A 

“pericardial window” is a more-invasive version of the sub-xyphoid approach.  In 

this case, instead of a small puncture, the investigator makes a fairly large 

incision at the base of the rib cage and exposes the pericardium.  Then a 

portion or the whole xyphoid process is removed allowing for direct visualization 

of the pericardium and heart within. 

A thoracotomy is generally described as a surgical window between two 

ribs, in which a spreader (i.e., a rib retractor holds the ribs apart) is placed to 

gain access to the heart.  Such performed experimental procedures typically 

require intubation and also may necessitate collapsing one of the lungs to gain 

better visualization and/or access to the heart.  The planned placement of the 

incision is important, because only a section of the heart is exposed during such 

a thoracotomy procedure. 

A medial sternotomy is the most invasive method of accessing the heart, 

but gives the investigator complete access to almost all surfaces.  In general 

this experimental approach would include placing the animal under a deep 

surgical plane of general anesthesia, with a scalpel or electro-cautery utilized to 

expose the sternum (cutting through skin, muscle and other connective tissues).  

Next, the sternum is transected down its center using a bone saw.  Note that 

extreme, care must be taken when cutting the sternum because animals such 

as swine have ligaments that hold the heart close to the sternum (a sternal-
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pericardial ligament). Then, a retractor is positioned to spread the opening of 

the rib cage, exposing the beating heart and lungs.  The pericardium may be 

kept intact, it may be excised, or it may be sutured open to provide mechanical 

support (cradle).  Hemodynamic parameters may change dramatically when the 

thoracic cavity is open, and also when the pericardium is removed.16  

Nevertheless, it is important to monitor all animals carefully during any of these 

procedures.  Examples of parameters to be monitored include: end tidal CO2 

levels, heart rates, blood pressures, cardiac outputs, anesthetic concentrations, 

core temperatures, arterial O2 and pH values, renal outputs, hemoglobin levels, 

and/or other parameters of specific interest to a give particular investigation (Fig 

A.6). 

If the animal is to be recovered from a thoracic surgery, extreme care 

must be taken to use aseptic technique, as any subsequent chest infections 

(mediastinitis) have a very high associated mortality rate for most large animal 

cardiovascular models.  In general, the closure procedure can be complicated, 

including the placement of chest tubes, required post-operative monitoring, and 

the investigator is referred to the literature for these details.  Also, recovery from 

thoracic surgery may take anywhere from days to several weeks and be 

associated with considerable pain.  Therefore, appropriate pain medication and 

antibiotics must be given to help ensure both the comfort and survival of these 

animals.  An excellent resource for more detailed information on these 

aforementioned procedures can be found in “Animal Models in Cardiovascular 

Research” by David Gross.17 



 

 
Figure A.6:  Medial sternotomy 
A full medial sternotomy in an anesthetized 90kg swine is shown. A retractor is 
used to hold the ribs apart, and a pericardial sling was created with suture.  

 

Common Cardiac Electrophysiology Interventions 
 Many common electrophysiology procedures and/or interventions 

performed by physicians in the hospital or clinical can be readily reproduced (or 

developed) in large animal models.  For example, it is quite typical for our 

laboratory to perform the basic electrophysiology (EP) studies one would  

perform in a standard hospital catheter lab on our large animal models 

employing the same equipment.  In general, for such an EP study to be 

performed on an animal, they are first are administered an anesthetic that has 

minimal hemodynamic affects, such a Pentobarbital.  Venous access is 

commonly achieved via an introducer, and then electrophysiology (EP) 

catheters are placed in the right side of the heart under the guidance of 

fluoroscopy.  Pacing leads may also be implanted at various cites to provide 
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stimulation and sensing.  Left-sided leads and EP catheters can be placed 

through arterial access, or a trans-septal puncture may be performed to allow 

catheters to pass from the right atrium to the left atrium.18   

 After catheters are placed, various stimulation protocols are commonly 

employed to measure various desired electrophysiological parameters.   For 

example, a common protocol is to stimulate the right atrium eight times with a 

stimulus interval of 400 to 600ms.  After these eight stimuli (called S1 stimuli) 

have captured the rhythm of the heart, a ninth stimulus (the S2 stimulus) is 

given at a much smaller interval called the S1-S2 interval.  This protocol is then 

repeated, each time shortening the S1-S2 interval. When the S1-S2 interval 

becomes so short that the S2 stimulus fails to propagate through the AV node, 

the S1-S2 interval is called the AV node effective refractory period.  If the 

interval is shortened further, the S2 stimulus will eventually fail to evoke any 

response from the atria, and this S1-S2 interval is the atrial effective refractory 

period. The same stimulus protocol can be performed in the ventricle to 

measure the antegrade AV node refractory period, and the ventricular effective 

refractory period.  

It should also be noted that burst pacing, where a high-frequency train of 

stimuli are delivered to the heart, can be useful in testing fibrillation thresholds 

in both the atrium and the ventricle.  Thus, importantly a defibrillator should 

always be nearby if sustained ventricular tachycardia or ventricular fibrillation 

might be induced.  While atrial fibrillation is stable in most humans, some 
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animals (particularly swine) may develop dangerous ventricular arrhythmias or 

become hemodynamically unstable if allowed to elicit atrial fibrillation too long. 

Implantation of pacemaker and ICD leads in various large animal models 

is also a common procedure.  As such, leads can either have passive fixation, 

where the lead is lodged into trabeculae, or active fixation, where the lead tip 

has a helix and is screwed into the tissue.  Yet, the relative degree of veltricular 

trabeculae greatly differs amongst the commonly employed animal models: 

e.g., swine can be considered to have minimal trabeculation relative to the dog.  

Nevertheless, after the lead is placed under fluoroscopy in the desired cardiac 

location, the introducer is removed and the lead is subsequently connected to 

the pacemaker or ICD.  These devices are then implanted into  a pocket formed 

under a skin or muscle flap.  It is recommended that these devices be  

implanted where they will not be subjected to excessive external impact or 

motion (Fig A.7).  



 

 
Figure A.7:  Fluoroscopy 
Fluoroscopy is a commonly used imaging modality for placing leads and EP 
catheters. 

 

Ablation is another common electrophysiology procedure to have been 

incorporated into numerous animal study protocols.  More specifically, an EP 

catheter can be used to find the appropriate site of ablation, and typically the 

same catheter can be used to deliver therapy from an ablation system to the 

target tissue. Today, the therapy can be delivered either in the form of RF 

energy (which burns the tissue) or via cryo-therapy (where the tissue fails due 

to freezing).  The parameters or duration, energy and temperature of the 

therapy will vary depending on the application, the thickness of the tissue, the 

relative tissue viability, etc. 
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Large mammalian models have been extensively used to develop the 

technolgies of cardiac mapping, which in general can measure the relative 

activation patterns within the heart, to study and/or subsequently treat 

arrhythmias. Typically, in such studies, a multi-electrode EP catheter placed on 

the right side of the heart; they can be considered the most basic tool to map 

activation patterns. For examples, properties of atrial, His, and ventricular 

activation and repolarization potentials can be measured using this technique. 

To better understand the global activation patterns within a given heart 

chamber, mapping systems have been developed to measure three 

dimensional patterns. To date, St. Jude’s Ensite System, Medtronic’s Localisa 

system, and Biosense Webster’s Carto system are all commercially available 

cardiac mapping systems that have obtained clinical use.  It should be noted 

that recent research from our lab has shown that body surface potential 

mapping may also be used to get similar 3-D cardiac activation patterns, but 

also begin to provide transmural information;  these emerging technologies and 

procedures may in the future provide a cheaper alternative diagnostic tool, only 

requiring an array of ECG electrodes on the chest.19

Furthermore, it should be also noted that a number of more advanced 

biological techniques have begun to be employed in a growing number of large 

animal electrophysiology studies.  More specifically, cell and gene therapies are 

emerging as a potential “cure” for heart rhythm disorders: e.g., cells, genes, and 

extracellular matrices can be injected with special needle catheters into various 

anatomical areas of the heart as specific means to treat arrhythmias.20  In such 
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cases, imaging beyond fluoroscopy, including cardiac MRI and CT, can provide 

valuable anatomical information which is helpful in analyzing electrophysiology 

data.19  As noted in Chapter (Skadsberg) isolated heart models, such as those 

developed in our Visible Heart Lab (www.visibleheart.com) allows for direct 

endoscopic visualization of catheters, leads and other devices while still 

maintaining the electrical and mechanical function of the heart.21  Finally, post-

mortem histological analyses may also provide valuable insights into the 

structure of the cardiac conduction system.22

 In summary, a number of techniques and methods are available for 

investigators to study the efficacy and feasibility of electrophysiology therapies 

and large animal models enable the translation of cell- or tissue- level 

discoveries to become a viable therapy that can be used in the clinic to benefit 

people’s lives. 

Animal Models of Disease States 
 

In any type of translational research it is desirable to have an appropriate 

animal model which exhibits similar physiology and pathophysiology to the 

targeted disease state in humans.  In the realm of heart failure, animal models 

have been developed by numerous laboratories to mimic a variety of 

myocardial disease states or conditions such as: congestive heart failure, 

hypertrophic heart failure, myocardial infarction, atrial fibrillation, ventricular 

fibrillation, tachycardia, etc.  Such models have been developed for use in 

either acute or chronic investigations.  The following section briefly covers some 

http://www.visibleheart.com/
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of the more common disease states which can be created (modeled) in the 

common large mammals used for translational studies on associated cardiac 

electrophysiology.  

 

Congestive Heart Failure Models:  
Dilated Cardiomyopathy (DCM), a form of systolic heart failure, is 

characterized by ventricular dilation and functional impairment.  Commonly, 

DCM is associated with conduction disturbances in the myocardium; for 

example, a left bundle branch block (LBB) causes significant interventricular 

and intraventricular dyssynchrony in such patients.  Futhermore, it is current 

clinical practice in these cases, to provide cardiac resynchronization therapy 

(CRT), the implantation of a biventricular pacing system that is used to 

resynchronize the ventricles.  Because there remains no consensus as to the 

optimal anatomical site for lead placement in CRT (or lead placement in general 

for pacing in a failing heart), numerous large animal models of DCM have been 

developed and employed to study the validation and optimization of such 

therapies.  
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Figure A.8:  Cardiac Magnetic Resonance 
A four-chamber MR image of a normal swine heart is shown in end-diastole (A), 
and after three weeks of high rate pacing at 200 beats/minute (B). The increase 
in chamber size and wall thinning after high rate pacing can easily be 
discerned. 

 

Chronic high rate pacing, or tachypacing, is considered the gold standard 

in creating animal models of DCM, is highly reproducible, and technically simple 

to produce1.  By pacing the heart at 2-4 times the intrinsic rate from either the 

atria or ventricles, this will produce marked changes in both cardiac function 

and anatomy within a matter of weeks; the extent of remodeling can be 

controlled by both the pacing rate and duration (Fig. A.8). Typically, such a high 

rate pacing model of DCM will cause the following functional and anatomical 

changes in the heart: 23-25 

 Increased filling pressures 

 Left and right ventricular systolic dysfunction (low cardiac output, 

contractility, and ejection fraction) 

 LV, RV, RA, and LA chamber dilatation, spherical LV chamber 

geometry 

 172 



 

 173 

 Increase in cardiac mass (not uniform across species) 

 Mitral valve regurgitation 

In addition, high rate pacing is associated with the following systemic effects: 

 Neurohumoural activation  

 Increase in systemic vascular resistance 

 Ascites (accumulation of fluid in the abdomen) 

 Peripheral edema 

As an example, Wilson and colleagues studied the effects of high rate 

pacing in canines at endpoints of three and eight weeks.26  They demonstrated 

that high rate pacing at a rate of 240-260 beats/minute in the canine model 

reduced cardiac outputs (control 130 ± 20 ml/min/kg, 8 week pacing 116 ± 14 

ml/min/kg), elevated pulmonary wedge pressures (control 10 ± 3 mm Hg, eight 

week pacing 26 ± 8 mm Hg), and increased right atrial pressures (control 4 ±1 

mmHg, eight week pacing 9 ± 3 mm Hg) (all p < .01 vs. control).  They also 

noted that after the study termination, the dogs in both pacing groups also had 

left and right ventricular volumes which were approximately twice those of the 

controls.  Additionally, after three weeks of pacing, a functional assessment with 

echocardiography revealed a decreased percent left ventricular shortening (34 

± 6% to 17 ± 7%, p < .01). 

