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The seventh edition of Kaplan’s Cardiac Anesthesia has been written
to further enhance the perioperative management of the patient with
cardiac disease undergoing either cardiac or noncardiac surgery. The
first edition was published in 1979 during the early years of modern
cardiac surgery when our focus was primarily on anesthetizing cardiac
surgical patients. Continued advances in the care of patients with heart
disease have expanded the role of cardiac anesthesiologists into pre-
operative evaluation, advanced cardiac imaging and other monitoring
devices, postoperative critical care, and pain management. Today, we are
also being asked to care for or help “rescue” the sickest cardiac patients
undergoing noncardiac surgery and to participate as a member of the
cardiac care team by performing procedures in locations distant from
cardiac operating rooms. This edition focuses on the current issues
associated with advanced cardiopulmonary assist devices, procedures
in hybrid operating rooms, and new anticoagulants and coagulants, as
well as being members of the heart team deciding on the best options
for our sick patients.

This edition is subtitled “For Cardiac and Noncardiac Surgery” to
emphasize the expanded role of all anesthesiologists in the periop-
erative medical care of high-risk cardiac patients undergoing all types
of procedures. Ten chapters have been added as the final section of
this book and deal specifically with these patients, the complex care
and procedures they require, and the techniques used to reduce the
incidence of major adverse cardiac events. This contrasts with only
one chapter in the first edition that pointed out that some cardiac
patients undergoing noncardiac surgery could be just as sick or sicker
than those having cardiac surgery and that their cardiovascular com-
plications could carry a high mortality rate after noncardiac surgery.
That chapter, from 1979, stated that “the anesthesiologist should be
experienced in modern cardiac anesthesia skills...able to insert the
monitoring devices, interpret the data, utilize new pharmacotherapy,
and understand the patient’s basic pathophysiology.” Certainly this is
even more important today, with patients presenting for noncardiac
surgery and having drug-eluting stents, multiple antiplatelet drugs,
ventricular assist devices, multiple drugs for end-stage heart failure,
and implanted electrical devices that produce cardiac resynchroniza-
tion therapy. These advanced levels of cardiac care, no longer rare, are
seen routinely in noncardiac surgery performed in operating rooms,
outlying areas of the hospital, and even in outpatient surgical settings.
In addition, many patients undergoing vascular or thoracic surgery,
some cardiac patients with complicated obstetric problems, and many
other noncardiac surgical patients may have significant cardiovascular
issues requiring that all anesthesiologists have the skills needed (eg,
basic cardiac echocardiography) to diagnose and treat these periopera-
tive problems so as to reduce complications.

The content of the seventh edition ranges from the basic sciences
to translational medicine and the latest evidence-based clinical care of
the sickest and most complex cardiac patients. To maintain its place as
the standard reference textbook in the field, this edition has been com-
pletely revised, expanded, and updated to reflect the ongoing changes
in cardiovascular care, especially the rapid growth and use of new
monitoring techniques, minimally invasive cardiac surgical procedures
performed with or without cardiopulmonary bypass, advances in post-
operative care, and renewed emphasis on patient safety and reduc-
tions in postoperative complications. Significant contributions to the
text have been made by leading experts in anesthesiology, cardiology,
cardiac surgery, and critical care medicine from around the world. The
emphasis throughout the book is on using the latest scientific develop-
ments to guide proper therapeutic interventions in the perioperative
period. In addition, some chapters include expert guidelines published
by leading national and international scientific specialty organizations.

PREFACE

Due to the success of the educational aids used in the previous
edition, the Key Points of each chapter appear first in the chapter
and Teaching Boxes are highlighted with many of the important take-
home messages. The content of the book is enhanced by full-color
presentations of the text, multicolor echo and Doppler images, cine
clips, and supplementary video material on the ExpertConsult website
that accompanies the print version of the text. The website also will
be used to update the book on a regular basis as new material appears
before the next edition.