To date, the canine model has been the primary large-mammalian model 

of pacing-induced DCM, with porcine and ovine models also utilized.  It should 

be noted that the pacing time period necessary to reach the same 

hemodynamic endpoints varies by species, with pacing periods approximately 
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twice as long in canines as in swine, partly due to the increased collateral 

coronary circulation in canines.  Peripheral edema and ascites is common with 

this type of heart failure model, and the use of diuretics should be considered 

during the progression of the disease state for animal comfort and also to 

reduce mortality.  In addition, for any procedure or measurement that can not 

be made while the animal is awake, consideration should be given to the choice 

of anesthesia; a high dose of any administered anesthetic which may be a 

cardiovascular depressant (such as thiopental or isoflurane) could be morbid in 

such a heart failure model.  Furthermore, there is general agreement that the 

cardiac and systemic effects of high rate pacing are largely reversible after 

cessation of pacing, where the time period for the recovery can be in a matter of 

weeks.  

It should also be noted that tachypacing-induced heart failure, can also 

be fine tuned in order to more closely represent specific heart failure 

mechanisms in man.  In one variation, for the study of ventricular timing and 

pacing site in CRT therapy, Helm et al first created a left bundle branch block, 

followed by three to four weeks of tachypacing (210 beats/minute) in canines to 

produce the combination of DCM and ventricular dyssynchrony.27 In another 

example, Shen and colleagues sequentially clipped two regions of the left 

circumflex artery, followed by intermittent periods of chronic rapid pacing (220 

beats/minute).28 Subsequently in this canine model, severe LV dysfunction 

resulted, and it was noted that LV function and peripheral vasoconstriction did 

not recover after the cessation of pacing.  In other words, the irreversibility of 
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this latter model indicates a different underlying mechanism for the induced 

heart failure; than the tachy pacing model alone, which is largely reversible. 

Acute and Chronic Atrial Fibrillation Models: 
Atrial fibrillation (AF) is an uncoordinated tachyarrhythmia associated 

with a high level of morbidity and mortality as previously described (See 

Benditt’s chapter).  One necessary feature in a large animal model of AF is that 

the arrhythmia must be sustained for a period of time long enough to permit the 

electrical characterization of the rhythm and application of the therapy designed 

to correct the condition.  To date, both acute and chronic large animal models 

have been developed for the study AF. 

There are a wide range of methods to generate AF in an animal model, 

which can be grouped into the following categories:  

 Surgical 

 Pharmacological or Chemical 

 Electrical 

Surgical methods used in the induction of AF involve creating an injury to the 

atrial tissue, such that there is a subsequent barrier for the propagating action 

potentials.29  For example, this barrier can be created by clamping (traumatic 

injury), making an incision, or ablating the tissue.  Once the anatomical block is 

formed, AF can typically be initiated by brief, rapid electrical stimulation and the 

presence of the created block allows the formation of a reentry loop.  Yet, it 

should be noted that results can vary in this type of model of AF; as they are 
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sensitive to the locations and sizes of the injuries, and also the relative 

placements of the stimulating electrodes.   

In general, pharmacological and chemical methods of inducing AF 

involve intravenous or local/targeted delivery of an agent which will increase the 

susceptibility of the heart to AF.  Typically, pharmacological agents are chosen 

to alter specific ionic channels and their ionic currents; in order to prolong the 

myocyte refractory periods, making it easier to electrically initiate AF.  For 

example, in one study by Anadon et al, AF and atrial flutter were induced in 

swine with an intravenous delivery of ethanol followed by rapid stimulation of 

the right atrium to initiate an arrhythmia.30 Furthermore, it was noted that as the 

intravenous concentration of alcohol was increased, the ability to generate 

sustained AF was increased.  However, this model was an acute model as AF 

was only sustained for a matter of minutes.  In contrast, Kijtawornrat and 

colleagues have been successful in creating an acute animal model in canines, 

where AF was sustained for approximately 40 minutes.31 In this study, AF was 

achieved through a combination of rapid atrial pacing and an infusion of 

Phenylephrine.  In general, rapid pacing decreases the atrial effective refractory 

period, slows atrial conduction, and increases electrophysiologic heterogeneity, 

where the phenylephrine infusion increased the difference between left and 

right atrial and intra-atrial refractory periods.  More specifically, AF in these 

canines was sustained for approximately 40 minutes following the infusion of 

Phenylephrine and 20 minutes of tachypacing at 40 hz.  
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Similar to animal models for DCM, high rate pacing has been 

successfully utilized in developing chronic models of AF.  For example, Bauer 

and colleagues used burst pacing at a frequency of 42 hz in the right atrial 

appendage to cause AF induced heart failure in swine.32 In this case, the burst 

pacing resulted in very high ventricular rates, where an average ventricular rate 

of 270 ± 5 bpm was reported during sustained AF.  Furthermore, after three 

weeks of burst pacing, chronic heart failure was evident in these animals.  In 

another experimental approach, Wijffels et al created a chronic model of AF in 

goats through the use of an external fibrillator/pacemaker attached to epicardial 

electrodes on the atria.33  Upon detection of a sinus rhythm, external stimulation 

of the atria was induced for 1 s at a rate of 50 hz, which automatically 

maintained AF 24 hours/day. It was reported that the repetitive induction of AF 

for a period of 1 week by this pacing method led to a progressive increase in 

the duration of AF, and subsequently AF became sustained for periods >24 

hours without any maintenance pacing. 

Animal Models of Ventricular Fibrillation: 
Common methods to induce ventricular fibrillation in large animals 

include electrical stimulation at high frequencies and/or the induction acute 

ischemia.  Since there are different mechanisms that cause VF, an appropriate 

animal for VF should be chosen based on the patient population for the therapy 

being studied (simulated).  For instance, if targeting VF in children, which 

commonly occurs because of asphyxiation or circulatory shock, one would use 

a model where the trachea is clamped in a anesthetized animal.34 However, if 
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the therapy is targeting VF due to an ischemic event, an acute or ischemic 

model would be obviously more appropriate.35  Additionally, VF can be caused 

by an overdose of certain medications, and the appropriate animal model to 

mimic this type of mechanism can in many cases be achieved by treating an 

animal with the same medications.  The methods and considerations involved in 

creating ischemic conditions in animal models is described in the next section 

below, however, for a detailed description of other aforementioned methods we 

refer the reader to the vast body of literature.  

Animal Models of Myocardial Infarction, Ischemia  
Myocardial infarction (also commonly known as a heart attack) refers to 

the focal or global damaging of myocardial tissue due to ischemia, a lack or 

stoppage of blood flow.  Importantly, there are many electrical changes and 

resultant arrhythmias in the heart that arise from this condition that are of 

interest to the electrophysiologist (i.e. ventricular fibrillation, ventricular 

tachycardia, etc.) as previously described in this book. 

Historically, there have been a wide variety of species employed and 

methods used to create large animal models of cardiac ischemia.  Most 

common are acute experiments in which a targeted coronary artery is occluded 

in anesthetized animals.  Typical methods of creating such an occlusion include 

opening the chest to gain access to the heart and the subsequent surgical 

ligation of the targeted branch of a coronary artery, or by placing a removable 

clip around the artery which gives the ability to study cyclic periods of ischemia 

(i.e., ischemia-reperfusion injury)(Fig. A.9).  As such, the size and location of 



 

the infracted region will ultimately be dependent on the relative location of the 

artery occluded and also the duration of the ischemic time. 

If it by investigational design that a closed chest model be preferred, then 

in such cases a coronary occlusion can be induced via a balloon catheter 

placed into that given vessel (e.g., via access from the femoral artery).  

Although the potential for temperature variations are reduced in a closed chest 

model, there is limitation as to the type of physiological measurements that can 

be readily obtained.  For example, in the open chest model, flow probes can be 

placed around the pulmonary artery and the aorta for the on-line continuous 

measuremenst of cardiac output and total coronary artery flows, and 

additionally sonomicrometry crystals can be sutured to the epicardium for the 

assessments of focal wall motions and/or regional functions.  

Area at risk 

 
Figure A.9:  Perfusion staining of the heart 
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An excised swine heart from an acute occlusion study after the injection of 
patent blue dye is shown, with regions stained blue indicating where perfusion 
occurred during the occlusion, while non-dyed regions indicate the area at risk. 

 

There are multiple methods to quantify the size and location of an 

induced infarcted region. Common methods used to identify the area at risk, or 

an area that is not perfused, is through the use of the injection of microspheres 

or dyes while the vessels are still occluded.  More specifically, the injected 

microspheres will then congregate in the capillaries of any tissues that are 

perfused.  Therefore, following tissue digestion, any areas which contain 

microspheres can be identified as regions which were perfused, and visa versa.  

In contrast, if a dye injection is employed, the areas which were perfused will 

turn the color of the dye and areas which were not perfused will remain 

unaffected (Fig. A.9).  Triphenyletrazolium chloride (TTC) staining is a common 

histo-chemical method which is often used to delineate normal and infarcted 

myocardial tissue (post mortem), as the stain only adheres to infarcted 

(damaged) tissue36 (Fig. A.10).  If an in vivo assessment of perfusion and 

myocardial infarction is desired, such as during a chronic study with progressive 

occlusion, if available, a contrast enhanced, cardiac MRI can be used to do 

so.37,38  

In an acute large animal infact study, it is only possible to simulate where 

a myocardial infarction would likely be created.  However, for scar formation 

(the replacement of dead myocardium), a chronic study would be necessary.  

An investigators decision as to whether an acute or chronic study should be 



 

performed is dependent on the relative pathophysiology and underlying 

mechanisms of the arrhythmia that is of primary interest.  For example, in the 

case of a chronic study, where the animal is woken up after the occlusion, 

careful consideration must be made as to the location of the region occluded 

and also to the choice of the species used.   Historically, dogs have been used 

in chronic ischemia models, as the increased collateral coronary circulation 

improves survivability (they elicit minimal arrhythmias).  However, as previously 

mentioned, the swine model has coronary anatomy more similar to that of a 

human heart; yet, an induced large ischemic area would be more likely fatal in 

this species as compared to a dog. 

 

Infarcted area Area at risk 

 
Figure A.10:  TTC staining of the heart 
TTC staining after an acute infarct and the injection of patent blue dye in an 
acute model of myocardial infarction is shown. In the non-dyed regions, or area 
at risk, the infarcted regions are pale in color. 

Summary 
Large animal models can be utilized to recreate many cardiac 

electrophysiological diseases states and procedures, in addition to being used 
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to test new devices and imaging techniques.  The three most common large 

animal models are dogs, sheep, and swine, but the choice of animal model is 

dependent upon many factors:  anatomy of interest, skill and experience of the 

investigator, ease of handling, study design, and the ability to create specific 

pathological models.  Used correctly, animal models are the best available 

method to predict systemic responses to therapies, while poorly designed 

experiments can lead to misleading and non-transferable results.  Any animal 

studies conducted with government funding or at a major corporation or 

university, is highly regulated with the aim to maximize human benefit while 

minimizing animal use, pain, and suffering.  Every invasive device used 

clinically today was once tested in a large animal model, and the continued use 

of animal models will make available the next generation of devices and 

therapies to patients in a safe and efficacious form. 
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Introduction 
This chapter is a review of commonly utilized monitoring techniques 

which are performed 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 principals underlying cardiac function are also briefly discussed.   

Under normal physiologic conditions, the human heart functions as two 

separate pumps; 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 creates pressures 

which are commonly monitored clinically to assess the function of the heart and 

its work against resistance.  In general, the mechanical function of the heart is 

described by the changes in pressures, volumes, and flows that occur within a 

cardiac cycle.  A single cardiac cycle is one complete sequence of myocardial 

contraction and relaxation. 

Cardiac Cycle 
The normal electrical and mechanical events of a single cardiac cycle of 

the left heart are correlated in Figure 1.  The mechanical events of the left 

ventricular pressure-volume curve are displayed in Figure 2.  During a single 

cardiac cycle, the atria and ventricles do not beat simultaneously; the atrial 

contraction occurs prior to ventricular contraction.  This timing delay allows for 

proper filling of all four chambers of the heart.  Recall that the left and right 



 

heart pumps function in parallel.  The diastolic phase of the cardiac cycle 

begins with the opening of the tricuspid and mitral valves (atrioventricular 

valves).  The atrioventricular valves open when the pressures in the ventricles 

fall below those in the atria.  This can be observed in Figure B.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 

begins.  In other words, blood that has accumulated in the atria behind the 

closed atrioventricular valves passes rapidly into the ventricles, and this causes 

an initial drop in the atrial pressures.  Later, pressures in all four chambers rise 

together as the atria and ventricles continue to passively fill in unison with blood 

returning to the heart through the veins (pulmonary veins to the left atrium, and 

the superior and inferior vena cava to the right atrium). 
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Figure B.1 Electrical and mechanical events of a single cardiac cycle of the left heart 
 (see text for details) 
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Contractions of the atria are initiated near the end of ventricular diastole, 

which is initiated by depolarization of the atrial myocardial cells (sinoatrial 

node).  Atrial depolarization is elicited at the P wave of the electrocardiogram 

(Fig. B.1, ECG lead II).  The excitation and subsequent development of tension 

and shortening of atrial cells cause atrial pressures to rise.  Active atrial 

contraction forces additional volumes of blood into the ventricles (often referred 

to as “atrial kick”).  The atrial kick contributes a significant volume of blood 

toward ventricular preload (approximately 20%).  At normal heart rates, the 

atrial contractions are considered essential for adequate ventricular filling.  As 

heart rates increase, 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 atrial-

ventricular contractions can result in minimal contribution to preload, via atrial 

contraction.  Throughout diastole, atrial and ventricular pressures are nearly 

identical due to the open atrioventricular values which offer little or no 

resistance to blood flow.  It should also be noted that contraction and movement 

of blood out of the atrial appendage (auricle) can be an additional source for 

increased blood volume. 

Ventricular systole begins when the excitation passes from the right 

atrium through the atrioventricular node, and through the remainder of the 

conduction system (His bundle and left and right bundle branches) to cause 

ventricular myocardial activation.  This depolarization of ventricular cells 

underlies the QRS complex within the ECG (Fig. B.1).  As the ventricular cells 
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contract, intraventricular pressures increase above those in the atria, and the 

atrioventricular valves abruptly close.  Closure of the atrioventricular valves 

results in the first heart sound, S1 (Fig. B.1).  As pressures in the ventricles 

continue to rise together in a normally functioning heart, they eventually reach a 

critical threshold pressure at which the semilunar valves (pulmonary valve and 

aortic valve) open.  The mechanical events of a single cardiac cycle and its 

pressure-volume relationship are displayed in Figure B.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 only when the semilunar valves open.  In early left heart ejection, blood 

enters the aorta rapidly and causes the pressure within it to rise.  Importantly, 

pressure builds simultaneously in both the left ventricle and the aorta as the 

ventricular myocardium continues to contract.  This period is often referred to as 

the “rapid ejection phase.”  A similar phenomenon occurs on the right heart, 

however, the pressures developed and required to open the pulmonary valve 

are considerably lower.    
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Figure B.2:  Pressure-volume diagram of a single cardiac cycle 
(see text for details). 

 

Pressures in the ventricles and outflow vessels (the aorta and pulmonary 

arteries) ultimately reach maximum peak systolic pressures.  Under normal 

physiologic conditions, the contractile forces in the ventricles diminish after 

achieving peak systolic pressures.  Throughout ejection, there are minimal 

pressure gradients across the semilunar valves due to the large annular 

diameters.  Eventually the ventricular myocardium elicits minimal contraction to 

a point where intraventricular pressures fall below those in the outflow vessels.  

This fall in pressures causes the semilunar valves to close rapidly.  Closure of 

these valves is associated with the second heart sound, S2 (Fig. B.1).  A quick 

reversal in both aortic and pulmonary artery pressures is observed at this point, 

due to back pressure filling the semilunar valve leaflets.  The back pressure on 

the valves causes the incisura or dicrotic notch, which can be detected by local 

pressure recording (e.g., with a locally placed Millar catheter).  After complete 

closure of these valves, the intraventricular pressure falls rapidly and the 
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ventricular myocardium relaxes.  For a brief period, all four cardiac valves are 

closed, which is commonly referred to as the “isovolumetric relaxation phase.”  

Eventually, intraventricular pressure falls below the rising atrial pressures, the 

atrioventricular valve opens and a new cardiac cycle is initiated. 

Cardiac Pressure-Volume Curves 
Ventricular function can be analyzed and graphically displayed with a 

pressure-volume diagram.  Both systolic and diastolic pressure-volume 

relationships during a single cardiac cycle are displayed in Figure B.2.  

Pressure-volume assessment of myocardial function on intact myocardium 

involves multiple factors such as preload, afterload, heart rate, and contractility.  

The area inside the pressure-volume loop is an estimate of the myocardial 

energy (work = pressure x volume) utilized for each stroke volume (stroke 

volume = end-diastolic volume – end-systolic volume).  The shape of the normal 

pressure-volume loop changes with alterations in myocardial compliance, 

contractility, and valvular and myocardial disease.  

Pressure-volume loops are displayed by plotting ventricular pressure (y 

axis) against ventricular volume (x axis) during a single cardiac cycle (Fig. B.2).  

Points and segments along the pressure-volume loop correlate with specific 

mechanical events of the ventricle.  The width of the pressure-volume loop is 

the stroke volume.  Myocardial contractility is 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 time (dP/dt).  The 
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passive ventricular filling during diastole is 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 cannot be assessed 

with a single pressure-volume loop.  Instead, 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 preload, the mechanical 

events and pressure-volume relationship is displayed. 

 

The pressure-volume diagram shows events of a single cardiac cycle (Fig. B.2):  

A: mitral valve opens, begin diastole 

B: mitral valve closes, end diastole 

 C: aortic valve opens, begin systole 

 D: aortic valve closes, end systole 

 A-B: diastole, ventricular filling 

 B-C: isovolumic contraction 

 C-D: systole, ventricular ejection 

 D-A: isovolumic relaxation 

 e: contractility slope 

Preload 
Preload is determined by the end-diastolic ventricular volume; it is 

determined by passive and active emptying of the atrium into the ventricle.  

Factors that affect this relationship, such as mitral stenosis and ventricular 



 

hypertrophy, will affect preload.  The Frank-Starling curve displays 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 contraction (Fig. B.3).  A pressure-volume 

loop also displays the relationship between preload and stroke volume (Fig. 

B.4).  Preload is the volume of blood in the ventricle at end of diastole (point B 

in Fig. B.4).  An increase in preload is displayed by a right shift of the end-

diastolic volume curve (A-B* in Fig. B.4).  In a normally functioning ventricle, an 

increase in preload while maintaining normal contractility and afterload results 

in increased stroke volume (SV* in Fig. B.4).  Excessive preload will not 

continue to result in increased stroke volume.  Excessive overdistention of the 

ventricle may result in heart failure (Fig. B.5). 
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Figure B.3:  Frank-Starling relationship.   
As the end-diastolic volume increases, the cardiac output also increases.  
Excessive preload may eventually result in decreased cardiac output. 
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Figure B.4:  Effect of acutely increase preload on the pressure-volume 
loop   
Increasing preload while maintaining normal afterload and contractility results in 
increased stroke volume (SV*).  e = contractility line, SV = stroke volume. 
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Figure B.5:  Effect of ventricular failure on the pressure-volume loop.   
In 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*  = contractility lines, SV 
= stroke volume. 

 

Contractility 
Contractility is the ability of the myocardium to pump blood without 

changes in preload or afterload; it is influenced by intracellular calcium 

concentrations, the autonomic nervous system, humoral changes and/or 
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pharmacologic 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 (Fig. B.6).  The aortic valve opens at the same 

pressure and the ventricle ejects blood forward.  Increased myocardial 

contractility forces more blood out of the ventricle during systole, which is 

displayed by a lower end-systolic volume.  Note the change in SV* (Fig. B.6) 

with increased contractility; the end-systolic volume is lower due to increased 

contractility 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 displayed by the increase in the slope of line e* in Figure B.6.  

During ejection, the myocardium contracts from C to D* (Fig. B.6).  During 

conditions of lower end-diastolic volume, a normal stroke volume may be 

maintained by increasing contractility.  Inotropes such as dopamine and 

epinephrine increase contractility, which assists in maintaining adequate stroke 

volume during low contractility states such as heart failure and/or cardiogenic 

shock. 



 

A B

CD

Le
ft 

V
en

tri
cu

la
r P

re
ss

ur
e 

(m
m

 H
g)

Left Ventricular Volume (mL)

60

120

60 120

D*

ee*

A*

SV

SV*

A B

CD

Le
ft 

V
en

tri
cu

la
r P

re
ss

ur
e 

(m
m

 H
g)

Left Ventricular Volume (mL)

60

120

60 120

D*

ee*

A*

SV

SV*

A B

CD

Le
ft 

V
en

tri
cu

la
r P

re
ss

ur
e 

(m
m

 H
g)

Left Ventricular Volume (mL)

60

120

60 120

D*

ee*

A*

SV

SV*

 
Figure B.6:  Effect of acutely increasing contractility on the pressure-
volume loop 
Increasing contractility while maintaining normal preload and afterload results in 
increased stroke volume (SV*).  Note the increased slope of the contractility line 
(e*).  The area of loop D* is larger, indicating greater myocardial work per 
stroke volume.  e and e* = contractility lines, SV = stroke volume. 

 

In heart failure, the myocardium has decreased capacity to pump blood 

and maintain normal cardiac output.  Heart failure may be acute (e.g., acute 

myocardial infarction, acute cardiogenic shock, or fluid overload) or it may be 

chronic (e.g., chronic congestive heart failure).  In progressive heart failure, the 

myocardium often compensates its inability to contract by increasing preload 

and decreasing afterload in an attempt to maintain stroke volume (Fig. B.5) 

The increase in preload moves the myocardium up the Frank-Starling 

curve.  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 circulating norepinephrine and 

epinephrine attempt to maintain normal cardiac output by increasing contractility 
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and heart rate.  The body’s compensatory mechanism for heart failure may 

eventually become counterproductive and thus even worsen the situation. 