In preparing this edition, I have been helped enormously by the
four associate editors. They have helped recruit new authors, worked
with them on timely production and coordination of their chapters,
and expanded the educational opportunities with unique contribu-
tions. Dr. Augoustides serves as the liason editor between the book
and the Journal of Cardiothoracic and Vascular Anesthesia, providing
updates on the book’s website from new material (eg, new oral anti-
coagulants) appearing in the journal, as well as selected highlights of
the previous year in cardiothoracic and vascular anesthesia. Dr. Maus
serves as the editor of the Transesophageal Echocardiography Video Atlas
(ie, 2D and 3D views, Doppler, and hemodynamic videos) and the
Pathologic View Library (eg, perivalvular leaks, aortic dissection, and
obstructive cardiomyopathy) found on the book’s website. This allows
the reader of the book to move seamlessly from the text to the echo-
cardiography video supplementary material. Using the ExpertConsult.
Inkling platform, the interested reader can further expand his or her
reading on advanced echocardiography by moving to the compan-
ion textbook entitled Perioperative Transesophageal Echocardiography
and edited by Dr. Reich. Finally, Dr. Manecke has coordinated the
noncardiac surgery section of the book and introduced the new con-
cepts of goal-directed therapy, enhanced recovery from anesthesia,
and the perioperative anesthetic/surgical home for cardiac patients. As
we transition from volume-based practices by independent experts to
value-based care by a team of experts, these new approaches will allow
us as cardiac anesthesiologists to position ourselves as participants in
the entire episode of care and the success of the entire team.

Kaplan’s Cardiac Anesthesia was written by acknowledged experts
in each specific area or related specialties. It is the most authoritative
and up-to-date collection of material in the field. Each chapter aims to
provide the scientific foundation of the subject matter, the clinical basis
for practice, and (when available) outcome information. All of the
chapters have been coordinated in an effort to maximize their clinical
utility. Whenever possible, material has been integrated from anesthe-
siology, critical care medicine, cardiology, cardiac surgery, physiology,
and pharmacology to present a complete clinical picture. Thus this
edition should continue to serve as the definitive text for cardiac anes-
thesia residents, fellows, faculty, practitioners, cardiologists, cardiac
surgeons, intensivists, and others interested in the management of the
patient with cardiac disease for either cardiac or noncardiac surgery.

This edition should further facilitate the application of the tech-
niques and procedures that have been learned in the cardiac surgical
operating rooms to cardiac patients undergoing noncardiac surgery.
These patients compose a much larger group than those undergoing
cardiac surgery, and they are often sicker and at higher risk because
their underlying cardiac disease is not being corrected by the opera-
tive procedure. All of our learning and experience dealing with cardiac
surgery should be used to improve the outcomes of these noncardiac
surgical patients. It is our overall experience and skill demonstrated
while caring for the sickest cardiac patients undergoing new and
innovative operations that led J. Willis Hurst, MD, one of the world’s
leading cardiologists, to state in his Foreword to the first edition of this
book that “this cardiologist views the modern cardiac anesthesiologist
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with awe.” If he thought we were good in 1979, he must be amazed
to see our care today guided by the latest monitoring techniques in
patients who never would have been operated on in the past.

The editors gratefully acknowledge the contributions made by the
authors of each of the chapters. They are the dedicated experts who
have made the field of cardiac anesthesia what it is today and are the

teachers of our young colleagues practicing anesthesiology around
the world. This book would not have been possible without their hard

work and expertise.

Joel A. Kaplan, MD, CPE, FACC
Editor



FOREWORD

A Textbook for All Anesthesiologists

Patients with cardiac disease undergoing noncardiac surgery should be
evaluated ... and managed ... in a similar manner to patients having
cardiac surgery. In order to be able to care for these sick patients ... the
anesthesiologist and his assistants should be experienced in modern
cardiac anesthesia skills. The anesthesiologist must be able to insert
monitoring devices ... interpret the ECG, utilize the new pharmaco-
therapy, and understand the patients basic pathophysiology.
Joel A. Kaplan and Ronald W. Dunbar
Cardiac Anesthesia, 1979

The first textbook on anesthesia for surgery of the heart was written by
Kenneth K. Keown, who provided anesthesia for Charles Bailey (first
successful mitral commisurotomy in 1948), and was published in 1956.
This single-author text was 109 pages and had 115 references. Although
many different textbooks on this subspecialty have appeared since
then, the earliest and now longest and most up to date is this one edited
by Joel A. Kaplan, which first appeared in 1979. It is justifiably regarded
as the definitive standard reference textbook of cardiac anesthesia.

I first became acquainted with Dr. Kaplan during my second decade
as a cardiac surgeon at the University of Washington when I heard him
speak at a cardiac surgical meeting extolling and reviewing the role
cardiac anesthesiologists can play in improving the outcomes of our
patients. Shortly thereafter a team consisting of a cardiac anesthesiolo-
gist, a perfusionist, and me were sent by our chairmen to see how the
experts in the eastern United States practiced cardiac surgery, and one
of those sites was Emory University, where Dr. Kaplan practiced. A few
years later as an anesthesia resident and then as a cardiac anesthesia
fellow, the first edition of his textbook was a major resource for us, as
documented by the profuse highlighting and underlining of text in that
book (which still sits in my bookshelf), and then guided our initiation
of the cardiac anesthesia program at the University of Kentucky more
than 30 years ago.