Afterload 
Afterload is another vital component of stroke volume and therefore 

blood pressure.  Afterload is most often equated with ventricular wall tension.  

Wall tension is also considered as the pressure the ventricle must overcome to 

eject a volume of blood past the aortic valve.  In most normal clinical situations, 

afterload is assumed to be proportional to systemic vascular resistance.  Wall 

tension is greatest at the moment just before opening of the aortic valve.  Wall 

tension is described by LaPlace’s law: 

Circumferential stress = Pr/2H 

where circumferential stress = wall tension, P = 

intraventricular pressure,  

r = ventricular radius, and H = wall thickness. 

 

An increase in afterload requires ventricular pressure to increase during 

isovolumic contraction before the aortic valve opens (Fig. B.7).  Due to the 

increase in afterload, the ability of ventricle to eject blood is decreased.  This 

results in decreased stroke volume (SV * in Fig. B.7A) and increased end-

systolic volume (B* in Fig. B.7B).  If afterload 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 Figure B.7.  The myocardium usually compensates 



 

by increasing contractility to maintain adequate stroke volume.  Patients with 

hemodynamically significant aortic stenosis often develop left ventricular 

hypertrophy. 

Afterload may be inversely related to cardiac output.  In a dysfunctional 

myocardium, such as congestive heart failure, stroke volume decreases with 

increases in afterload.  Increase in afterload also requires the myocardium to 

expend more energy to eject blood during systole.  
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Figure B.7:  Effect of acutely increasing afterload on the pressure-volume 
loop 
A) Effect of acutely increasing afterload on the pressure-volume loop.  An 
increase in afterload, while maintaining normal contractility and preload, results 
in decreased stroke volume (SV*).  A higher pressure is also required before 
the aortic valve opens (C*). e  = contractility line, SV = stroke volume.  B) 
Restoration of stroke volume after increasing afterload.  An increase in 
afterload, while maintaining normal contractility and preload, results in 
decreased stroke volume (SV*).  A higher pressure is also required before the 
aortic valve opens (C*). e  = contractility line, SV = stroke volume. 

 

Sonomicrometry crystals 
A common method for obtaining pressure-volume loops, and the 

changes observed by varying preload, afterload, or contractility, is to use 
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sonomicrometry crystals for volume measurements 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, and a distance measurement can be 

determined based upon the travel time of the ultrasound signal and the fiber 

orientation of the tissue.  The piezoelectric (sonomicrometry) crystals function 

omnidirectionally and act as both receiver and transmitter with as many as 32 

peers. Complex, moving three-dimensional geometry can be modeled using 

techniques like sonomicrometry array localization.  A sonomicrometry crystal 

can be seen in Figure B.8, where it is held in preparation for insertion to the 

epicardium. 

 
Figure B.8:  Sonomicrometry crystal placement.   
A sonomicrometry crystal is shown prior to implantation in the epicardium of a 
swine heart. 

 

Placement of four sonomicrometry crystals in epicardial pockets of the 

left ventricle, as well as the resulting pressure-volume loops can be viewed on 
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the companion cd (Pressure-Volume loops.mpg).  The method shown in the 

supplemental video places four sonomicrometry crystals:  one placed on the 

anterior surface, the second placed on the posterior surface, a third crystal 

placed at the base of the left ventricle (superior), and a final crystal placed at 

the left ventricular apex (inferior).  The placement of the crystals in this pattern 

creates two distance measurements (anterior-posterior and base-apex) that are 

measured continuously through the cardiac cycle.  By assuming the left 

ventricle to be the shaped of an ellipsoid, changes in volume can be 

determined.   

Traditionally, sonomicrometry has been used to determine cardiac 

function on large research animals (dogs, pigs, sheep, etc.).  Both in vivo and in 

vitro studies can be performed which elucidate global cardiac function under a 

variety of conditions.  Understanding the velocity of ultrasound through tissue is 

critical to acquiring accurate dimensions 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.  In most biological 

tissues, the velocity of sound is approximately 1540 m/s. 

A sonomicrometry system can use as few as two, but typically between 

six and thirty-two transducers.  Transducers are piezoelectric crystals which are 

attached to electronics consisting of a pulse generator and a receiver.  Distance 

is measured by energizing the transmitter with a train of high-voltage spikes or 

square waves (both less than a microsecond in duration) to produce ultrasound.  

This excites the piezoelectric crystal to begin oscillating at its resonant 
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frequency.  This vibratory energy propagates through the medium and 

eventually comes in contact with the piezoelectric crystal acting as the receiver.  

This crystal begins vibrating and generates a signal on the order of one millivolt.  

The piezoelectric signal is amplified and the distance between the pair of 

crystals is calculated.  By monitoring the difference in time from transmission to 

reception of the signal, and knowing the speed of sound through the particular 

medium, the intercrystal distance can be calculated.  These computations take 

less than one millisecond. 

In addition to sonomicrometry crystals being used in the manner 

described, several other types of studies have found sonomicrometry 

measurements to be helpful.  Regional studies focus on specific areas of the 

heart, investigating regional timing and left ventricular shortening (1).  The 

advent of three-dimensional sonomicrometry, or “sonomicrometry array 

localization,” has made possible the detailed study of discrete anatomical points 

throughout the cardiac cycle (2,3).  A volume of data exists describing the 

motion of valves, papillary muscles, ventricles and atria.  Another application 

involves tracking mobile components through the heart such as cardiac 

catheters (4).  These applications of sonomicrometry are important enough to 

be described in detail below. 

In sonomicrometry array localization, the three-dimensional position of 

each crystal is calculated from multiple intertransducer distances.  This is done 

using a statistical technique called “multi-dimensional scaling”; such scaling 

gives the experimenter the ability to take the scalar sonomicrometer 
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measurements and generate three-dimensional geometry.  Multidimensional 

scaling generates three-dimensional coordinates for each crystal from a group 

of chord lengths in the array.  By starting with an initial coordinate estimate and 

applying the Pythagorean theorem, a matrix of estimated distances are 

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”.  If the 

distances measured between crystals are exact (no measurement error), then 

one solution with zero 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 stress point defines the optimum three-dimensional 

configuration.  A similar style is used to generate an estimate of the error 

associated with each distance.  The result of this analysis is a three-

dimensional moving model with an average error of approximately two 

millimeters.    

The advent and feasibility assessment of this technique is described in 

detail by Ratcliffe et al. (2) and Gorman et al. (3).  The first application of this 

technology describes the three-dimensional modeling of the ovine left ventricle 

and mitral valve.  The study involved a sixteen transducer array in which three 

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 
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provided a fixed coordinate system from which whole body motion could be 

differentiated from cardiac motion. This study produced three-dimensional 

depictions of the shape of the mitral annulus throughout the cardiac cycle, as 

well as quantitative images of ventricular torsion.  This application opens up 

many possibilities relative to chronic studies focusing on ventricular remodeling 

following traumas like myocardial infarction. 

Another interesting application of sonomicrometry, available due to the 

development of sonomicrometry array localization, is the cardiac catheter 

tracking described by Meyer et al. (4).  The system involved placing seven 

sonomicrometric crystals in the epicardium of an ovine heart and tracking the 

position of a catheter with anywhere from one to five attached crystals.  In this 

system, average distance errors on the order of 1.0 mm were demonstrated.  

The clinically relevant endpoint for this tool would be to replace the epicardial 

transceivers with transceivers mounted in catheters and deployed endocardially 

in a minimally invasive manner.  

Conductance catheter 
Conductance catheters offer one method of obtaining pressure-volume 

loops.  In this method, a catheter is typically equipped with eight electrodes and 

a pressure lumen.  The conductance catheter is placed retrograde across the 

aortic valve, so that the first electrode is positioned in the left ventricular apex, 

and the eighth electrode is positioned across the aortic valve (Fig B.9).   The 

pressure lumen is located within the left ventricle, usually at the distal tip of the 

conductance catheter.   



 

 
Figure B.9:  Conductance catheter diagram  
When properly placed within the left ventricle, a conductance catheter spans 
from the apex to the aortic valve.  The outermost electrodes (yellow) produce 
an electric field, and the inner electrodes (white) measure voltage differences 
related to volume changes within the chamber.  A pressure sensor is typically 
incorporated into the distal tip of the catheter. 

The outermost electrodes of the conductance catheter produce an 

electric field, with the remaining electrodes sensing differences in voltage 

potential.  The use of conductance to measure volume arises from the fact that 

blood is a good conductor compared to the surround myocardium (160 vs 400 

Ω cm) (5).  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 determined by 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. 
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The left ventricular volume can then be calculated as a voltage varying 

with time ( V(t) ), based upon the distance between the electrodes (L), the 

specific conductivity of blood (σ), the sum of the conductances that vary with 

time (G(t)), a dimensionless constant (α), and a correction term (C) (6).   

CtGLtV −= )()(
2

ασ
 

The conductance catheter was developed in the early 1980’s by Baan et al.  

This method has shown reliable left ventricular segmental volumes when 

compared to Cine-CT scans (7) and sonomicrometry crystals.  Additionally, 

conductance methods could be optimally suited for right ventricular pressure-

volume curves (8).  Sonomicrometry methods and angiography require the 

assumption of an ellipsoid shape for left ventricular measurements.  The 

complex 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 volume and aortic root 

volume (9).  These technologies are applicable to many different study designs 

and care should be taken to choose the best method based upon the needs of 

the study.  For studies involving complex geometric shapes, a conductance 

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. 
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Blood Pressure Monitoring 
The cardiovascular system is most commonly assessed by monitoring 

arterial blood pressure.  Blood pressure is proportional to the product of cardiac 

output and systemic vascular resistance: 

BP = CO x SVR 

CO = HR x SV  

MAP = 1/3 SBP + 2/3 DBP  

where BP = blood pressure, CO = cardiac output, SVR = systemic 

vascular resistance, HR = heart rate, SV = stroke volume, MAP = 

mean arterial pressure, SBP = systolic blood pressure, and DBP = 

diastolic blood pressure.  Stroke volume is dependent upon 

preload, afterload, and contractility (Fig. B.10). 

 

BP = CO x SVR

HR x SV

Preload  Afterload Contractility

BP = CO x SVR

HR x SV

Preload  Afterload Contractility  
Figure B.10:  Blood pressure monitoring.  
Blood pressure is proportional to the product of cardiac output and systemic 
vascular resistance. BP = blood pressure, CO = cardiac output, SVR = systemic 
vascular resistance, HR = heart rate, SV = stroke volume. 
 

Blood pressure can be defined to consist of three components: systolic 

blood pressure, mean arterial pressure and diastolic blood pressure.  Systolic 

blood pressure is the peak pressure during ventricular systole, mean arterial 
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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 coronary blood flow occurs during diastole. 

Arterial blood pressure monitoring involves two techniques—noninvasive 

(indirect) and invasive (direct) methods.  The decision to utilize either blood 

pressure monitoring method depends on multiple factors such as 

cardiovascular stability or instability, need for frequent arterial blood samples, 

frequency of blood pressure recordings and/or major surgery and trauma.  One 

of the advantages of an invasive blood pressure monitor is that it provides 

continuous, beat-to-beat blood pressures (JPEG 1).  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. 

Noninvasive Arterial Blood Pressure Monitoring 
Noninvasive blood pressure assessment is the most utilized and simplest 

technique to monitor arterial blood pressure.  This technique utilizes a blood 

pressure cuff and the principle 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 flow creates oscillations which 

can be detected by auscultation of Korotkoff sounds and oscillometric methods.  



 

For accurate blood pressure measurement, 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 deflation should be slow enough 

to hear Korotkoff sounds or detect oscillations.  Noninvasive blood pressure 

monitors do not work if there is no pulsatile flow.   

mmHg
Cuff Pressure

Korotkoff Sounds

180

oSystolic
Diastolic

Mean

Cuff Pressure Oscillations

mmHg
Cuff Pressure

Korotkoff Sounds

180

oSystolic
Diastolic

Mean

mmHg
Cuff Pressure

Korotkoff Sounds

180

oSystolic
Diastolic

Cuff Pressure

Korotkoff Sounds

180

oSystolic
Diastolic

Mean

Cuff Pressure Oscillations

 
Figure B.11:  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 Korotkoff sounds.  The peak of 
oscillations is associated with mean arterial pressure.  Return of oscillations to 
baseline is diastolic blood pressure and end of Korotkoff sounds. 

 

The automated method of noninvasive blood pressure monitoring is the 

oscillometric technique. Oscillometric blood pressure monitors have 

oscillotonometers and 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 oscillations increases.  A large 

increase in arterial wave oscillation amplitude is recorded as systolic blood 
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pressure, the peak oscillation as mean arterial pressure, and the sudden 

decrease in amplitude as diastolic blood pressure (Fig. B.11).  Due to the 

sensitivity of the monitoring system, the mean arterial pressure (MAP) is usually 

the most accurate and reproducible.  For more details on such monitoring, refer 

to the Blood Pressure, Heart Tones and Diagnoses chapter. 

Invasive Arterial Blood Pressure Monitoring 
Continuous blood pressure monitoring is best accomplished by direct 

intraarterial blood pressure monitoring.  Direct pressure monitoring allows for 

continuous, beat-to-beat monitoring of arterial pressure, and the recorded 

arterial waveform provides information relative to cardiovascular function.  

Direct pressure monitoring is often obtained in clinical settings such as major 

trauma and vascular surgery, sepsis, and cardiopulmonary bypass where there 

is no pulsatile flow.  Further, patients with significant cardiopulmonary disease 

may require invasive arterial blood pressure monitoring (Table B.1). 

Table B.1:  Relative Indications for Direct Arterial Blood Pressure Monitor 
• Major surgery 
• Major trauma 
• Major vascular (i.e., carotid endarterectomy, aortic aneurysm) 
• Cardiopulmonary bypass surgery 
• Myocardial dysfunction (i.e., myocardial ischemia/infarct, heart failure, 

dysrhythmias) 
• Uncontrolled/labile blood pressure (i.e., hypertension, hypotension) 
• Inaccurate noninvasive monitor (i.e., morbid obesity) 
• Sepsis/shock 

Pulmonary dysfunction 
 

As noted above, besides providing blood pressure information, the 

arterial waveform also presents information about cardiovascular function.  For 
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example, the upstroke of an arterial waveform correlates with myocardial 

contractility (dP/dT), while the 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.  By integrating the area 

under the curve of the arterial waveform, the stroke volume may also be 

estimated. 

Direct arterial blood pressure monitoring typically involves cannulation of 

a peripheral artery and transducing the pressure (JPEGs 2,3).  An indwelling 

arterial catheter is connected to pressure tubing containing saline, which is 

connected to a pressure transducer and monitoring system.  Typical 

transducers contain strain gauges (stretch 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 distorted, there is a change in 

voltage across resistors of a Wheatstone bridge circuit (JPEG 4).  The 

transducer is constructed using such a circuit so that voltage output can be 

calibrated proportional to the blood pressure.  Standard pressure transducers 

are calibrated to 5 microvolts per volt excitation per mmHg (10).  Commonly, 

the electrical signals from such pressure monitoring systems are filtered, 

amplified and displayed on a monitor, thus providing a typical arterial pressure 

waveform.  It is important that the arterial pressure transducer be positioned 



 

and calibrated accurately at the level of the heart; improper transducer height 

will result in inaccurate blood 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. 
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Figure B.12:  Arterial blood pressure wave.   
A typical optimally damped arterial blood pressure waveform.  The peak portion 
of the waveform corresponds to the systolic blood pressure and the trough 
corresponds with the diastolic blood pressure.  The dicrotic notch is associated 
with closing of the aortic valve.  Information about cardiovascular 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 resistance.  The stroke volume is estimated by 
integrating the area under the curve.  
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Common sites for intraarterial cannulation for arterial pressure 

monitoring are the radial, brachial, axillary or femoral arteries.  Although the 

ascending aorta is the ideal place to monitor arterial pressure waveforms, this is 

not practical in most clinical settings.  However, it should be noted that pressure 

measurements in the more peripheral arteries become distorted when 

compared to central aortic pressure waveform (Fig. B.12).  Peripherally, the 

systolic blood pressure may be 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 oscillation of the blood pressure waves.  For example, an 

arterial pressure wave monitored from the dorsalis pedis will be significantly 

different from a central aortic wave when it is graphically displayed (Fig. B.13).  

There is also a loss in amplitude or absence of the dicrotic notch, an increase in 

systolic blood pressure, and a decrease in diastolic blood pressure.  One 

should also be aware of the possible appearance of a reflection wave as the 

blood pressure is monitored from a peripheral site.  Importantly, risks 

associated with indwelling intraarterial pressure catheter include thrombosis, 

emboli, infection, nerve injury, and hematoma. 
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Figure B.13:  Arterial pressure wave.   
The arterial waveform is 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 
reflection of the arterial pressure wave.  Notice in the dorsalis pedis arterial 
waveform the absence of the dicrotic notch, overestimation of systolic blood 
pressure, and underestimation of diastolic pressure.  Also note the presence of 
a small reflection wave. 
 

Pressure Transducer System 
In clinical settings, arterial and venous blood pressures and waveforms 

are displayed by utilization of a pressure transducer monitoring system.  A 

typical pressure transducer monitoring system includes: 1) an indwelling 
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intravascular catheter; 2) pressure tubing; 3) a pressure transducer; 4) stopcock 

and flush valve; 5) a high pressure fluid bag; and 6) a graphical display monitor 

and microprocessor (Figs. B.14A,B.14B). 
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Figure B.14:  Schematics of a pressure transducer monitoring system  
(see text for details).  

 

The pressure wave from the pressure transducer system is a summation 

of sine waves at different frequencies and amplitudes.  The fundamental 

frequency (first harmonic) is equal to the heart rate.  Therefore, at a heart rate 

of 120 beats per minute, the fundamental frequency is 2 Hz.  Since the first 10 

harmonics of the fundamental frequency make significant contributions to the 

arterial waveform (11), frequencies up to 20 Hz make major contributions to the 

pressure waveform.  The maximum significant frequency in the arterial blood 

pressure signal is approximately 20 Hz (12).   
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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 signal (12,13).  If the natural frequency of the system is near the 

fundamental frequency, the blood pressure waveform will be amplified, giving 

an inaccurate pressure recording.  The natural frequency is defined by the 

following equation (14):   

 fn = (d/8) *(3/πLρVd)^1/2  

 ς=(16n/d^3)*(3LVd/πρ)^1/2 (damping coefficient) 

where fn = natural frequency, d = tubing diameter, n = viscosity of 

fluid, L = tubing length, ρ = density of fluid, and Vd = transducer 

fluid volume displacement. 

  

In order to increase accuracy of the blood pressure waveform, the 

natural frequency needs to be increased while the amount of distortion is 

reduced.  The optimal natural frequency should be at least 10 times the 

fundamental frequency, which is then greater than the 10th harmonic of the 

fundamental frequency (11,12).  Therefore, the natural frequency should be 

greater than 20 Hz.  In clinical settings, the input frequency is usually close to 

the monitoring system’s natural frequency, which ranges from 10-20 Hz.  When 

the input frequency is close to the natural frequency, the system amplifies the 

actual pressure signal.  Ideally, the natural frequency should exceed the 

maximum significant frequency in a blood pressure signal which is about 20 Hz 
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(12).  An amplified system typically requires damping to minimize distortion; an 

underdamped system will result in amplification, while an overdamped system 

will result in reduced amplification. 

The ability of the system to extinguish oscillations through viscous and 

frictional forces is the damping coefficient (ς) (15).  Some degree of damping 

may be required to prevent overamplifications of blood pressure waveform.  

More damping may be required especially in patients with higher heart rates, 

such as neonates.  At higher heart rates, the 10th harmonic of the fundamental 

frequency will approach the natural frequency and the waveform is amplified.  

Overamplification, or ringing, can be adjusted by increasing the damping 

coefficient.  Specifically, in an overamplified 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 optimal in the following 

situations: low compliance of the pressure catheter and tubing, low density of 

fluid in the pressure tubing, and short tubing with a minimal number of 

connectors.  Note that a suboptimal pressure system may produce an 

underdamped or overdamped pressure waveform; an underdamped waveform 

will overestimate systolic blood pressure, while an overdamped waveform will 

underestimate systolic blood pressure.   

Damping occurs when factors such as compliance of tubing, air bubbles, 

and blood clots decrease the peaks and troughs of the pressure sine waves by 

absorbing energy and diminish the waveform.  In an underdamped system, the 



 

pressure waves generate additive harmonics, which may also lead to an 

overestimated blood pressure.  In an overdamped system, a pressure wave 

may be impeded from adequately propagating forward.  Overdamping may 

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 systolic blood pressure and overestimation of diastolic blood 

pressure.  Fortunately, the mean arterial pressure is minimally affected by 

dampening (Fig. B.15). 
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Figure 15  Effect of Damping on the Arterial Pressure Wave

 
Figure B.15:  Effect of damping on the arterial pressure wave.   
In an underdamped pressure monitoring system, the pressure wave 
overestimates the systolic blood pressure and underestimates the diastolic 
blood pressure.  In an overdamped system, the pressure wave underestimates 
the systolic blood pressure and overestimates the diastolic blood pressure.  The 
mean arterial pressure remains essentially unchanged. 

 

Optimal pressure waveform can be obtained when there 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 flush.  In the flush test, the pressure transducer system is flushed and the 
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resulting oscillations (ringing) are observed.  In an optimally damped system, 

baseline results after one oscillation (Fig. B.16).  In an overdamped system, the 

baseline is reached without oscillations and the waveform is blunted.  In an 

underdamped system, the flush test results in multiple oscillations before the 

waveform reaches baseline. 

0

75

150

225

P
ressure (m

m
 H

g)

0

75

150

225

P
ressure (m

m
 H

g)

High 
pressure 
flush

0

75

150

225
P

ressure (m
m

 H
g)

0

75

150

225

P
ressure (m

m
 H

g)

0

75

150

225

P
ressure (m

m
 H

g)

0

75

150

225

P
ressure (m

m
 H

g)

High 
pressure 
flush

0

75

150

225
P

ressure (m
m

 H
g)

0

75

150

225

P
ressure (m

m
 H

g)

0

75

150

225

P
ressure (m

m
 H

g)

High 
pressure 
flush

0

75

150

225
P

ressure (m
m

 H
g)

0

75

150

225
P

ressure (m
m

 H
g)

 
Figure B.16:  High pressure flush test.   
1) In an optimally damped pressure monitoring system, the pressure wave 
returns to baseline after one oscillation.  2)  In an overdamped system, the 
wave returns to baseline without any oscillations.  The systolic blood pressure is 
underestimated and diastolic pressure overestimated.  3)  In an underdamped 
system, the wave oscillates multiple times before returning to baseline.  The 
arterial wave is amplified.  The systolic pressure is overestimated and diastolic 
pressure underestimated.  The mean arterial pressure usually is not 
significantly affected by overdamping or underdamping. 
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Transducer Catheters 
Common clinical methods to monitor arterial and venous pressures 

utilize a pressure transducer system that requires a fluid filled system.  