Cardiac Anesthesia has made many contributions to the practice of
anesthesia, cardiovascular medicine, and critical care. The first edition
emphasized the importance of a firm understanding of cardiovascular
and pulmonary physiology and pharmacology and the interaction of
drugs on these two systems. Cardiac Anesthesia introduced routine
monitoring of electrocardiography (ECG) and invasive monitoring
of arterial, central venous, and pulmonary artery pressure, venous
saturations, and cardiac output. It identified the discrepancy between
central venous pressure and left atrial pressure by introducing the
direct measurement of left atrial pressure and the subsequent use of
monitoring of pulmonary artery occlusion (wedge) pressure. Cardiac
Anesthesia also introduced the use of ECG to detect perioperative
myocardial ischemia (eg, Vs lead) and the treatment of it with intra-
venous nitroglycerin.

Cardiac anesthesiologists have revolutionized the evaluation and
perioperative management of cardiac patients undergoing cardiac
and noncardiac surgery. They were instrumental in the adoption of
monitoring of arterial blood gases, the development of the surgical
intensive care unit (ICU), and the incorporation of advanced respi-
ratory and hemodynamic monitoring and management (including
aggressive pharmacologic therapy with inotropes and others vasoac-
tive drugs) in the ICU and the noncardiac operating room. Cardiac
anesthesiologists collaborated with the American Heart Association/

American College of Cardiology in developing various guidelines for
management of such patients. They called attention to the frequent
occurrence and adverse consequences of perioperative myocardial
ischemia during noncardiac surgery. They initiated the use of invasive
monitoring—first with the pulmonary artery catheter (PAC) and then
with transesophageal echocardiography (TEE)—in the perioperative
management of cardiac patients and the participation of anesthesi-
ologists in their management in postsurgical ICUs. They introduced
narcotic anesthesia (Lowenstein, Stanley) for these patients and the use
of newer pharmacologic agents to treat severe heart failure, hyperten-
sion, and arrhythmias. Cardiac anesthesiologists were responsible for
introducing TEE to cardiology practice in the United States and since
that time have collaborated closely in the application of echocardio-
graphy to cardiac care, education, and certification.

Perhaps the greatest contribution has been the recognition very
early in the history of cardiac surgery of the importance of a team
(surgeon, anesthesiologist, perfusionist, nurse) in the successful man-
agement of patients. This concept has now been embedded as an
important component of enhanced recovery after surgery and the
perioperative surgical/anesthesia home. The Society of Cardiovascular
Anesthesiologists has been a leader in improving the functioning of
these teams and its safety implications, as discussed in the new chapter
on patient safety and avoiding errors. All of this has led to the dra-
matic improvement of the care of patients with cardiac disease, those
undergoing not only cardiac surgery but also noncardiac surgery and
nonsurgical care, and likely has contributed to the dramatic improve-
ment in outcomes of these sick patients over the last 40 years.

The first edition of this textbook emphasized the importance of a
firm knowledge of the physiology, pharmacology, and pathophysiol-
ogy of cardiac disease and the importance of management guided
by detailed hemodynamic monitoring, including the use of the PAC.
Subsequent editions reflected advances in cardiac surgery and anesthe-
sia over the last 4 decades. The second edition (1987) introduced echo-
cardiography, cardiac transplantation, circulatory assistance beyond
intraaortic balloon pumping, and central nervous system monitoring
and devoted more attention to myocardial protection and postop-
erative care. The third edition (1993) added chapters on noncardiac
surgery in patients with cardiac disease and more on echocardiography
(including color flow) and devoted more attention to coagulation and
bleeding, central nervous system dysfunction, and the importance of
outcome studies after cardiac and noncardiac surgery in patients with
heart diseases. The fourth edition (1999) included new chapters on
systemic inflammatory response and practice management. The fifth
edition (2006) provided chapters that discussed the history of cardiac
surgery and anesthesia and predictions of future developments, as well
as chapters on molecular cardiovascular medicine, minimally invasive
cardiac surgery, and surgical approaches to heart failure, including
more advanced ventricular assist devices, pain management, strategies
to reduce medical errors, and training in cardiac anesthesia. The sixth
edition (2011) subtitled, “The Echo Era,” emphasized the maturation
of echocardiography and integrated its use into various other chapters
throughout that edition.