Transducer catheters such as Millar catheters (JPEG 10) monitor pressures 

directly from the tip of the catheter.  A sensor (JPEG 11) 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 (previously 

described in this chapter). 

Transducer catheters are more accurate than conventional fluid filled 

systems.  Motion artifact is nearly 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 catheters have 

high fidelity (> 10 MHz). 

Central Venous Pressure Monitoring 
An estimate of intravascular volume status and right heart function can 

be assessed with a central venous pressure catheter.  Central venous pressure 

is ideally considered as the mean venous blood pressure at the junction of the 

right atrium and the inferior and superior vena cavae.  The central venous 

pressure (Tables B.2,B.3) is an estimate of right heart filling pressures and may 

be used to assess right heart function and circulating blood volume.  The 
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central venous pressure is dependent upon multiple factors such as 

intravascular volume, functional capacitance of veins and status of the right 

heart.  A limitation of central venous pressure monitoring is that it does not give 

direct information about the left heart.  Indications for central venous catheter 

placement may include monitoring of cardiac filling pressures, administration of 

drugs and/or rapid infusion of large amounts of fluids (Table B.4).  A typical 

central venous pressure kit is shown in JPEG 5.  It is critical to properly 

calibrate and position the pressure transducer system at the level of the right 

atrium.  Since the numeric value of central venous pressure is small (2-12 

mmHg), minor changes in transducer height will cause significant inaccuracies 

in central venous pressure assessment. 

Table B.2: Intracardiac Pressures 
Pressures Mean Range 

Left atrium 8 4-12 

Left ventricle systolic 125 90-140 

Left ventricle end-diastolic 8 4-12 

Right atrium 5 2-12 

Right ventricle systolic 25 15-30 

Right ventricle end-diastolic 5 0-10 

Pulmonary artery systolic 23 15-30 

Pulmonary artery diastolic 10 5-15 

Pulmonary capillary wedge  10 5-15 

Mean pulmonary artery 15 10-20 
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Table B.3:  Cardiac Hemodynamic Parameters 
CO = cardiac output, HR =  heart rate , SV = stroke volume, CI = cardiac index, 
BSA = body surface area, SI = stroke index, SVR = systemic vascular 
resistance, MAP = mean arterial pressure, CVP = central venous pressure, 
PAP =  pulmonary artery pressure , PCWP = pulmonary capillary wedge 
pressure, SVRI = systemic vascular resistance index, PVR = pulmonary 
vascular resistance, PVRI = pulmonary vascular resistance index, LVSWI = left 
ventricular stroke work index, RVSWI = right ventricular stroke work index. 

Hemodynamic 

Parameter 

Derived Formula Range 

CO HR x SV 4-6 L/min 

CI CO/BSA 2.6 – 4.3 L/min/m2 

SV CO x 1000/HR 50-120 mL/beat 

SI SV/BSA 30-65 mL/beat/m2 

SVR (MAP-CVP) x 80/CO 800-1400 dyne sec cm-5

SVRI (MAP-CVP) x 80/CI 1500-2300 dyne sec cm-5 

m2 

PVR (PAP –PCWP) 80/CO 140-250 dyne sec cm-5

PVRI (PAP –PCWP) 80/CI 240-450 dyne sec cm-5 m2 

LVSWI 1.36 (MAP – PCWP) 

SI/100 

45-60 g m/m2 

RVSWI 1.36 (PAP-CVP) SI/100 5-10 g m/m2 

Table B.4:  Relative Indications for Central Venous Pressure Catheter 
• Large fluid shifts 
• Vascular access 
• Infusion of medication 
• Venous blood sampling 
• Major trauma and surgery 
• Monitoring of intravascular volume status 
• Aspiration of venous air embolus 
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There are multiple sites for placement of central venous catheters.  

Common sites used in clinical practice are the internal jugular and subclavian 

veins (JPEG 6).  Central venous access is also accomplished by placement of a 

long catheter via the antecubital, external jugular, and femoral veins.  

Complications of central venous catheter placement may include inadvertent 

arterial puncture (i.e., carotid and subclavian arteries), venous air embolism, 

pneumothorax, chylothorax, loss of guide wire, nerve injury, cardiac 

dysrhythmias and/or infections.  There are multiple types of central venous 

catheters ranging from a single lumen to multiple lumen (double, triple, quad 

lumens) catheters.  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 placement of a central 

venous pressure catheter, all ports must be aspirated and flushed to confirm 

proper intravascular placement of the catheter.  In clinical practice, a chest x-

ray is often obtained to confirm proper positioning of the catheter.  If a 

pneumothorax develops after accidental puncture of a lung, it will also be 

evident on chest x-rays. 

The central venous pressure waveform gives important information about 

the mechanical events occurring during a cardiac cycle (Fig. B.17).  An a wave 

is caused by atrial contraction which occurs after the P wave on the ECG.  The 

c wave occurs during 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 correlates with passive filling of the right atrium 

while the tricuspid 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.  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 capillary wedge pressure from a pulmonary artery catheter 

(discussed later in this chapter). The central venous pressure waveform is 

affected by respirations; thus, it should be read at end expiration.  Central 

venous pressure value is typically defined as the mean venous pressure at the 

end of exhalation during spontaneous or controlled ventilation.  At end 

expiration, the intrathoracic pressure is closest to atmospheric pressure. 
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Figure B.17:  Central venous pressure wave.   
The central venous pressure waveform consists of a, c, 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.  ECG = 
electrocardiogram, CVP = central venous pressure. 
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 There are multiple clinical conditions that will affect the recorded 

central venous pressure waveform.  For example, tricuspid stenosis may result 

in large (“cannon”) a waves (Fig. B.18) as the right atrium contracts and pushes 

blood past a stenotic valve.  Abnormal cardiac nodal rhythms, ventricular 

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 valve.  Large a waves may also occur during situations where 

the resistance to right atrium emptying is significantly increased, as in tricuspid 

and pulmonary valve stenosis, right ventricular hypertrophy and/or pulmonary 

artery hypertension.  Regurgant valve disorders such as tricuspid regurgitation 

will result in large v waves (Fig. B.19), representing 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 

ineffective 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 Figures B.18 and B.19. 
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Figure 18  Cannon a-waves  
Figure B.18:  Cannon a waves.   
A severely stenotic tricuspid valve or a junctional rhythm (atrium contracting 
against a close tricuspid 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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Figure B.19:  Cannon v waves.   
An incompetent tricuspid valve (tricuspid regurgitation) abolishes the x descent 
and causes cannon v waves, as volume from the right ventricle back flows into 
the right atrium during ventricular systole.  ECG = electrocardiogram, CVP = 
central venous pressure. 
 

Pulmonary Artery Pressure Monitoring 
 The pulmonary artery catheter was first introduced into clinical practice 

by Swan and Ganz (16).  Since its introduction, the pulmonary artery catheter is 

often used in the management of critically ill patients and in those undergoing 

major cardiac surgery (Table B.5).  The effectiveness of pulmonary artery 

catheter monitors and their effect on patient morbidity and mortality continues to 
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be debated and researched (17).  Current modifications also allow for 

continuous monitoring of pulmonary artery pressures, cardiac outputs, central 

venous pressures, mixed venous oxygen saturations (SVO2), and pulmonary 

capillary wedge pressures (Fig. B.20 and JPEG 7). 

Table B.5:  Relative Indications for Pulmonary Artery Catheter 
 

• Major organ transplant (liver, heart, lung) 
• Cardiopulmonary bypass surgery 
• Pulmonary hypertension 
• Sepsis/shock 
• Aortic aneurysm surgery 
• Heart failure (right and/or left heart) 
• Pulmonary embolus 

See ASA Guidelines for more detailed indications and contraindications (35). 
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Figure B.20:  Pulmonary artery catheter.   
A diagram of a typical pulmonary artery catheter with continuous cardiac output 
and mean venous oxygen saturation monitoring capabilities is shown.  Notice 
the addition of the thermal coils, thermistors, and optical components to the 
catheter.  (Diagram courtesy of Sock Lake Group, LLC).  CVP = central venous 
pressure, RV = right ventricle, PA = pulmonary artery, SVO2 = venous oxygen 
saturation. 
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 One of the advantages of the pulmonary artery catheter is 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 ventricular end-diastolic pressure, 

which is proportional to left ventricular end-diastolic volume.  Left ventricular 

preload is best measured by left ventricular end-diastolic volume.   

 CVP~PAD~PCWP~LAP~LVEDP~LVEDV 

where CVP = central venous pressure; PAD = pulmonary artery 

diastolic pressure; PCWP = pulmonary capillary wedge pressure; 

LAP = left atrial pressure; LVEDP = left ventricular end-diastolic 

pressure, and LVEDV = left ventricular end-diastolic volume. 

 

 Typically, after establishing central venous access, a pulmonary artery 

catheter is “floated” into the pulmonary artery with the catheter balloon inflated 

(See MPEG of pulmonary artery catheter on the Visible Heart CD).  The 

location of the pulmonary artery catheter balloon is monitored by analysis of the 

waveform as the catheter is floated from the vena cava to the right atrium, to 

the right ventricle, and ultimately into the pulmonary artery (Fig. B.21).  Once 

the catheter is in the pulmonary artery, it is advanced further until the balloon 

wedges into a distal arterial branch of the pulmonary artery (Fig. B.22).  The 

mean pressure and waveform is the pulmonary capillary wedge pressure.  

Under normal physiologic conditions, this pressure correlates well with the left 



 

atrial pressure.  However, the pulmonary artery catheter balloon should not be 

kept inflated for a long duration or kept in wedged position due to the possibility 

of causing pulmonary artery rupture.  Whenever the catheter is advanced, the 

balloon (JPEG 8) should be inflated, and when it is pulled back the balloon 

should be deflated.  The balloon on most pulmonary artery catheters holds a 

specific volume of air (1.5 mL).  Exceeding this volume may result in balloon 

rupture and/or catastrophic pulmonary artery rupture.  Most currently available 

catheter systems come with a balloon inflation syringe which minimizes the risk 

of such an error. 
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Figure B.21:  Right heart blood pressure waveforms.   
As the pulmonary artery catheter is floated into the distal pulmonary artery, the 
morphology of the pressure waves changes as it goes through the chambers of 
the heart.  CVP = central venous pressure, RV = right ventricle pressure, PA = 
pulmonary artery pressure, PCWP = pulmonary capillary wedge pressure.  
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Figure B.22:  Pulmonary artery catheter delivery 
A pulmonary artery balloon catheter is floated through chambers of a heart until 
the balloon wedges in the distal pulmonary artery. (Diagram courtesy of Sock 
Lake Group, LLC).  RA = right atrium, Ao = aorta, PA = pulmonary artery, LA = 
left atrium, LV = left ventricle, RV = right ventricle. 
 

 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 artery pressure 

should be obtained at end expiration (either spontaneous or mechanical 

ventilations). 

 Proper positioning of the pulmonary artery catheter in the lung region is 

important in obtaining accurate pressure measurements.  Since a greater 
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portion of blood flow goes to the right lung (approximately 55%), the balloon of 

the pulmonary artery catheter most often floats to the right pulmonary artery.  