The present edition advances a theme from the first edition of this
text, as reflected in the quote at the start of this forward: the application
of the principles of cardiac anesthesia to the management of patients
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with cardiac disease outside of the cardiac surgery operating room.
Many of its chapters provide essential information, but most relevant
are those in the last section, which cover the everyday issues of patients
with coronary stents, implantable electronic devices, and implantable
ventricular assist devices; the benefits of the use of echocardiography
outside the cardiac surgery rooms; and what can be done postopera-
tively to decrease the incidence of major adverse cardiac events and
mortality following noncardiac surgery. I believe that this new edition
points out that nearly every site where anesthesiologists practice is

potentially a “heart room” and therefore, nearly all anesthesiologists
must become cardiac anesthesiologists.

Eugene A. Hessel II, MD, FACS

Professor Anesthesiology

Surgery (Cardiothoracic) Pediatrics and Neurosurgery
University of Kentucky College of Medicine
Lexington, Kentucky



TRANSESOPHAGEAL ECHOCARDIOGRAPHY ONLINE ATLAS
The 28-View Comprehensive Transesophageal Exam

Timothy Maus

Video 1  The 28-View Transesophageal Echocardiography
Exam: Introduction

Video 2 Deep Transgastric Long-Axis View (plain)

Video 3 Deep Transgastric Long-Axis View (detailed)

Video 4  Transgastric Midpapillary Short-Axis View (plain)

Video 5  Transgastric Midpapillary Short-Axis View
(detailed)

Video 6  Transgastric Basal Short-Axis View (plain)

Video 7  Transgastric Basal Short-Axis View (detailed)

Video 8  Transgastric Apical Short-Axis View (plain)

Video 9  Transgastric Apical Short-Axis View (detailed)

Video 10  Transgastric Two-Chamber View (plain)

Video 11  Transgastric Two-Chamber View (detailed)

Video 12 Transgastric Long-Axis View (plain)

Video 13 Transgastric Long-Axis View (detailed)

Video 14 Transgastric Right Ventricular Basal Short-Axis
View (plain)

Video 15 Transgastric Right Ventricular Basal Short-Axis
View (detailed)

Video 16 Transgastric Right Ventricular Inflow-Outflow
View (plain)

Video 17  Transgastric Right Ventricular Inflow-Outflow
View (detailed)

Video 18 Transgastric Right Ventricular Inflow View (plain)

Video 19  Transgastric Right Ventricular Inflow View (detailed)

Video 20 Midesophageal Four-Chamber View (plain)

Video 21  Midesophageal Four-Chamber View (detailed)

Video 22 Midesophageal Five-Chamber View (plain)

Video 23  Midesophageal Five-Chamber View (detailed)

Video 24 Midesophageal Commissural View (plain)

Video 25 Midesophageal Commissural View (detailed)

Video 26 Midesophageal Two-Chamber View (plain)

Video 27 Midesophageal Two-Chamber View (detailed)

Video 28 Midesophageal Left Atrial Appendage View (plain)

Video 29 Midesophageal Left Atrial Appendage View
(detailed)

Video 30 Midesophageal Long-Axis View (plain)

Video 31 Midesophageal Long-Axis View (detailed)

Video 32 Midesophageal Aortic Valve Long-Axis View (plain)

Video 33 Midesophageal Aortic Valve Long-Axis View
(detailed)

Video 34 Midesophageal Aortic Valve Short-Axis View (plain)

Video 35 Midesophageal Aortic Valve Short-Axis View
(detailed)

Video 36 Midesophageal Right Ventricular Inflow-Outflow
View (plain)

Video 37 Midesophageal Right Ventricular Inflow-Outflow
View (detailed)

Video 38 Midesophageal Bicaval View (plain)

Video 39 Midesophageal Bicaval View (detailed)

Video 40 Midesophageal Modified Bicaval Tricuspid Valve
View (plain)

Video 41 Midesophageal Modified Bicaval Tricuspid View
(detailed)

Video 42 Upper Esophageal Right Pulmonary Vein Views
(plain)

Video 43  Upper Esophageal Left Pulmonary Vein View (plain)

Video 44 Upper Esophageal Right and Left Pulmonary Vein
Views (detailed)

Video 45 Midesophageal Right Pulmonary Vein View (plain)