West et al. categorized three lung zones (I, II, III) based on the correlation 

between pulmonary arterial pressure, alveolar pressure and venous pressure 

(18).  Proper placement of the pulmonary artery catheter requires the catheter 

tip to be in Zone III.  This is the area in the lung where blood flow is 

uninterrupted and therefore capable of transmitting the most accurate blood 

pressure; it is also the zone least affected by airway pressures.  In order for the 

pulmonary capillary wedge pressure to best correlate with left atrial pressures, 

the distal tip of the catheter should be in a patent vascular bed.  If the catheter 

tip is in the area of lung where alveolar pressure is greater than perfusion 

pressure, the pulmonary capillary wedge pressure will reflect the alveolar 

pressure, and not left atrial pressure.  Controlled mechanical ventilation utilizing 

positive end-expiratory pressure decreases the size of West Zone III and may 

affect correlation of pulmonary capillary wedge pressure and left atrial pressure 

(13).  Other clinical settings where pulmonary capillary wedge pressure may not 

accurately reflect left atrial pressure include patients with: pulmonary vascular 

disease, mitral valve disease, chronic obstructive pulmonary disease, and in 

those being administered positive end-expiratory pressure (19).  It is possible to 

convert zone III into zone II, and even zone I, with major increases in pulmonary 

alveolar pressure, such as positive pressure ventilation and positive end-

expiratory pressure (20).  Again, conditions such as positive pressure 

ventilation, obstructive and restrictive lung disease, and cardiac diseases (i.e., 
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valvular and altered ventricular compliance, tachycardia and pneumonectomy) 

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 at a similar time point within the 

cardiac cycle.  Myocardial changes (i.e., myocardial ischemia) which commonly 

occur in compliance, and valvular disease will affect the waveform.  Large v 

waves occur with mitral regurgitation, myocardial ischemia, papillary muscle 

dysfunction and infarction (Fig. B.19).  Large v waves may look similar to the 

pulmonary artery waveform.  To prevent errors in interpreting 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 QRS complex and peak systemic arterial waveform, and will 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. 

Pulmonary artery catheters may be contraindicated in 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 

conduction system; floating the pulmonary artery catheter through the right 

heart may cause right bundle branch block and increase the risk of developing 
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complete heart block.  The existence of cardiac pacer leads is not a 

contraindication, but may make placement of a pulmonary artery catheter 

difficult. (See MPEG of PA catheter and pacer wires on the Visible Heart CD).  

Care also must be taken when removing such a catheter.  Reported 

complications associated with pulmonary artery catheters include: cardiac 

arrhythmias, heart block, pulmonary artery rupture, infection and/or pulmonary 

infarction (23).  During cardiac surgery such as lung and heart transplant, it is 

possible to have the pulmonary artery catheter inadvertently sutured in the 

surgical field.  Note that any resistance to catheter removal must alert the 

clinician to the above possibility. 

Cardiac Output/Cardiac Index Monitoring 
Determining cardiac output is now considered vital when managing a 

critically ill patient, in particular those with severe cardiac disease, pulmonary 

disease and/or multiorgan failure.  Cardiac output is the total blood flow by the 

heart measured in liters per minute (L/min); in an average adult, cardiac output 

is approximately 5-6 L/min.  Cardiac output is 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 stroke volume.  In a normal heart, 

stroke volume is dependent upon preload, afterload and contractility.  

Myocardial wall motion abnormalities and valvular dysfunction will also affect 

stroke volume. 
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Starling’s law describes the relationship between cardiac output and left 

ventricular end-diastolic volume (Fig. B.3).  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 a normal range of 2.5-4.3 L/min/m2: 

CO = HR x SV 

CI = CO/BSA  

where CO = cardiac output, HR = heart rate, SV = stroke volume, 

CI = cardiac index, and BSA = body surface area. 

 

The equation for cardiac output can be derived by rearranging the 

oxygen extraction equation.  Oxygen extraction is the product of cardiac output 

and the difference between arteriovenous oxygen content: 

VO2 = CO x (CaO2-CvO2) 

where VO2 = oxygen extraction, CO = cardiac output, CaO2 = 

arterial oxygen content, and CvO2 = venous oxygen content.  

 

Rearranging the oxygen extraction equation allows calculation of cardiac 

output: 
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 CO = VO2/ (CaO2-CvO2) 

 

A limitation of the Fick method is that frequent blood samples 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 indicator (dye) 

dilution technique or a thermodilution technique.  In the indicator dilution 

technique, a nontoxic dye (e.g., methylene blue or indocyanine green) is 

injected into the right heart.  The dye mixes with blood and goes out the 

pulmonary artery to the systemic circulation.  A circulating arterial blood sample 

with diluted indicator dye is collected and measured using spectrophotometric 

analysis.  Repeat cardiac output measurements utilizing the indicator dilution 

technique 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 (24) in 1954.  

Thermodilution techniques are not affected by recirculation, as are the indicator 

dilution techniques.  Typically, the distal tips of the pulmonary artery catheters 

contain thermistors that detect temperatures of the blood.  The more proximal 

portion of the pulmonary artery catheter contains an opening that allows for 

injection of fluid such as normal saline or D5W.  The injected solution may be at 

an ambient temperature or iced.  An iced solution increases the temperature 

difference, and therefore the signal-to-noise ratio (25); thus it is considered 
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better than an injectate at room temperature.  A computer program within the 

monitoring system commonly calculates the cardiac output utilizing the 

thermodilution cardiac output equation.  The components of the equation 

include the following: specific heat of blood, specific gravity of blood and 

injectate, volume of injectate, and area of blood temperature curve.  A modified 

Stewart-Hamilton equation (26) can also be used to calculate cardiac output: 

CO = V(Tb-Ti) x K1 x K2/∫ΔTb(t)dt  

where CO = cardiac output in L/min, V = volume of injectate (mL), 

Tb = initial blood temperature (° C), Ti = initial injectate 

temperature, K1 = density factor, K2 = computation constant, and 

∫ΔTb(t)dt = integral of blood temperature change over time. 

 

Cardiac output is inversely proportional to the area under the curve (Fig. B.23). 

 

Nevertheless, an accurate calculation of cardiac output requires both 

proper position of the pulmonary artery catheter and a consistent volume of 

injectate.  Situations such as tricuspid and pulmonic value regurgitation and 

intracardiac shunts will cause recirculation of blood, and thus result in the false 

elevation of cardiac output.  The errors of intermittent bolus thermodilution 

techniques include volume and temperature of injectate, technique of injection, 

and timing of injection with the respiratory cycle (27).  Cardiac output 

measurements are also affected by clinical conditions such as tricuspid 

insufficiency, intracardiac shunts and/or atrial fibrillation (19). 
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Figure 21. Cardiac output  monitoring
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Figure 21. Cardiac output  monitoring  
Figure B.23:  Cardiac output monitoring.   
Cardiac output is inversely proportional to the area under the thermodilution 
curve. 

 

Continuous cardiac output monitoring has been made possible with 

advanced pulmonary artery catheters (JPEG 9).  Typically, continuous cardiac 

output monitors utilize a thermal coil which is positioned in the right ventricle; 

this coil intermittently heats the blood. Once the continuous cardiac output 

catheter and system reaches a steady state with its surroundings, the thermal 

coil intermittently heats blood.  The temperature change of the surrounding 

blood is detected by a thermistor located at the distal tip of the pulmonary artery 

catheter.  The recorded blood temperature varies inversely with cardiac output. 

The accuracy of the system depends on the measurement of 

temperature differences from the injection port to the distal measurement 
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thermistor.  In the thermodilution technique, the volume of injectate must be 

constant (10 mL).  Smaller 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 the patient has 

an intracardiac shunt.  A major limitation of continuous cardiac output method is 

its slow response time to acute changes in cardiac output (27,28).  Although the 

response time may be slow, it is still faster in detecting cardiac output changes 

than the traditional intermittent thermodilution technique.  In general, continuous 

cardiac output monitoring is considered to be more accurate than the 

intermittent thermodilution technique (29,30). 

Noninvasive methods to measure cardiac output include Doppler 

modalities, transpulmonary dilution technique (31,32), gas rebreathing 

technology (32,33) and/or bioimpedance (32,34,35) technique.  Briefly, the 

noninvasive Doppler method to measure cardiac output is an esophageal 

Doppler monitor.  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 (32).   

The transpulmonary dilution method for measuring cardiac output 

requires injections of an indicator (lithium or thermodilution) in the venous 
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circulation (central or peripheral) and subsequent assessment of the indicator 

level of the systemic arterial circulation; a typical example is the lithium chloride 

solution technique (36-38).  Lithium chloride indicator 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 (39).  A 

concentration-time curve is generated and cardiac output is calculated from the 

area under the curve associated with the lithium ion concentrations (40). 

The thoracic bioimpedance method measures cardiac output by 

detecting the change in flow of electricity with alteration in blood flow (31).  For 

thoracic bioimpedance, a low amplitude and high frequency current is 

transmitted and then sensed by sets of electrodes placed on both sides of the 

thorax and neck.  The cardiac alterations in impedance (resistance to current 

flow) are analyzed and calculated as the blood volume changes for each heart 

beat (stroke volume).  The thoracic bioimpedance method of measuring cardiac 

output may be useful in clinical situations such as major trauma (41,42) and 

cardiac disease (43). 

Gas technology utilizing the measurement of carbon dioxide (32,44) 

applies the Fick principle of oxygen consumption and cardiac output, but 

substitutes carbon dioxide production for oxygen consumption.  By determining 

the change in CO2 production and end-tidal CO2, modification of the Fick 

equation can be applied to calculate cardiac output (45):  

CO = ΔVCO2/ΔEtCO2 



 

where CO = cardiac output, ΔVCO2 = change in CO2 production, 

and ΔEtCO2 = end tidal CO2. 

 

It should be noted that the accuracy of the carbon dioxide rebreathing method 

to measure cardiac output is, at present time, inconclusive (45-48). 
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Figure 22  Mixed venous saturation monitoring (SvO2)
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Figure 22  Mixed venous saturation monitoring (SvO2)  
Figure B.24:  Mixed venous saturation monitoring (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 (infrared) is emitted and 
the reflected wavelength off the red blood cells is detected and processed. 

Mixed Venous Saturation Monitoring (SvO2) 
Mixed venous oxygen saturation monitoring (SvO2) typically 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 pulmonary artery.  Systemic venous blood with different oxygen extraction 

ratios returns to the right atrium via the superior vena cavae and inferior vena 

cavae, mixes and equilibrates in the right ventricle, and flows out past the 

pulmonic valve to the pulmonary artery.  As blood travels past the SvO2, 

catheter light emitted from the catheter tip is reflected off the red blood cells and 

is detected by a photo detector.  The difference in wavelengths of emitted and 
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reflected light is processed to estimate SvO2 (Fig. B.24).  Continuous venous 

saturation (SvO2) monitoring has been made possible with the adaptation of a 

pulmonary artery catheter with fiberoptic technology (JPEG 9).  Such monitoring 

utilizes the principle of reflectance spectrophotometry that uses multiple 

wavelengths of transmitted light at specific intensities, which is then reflected 

from red blood cells.  For example, oxygenated hemoglobin absorbs most 

infrared light (940 nm) and reflects or transmits most red light (660 nm); this is 

the reason that oxyhemoglobin looks red and deoxyhemoglobin appears blue.  

The tip of the SvO2 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 calculated SvO2 value.   

The SvO2 equation is a modification of the Fick equation; SvO2 is derived 

by rearranging the Fick equation as follows: 

VO2 = C(a-v)O2 x CO x 10  

SvO2  = SaO2 – VO2/DO2

DO2 = volume of O2 delivered per minute 

 = CO x CaO2 x 10 

VO2 = oxygen consumption per minute 

 = C(a-v)O2 x CO x 10 

SaO2 = arterial O2 saturation (1.0) 

CaO2 = 1.39 x Hgb x SpO2 + 0.003 x PaO2
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where VO2 = oxygen consumption, CaO2 = arterial oxygen 

content, CvO2 = venous oxygen content, CO = cardiac output, 

DO2 = oxygen delivery, SaO2 = arterial oxygen saturation, Hgb = 

hemoglobin, SpO2 = oxygen saturation, and PaO2 = partial 

pressure of arterial oxygen. 

 

Accurate measurement of SvO2 requires that vasoregulation be intact 

(49), and there must be a continuous flow of blood past the tip of the catheter.  

SvO2 values may be incorrect if the tip of the pulmonary artery catheter 

migrates into the distal pulmonary artery and/or comes in contact with the 

arterial wall.  Other causes of incorrect SvO2 values include miscalibration of 

the microprocessor or light intensity that is too low.  Note that the tip of the 

catheter must be in the pulmonary artery in order to have true mixed venous 

oxygen. 

Mixed venous oxygen saturation (SvO2) monitoring provides information 

about the balance between total body oxygen consumption and delivery.  SvO2 

(0.65-0.75) measures the amount of oxygen not taken up by organs and 

tissues.  Therefore, the lower the SvO2 level, the higher the fraction extraction 

of oxygen by the tissues, and a possible imbalance between oxygen 

consumption and oxygen delivery results.  SvO2 is dependent upon arterial 

oxygen saturation, oxygen consumption, concentration of hemoglobin, and 

cardiac output.  A significant change in SvO2 may be caused by decreased 

oxygen delivery (decreased cardiac output and hemoglobin), increased oxygen 
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consumption, or decreased arterial oxygen saturation.  Continuous SvO2 

monitoring is useful in conditions where there is significant oxygen transport 

imbalance including: severe cardiac and respiratory disease, sepsis and/or 

dysfunctional oxygen transport (50).  During stable arterial oxygen content and 

consumption, SvO2 reflects cardiac output (51,52).  Furthermore, monitoring of 

SvO2 may provide vital information in the medical management of critically ill 

(53,54) and/or cardiac surgery patients (55).  If SvO2 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. 

It is considered that SvO2 may be a better measurement of myocardial 

performance than cardiac output itself.  Acute decrease in SvO2 below 0.65 

indicates a disparity between oxygen delivery and oxygen consumption.  A 

change in SvO2 greater than ±0.1 is considered significant.  Medical 

management of critically ill patients by implementing measures to keep SvO2 

normal may decrease morbidity and mortality (39,56).  Conditions where SvO2 

is greater than 0.75 include increased oxygen delivery and low oxygen 

consumption.  SvO2 may be elevated during septic shock, hyperoxygenation, 

cyanide toxicity, and in patients with arterial venous shunts (49,50).  The 

increase in SvO2 during sepsis is due to the loss of vasoregulation and does not 

mean that organ tissues are being adequately oxygenated.  Under general 

anesthesia, the SvO2 value is increased due to the decreased metabolic 

requirement for oxygen by tissues. 
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 In clinical settings where a pulmonary artery SvO2 catheter is not 

possible (i.e., pediatric patients) a central venous oxygen saturation (ScvO2) 

monitor may be used.  The advantage of ScvO2 is that a pulmonary artery 

catheter is not required; only central venous access is needed.  The ScvO2 

obtains venous oxygen saturation readings from the superior vena cavae or 

right atrium.  During normal physiological and hemodynamic conditions, ScvO2 

correlates well with SvO2 (57-59).  However, in critical illness and shock, the 

ScvO2 does not accurately reflect the true SvO2 (60-62) and, therefore, true 

SvO2 can only be measured in the pulmonary artery in such cases (63).  

Resuscitation and medical management of critically ill patients with a ScvO2 

monitor may provide benefits over conventional monitors such as vital signs 

and central venous pressure (60). 

Flow monitoring 
While cardiac output is similar regardless of where it is measured within the 

heart, the flow profiles can change dramatically 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 

center of the flow profile, with zero velocity at the vessel wall. 

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, and is 

characterized by abnormally high flow velocities through the valve.  

Regurgitation is defined as flow reversal through a valve and can be caused by 
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annular dilatation, leaflet prolapse, or changes in chamber dimensions affecting 

the valve performance.  While a small amount of regurgitation is normal 

(caused by valve closing and called the closing volume), patients with 

pathologic regurgitation have abnormally high flows traveling retrograde across 

the valve orifice (see ISO 5840 for details).   

Table B.6:  Indications for Stenosis of the Cardiac Valves 

  

Jet 
velocity 
(m/s) 

Pressure 
gradient 
(mm Hg) 

Orifice 
area 
(cm2) 

Aortic Stenosis      
Mild <3.0 <25.0 >1.5 

Moderate 3.0 - 4.0 25.0 - 40.0 1.0 - 1.5 
Severe >4.0 >40.0 <1.0 

Mitral Stenosis       
Mild <5.0 <30.0 >1.5 

Moderate 5.0 -10.0 30.0 - 50.0 1.0 - 1.5 
Severe >10.0 >50.0 <1.0 

Tricuspid Stenosis       
Severe NA NA <1.0 

Pulmonic Stenosis       
Severe >4.0 >60.0 NA 

 

Clinical diagnoses of regurgitation and stenosis are typically done using 

echocardiography (see echocardiography chapter).  Pulsed wave Doppler 

meaures a frequency shift in the ultrasound waves to calculate a flow velocity.  

Color flow mapping allows for the visualization of the flow through the valve.  

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 third color, typically yellow or green.   A table of flow rates, pressure 

gradients, and orifice area measurements are available in Tab. B.6 for the 

varying degrees of stenosis for each of the cardiac valves, as reported by the 
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American College of Cardiology/American Heart Association guidelines (64).  

Please consult the ACC/AHA guidelines for diagnosing the severity of 

regurgitation. 

In a research setting, several other methods are available for flow 

monitoring across the cardiac valves in an in vivo setting.  Doppler sensors, 

using the same principles as echocardiography, are available in a number of 

forms:  a c-ring transducer being common.  This flow probe takes frequency 

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 can not 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.  They are capable of measuring the 

instantaneous velocity of a small area with high temporal resolution and can be 

attached to a catheter.  The disadvantage 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 (CMR) can be utilized in both a clinical and 

research role to investigate flow through valves and major vessels.  Phase-

contrast CMR enables the measurement of blood flow velocity across the 
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cardiac valves and the great vessels with a high temporal and spatial resolution. 

As blood flows through the static magnetic 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, 

aortic stenosis, and to investigate coronary flow. 

Angiograms are utilized to observe flow through the coronary system.  

While this is a qualitative technique for flow monitoring, it is of clinical 

importance, particularly for the assessment of coronary blockages.  In an 

angiogram, the patient is 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 imaging using fluoroscopy, the contrast can be 

observed traveling through the coronary system.  Flow is interrupted anywhere 

that contrast can not traverse, indicating a blockage in the coronary system.  An 

arterial dissection of the left anterior descending coronary artery is shown in the 

companion cd (JPEG 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 occlusion.  

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. 
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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 downstream of the occlusion.  This phenomenon is utilized in blood 

pressure measurements (see Karatkoff sounds).  Flow 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 of flow reversal, 

three-dimensional separation and vortex formation, with borderline turbulent 

flow being defined as unsteady laminar flow with more than one temporal 

frequency excited.  They further describe the flow to transition into a fully 

turbulent state during peak systole (65).   

Implantable Monitoring 
In both the research and clinical settings, the ability to continuously 

monitor hemodynamic properties is being realized.  Devices are being 

developed for researchers who work with small animals, for clinical researchers, 

and for physicians to monitor their patients without clinical visits.  These devices 

consist of a sensor that transmits 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.  Researchers can collect 

continuous data when investigating properties that occur only rarely or change 

slowly over time.  Clinically, implantable loop recorders that gather ECG data 
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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 syncopy (66-68), and is now advised for 

management of patients with syncopy (69,70).  Two examples of implantable 

loop recorders such as the ones described here are the Sleuth (Transoma 

Medical, Inc., Arden Hills, MN) and the Reveal Plus (Medtronic, Inc., 

Minneapolis, MN),. 

Perhaps the most advanced implantable hemodynamic monitoring 

system is the investigational device called Chronicle (Medtronic, Inc., 

Minneapolis, MN).  It is a pressure sensor equipped lead that is implanted in the 

right ventricle to provide continuous hemodynamic monitoring of heart rate, right 

ventricular systolic pressure, right ventricular diastolic pressure, right ventricular 

pulse pressure, maximum right ventricular dP/dt and estimated pulmonary 

artery diastolic pressure (71,72).  The data storage period of this device 

changes with the desired sampling rate, but can change in magnitude from 

days to several months.   

Another application of implantable sensors is the monitoring of patients 

with congestive heart failure.  Signs and symptoms of congestive heart failure 

are not well correlated with the disease status (73,74), and investigational 

devices combining pacing capabilities with monitoring capabilities have been 

implanted in ambulatory patients with congestive heart failure to monitor 

parameters such as the mixed venous oxygen saturation and right ventricular 
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pressures.  The feasibility of these devices has been shown (75), but studies 

are ongoing. 

However, implantable monitors are only as valuable as the information 

they collect, and the manner and ease in which that information is transferred to 

those interpreting it is of the upmost importance.  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 monitors 

who reside in a large geographic area.  Home telemonitoring units are in use to 

gather data from patients with implantable devices and to send the data to a 

location where it can be processed and interpreted by their physician.  

Examples of telemonitoring systems include the LATITUDE® Patient 

Management system (Boston Scientific, Inc., Natick, MA) and the CareLink® 

network (Medtronic, Inc., Minneapolis, MN),  

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 (miniaturized implantable sensors).  In this chapter, we 

provided a general overview of several devices and/or systems that can be 

used either clinically or experimentally to monitor cardiac performance.  

However, it should be reiterated that to best understand how the output of such 
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devices can be used for the assessment of cardiac function, one needs to first 

possess an in-depth understanding of underlying basic cardiac physiology. 

 

Companion CD Material: 
JPEG 1: Monitor display of electrocardiogram, blood pressures and SvO2
JPEG 2: Cannulation of a peripheral artery (Photograph by Michael Loushin, 
2002) 
JPEG 3: Cannulation of a peripheral artery (Photograph by Michael Loushin, 
2002) 
JPEG 4: Pressure transducer for monitoring blood pressures 
JPEG 5: Central venous access kit 
JPEG 6: Cannulation of right internal jugular vein (Photograph by Michael 
Loushin, 2002) 
JPEG 7: Pulmonary artery catheter 
JPEG 8: Inflated balloon at the distal tip of pulmonary artery catheter 
JPEG 9: Pulmonary artery catheter for continuous monitoring of cardiac output 
and mixed venous saturation 
JPEG 10: Millar catheter 
JPEG 11: Sensors on a Millar catheter 
JPEG 12:  Angiogram showing an arterial dissection 
Pressure-Volume loops (swine).mpg 
Pressure catheter placement (swine).mpg 
 
Visible Heart CD: 
MPEG of pulmonary artery catheter 
MPEG of PA catheter and pacer wires 
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