VIDEO CONTENTS

Video 46 Midesophageal Right Pulmonary Vein View
(detailed)
Video 47 Midesophageal Ascending Aortic Short-Axis View
(plain)
Video 48 Midesophageal Ascending Aortic Short-Axis View
(detailed)
Video 49 Midesophageal Ascending Aortic Long-Axis View
(plain)
Video 50 Midesophageal Ascending Aortic Long-Axis View
(detailed)
Video 51 Upper Esophageal Aortic Arch Long-Axis View
(plain)
Video 52 Upper Esophageal Aortic Arch Long-Axis View
(detailed)
Video 53  Upper Esophageal Aortic Arch Short-Axis View
(plain)
Video 54 Upper Esophageal Aortic Arch Short-Axis View
(detailed)
Video 55 Descending Aortic Short-Axis View (plain)
Video 56 Descending Aortic Short-Axis View (detailed)
Video 57 Descending Aortic Long-Axis View (plain)
Video 58 Descending Aortic Long-Axis View (detailed)
Three-Dimensional Views
Timothy Maus
Video 59 Three-Dimensional Mitral Valve En Face View
(plain)
Video 60 Three-Dimensional Mitral Valve En Face View
(detailed)
Video 61  Three-Dimensional Aortic Valve Short-Axis View
(plain)
Video 62  Three-Dimensional Aortic Valve Short-Axis View
(detailed)
Doppler and Hemodynamics
Timothy Maus
Video 63  Basic Doppler Imaging
Video 64 Color-Flow Doppler Imaging
Video 65 Continuous-Wave Doppler Imaging
Video 66 Pulsed-Wave Doppler Imaging
Video 67 Tissue Doppler Imaging
Video 68 Bernoulli Equation
Video 69 Continuity Equation
Anatomic Pitfalls and Imaging Artifacts
Timothy Maus
Video 70  Chiari Network (detailed)
Video 71  Chiari Network (plain)
Video 72  Crista Terminalis (detailed)
Video 73 Crista Terminalis (plain)
Video 74 Eustachian Valve (detailed)
Video 75 Eustachian Valve (plain)
Video 76  False Tendon (detailed)
Video 77  False Tendon (plain)
Video 78 Lambl Excrescence (detailed)
Video 79 Lambl Excrescence (plain)
Video 80 Ligament of Marshall (detailed)
Video 81 Ligament of Marshall (plain)
Video 82 Lipomatous Hypertrophy of Interatrial Septum
(detailed)
Video 83 Lipomatous Hypertrophy of Interatrial Septum
(plain)
Video 84 Moderator Band (detailed)
Video 85 Moderator Band (plain)
Video 86 Nodules of Arantius (detailed)
Video 87 Nodules of Arantius (plain)
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Video 88
Video 89
Video 90
Video 91
Video 92
Video 93
Video 94
Video 95
Video 96

Papillary Fibroelastoma (detailed)

Papillary Fibroelastoma (plain)

Persistent Left Superior Vena Cava (detailed)
Persistent Left Superior Vena Cava (plain)
Thebesian Valve (detailed)

Thebesian Valve (plain)

Transverse Sinus (detailed)

Transverse Sinus (plain)

Acoustic Shadowing (detailed)

Video 97  Acoustic Shadowing (plain)

Video 98 Enhancement (detailed)

Video 99 Enhancement (plain)

Video 100 Excessive Gain (detailed)

Video 101 Excessive Gain (plain)

Video 102 Ringing Artifact (detailed)

Video 103 Ringing Artifact (plain)

Pathologic Examples

Timothy Maus

Video 104 Bicuspid Aortic Valve

Video 105 Rheumatic Mitral Stenosis

Video 106 Paravalvular Leak After Mitral Valve Replacement

Video 107 Tricuspid Valve Endocarditis

Video 108 Aortic Dissection

Video 109 Hypertrophic Obstructive Cardiomyopathy

Video 110 Left Atrial Myxoma

Video 111 Left Ventricular Assist Device Placement

Video 112 Patent Foramen Ovale in a Patient With
Pulmonary Hypertension

Video 113 Color-Flow Doppler Demonstration of a Patent
Foramen Ovale

Video 114 Color-Flow Doppler Demonstration of a Patent
Foramen Ovale (Alternative View)

Video 115 Agitated Saline Study Confirming a Patent
Foramen Ovale

Video 116 Large Right Atrial Mass in a Patient With Chronic
Thromboembolic Pulmonary Hypertension

Video 117 Large Right Atrial Mass in a Patient With Chronic
Thromboembolic Pulmonary Hypertension
(Alternative View)

Video 118 Pulmonary Artery Thrombus in a Patient With
Pulmonary Hypertension

Video 119 Severe Right Ventricular Dysfunction in a Patient
With Chronic Thromboembolic Pulmonary
Hypertension

Video 120 Severe Right Atrial and Ventricular Dilation in a
Patient With Pulmonary Hypertension

Video 121 Severe Tricuspid Regurgitation Secondary to
Severe Right Ventricular Dilation

Video 122 Pulmonary Artery Occlusion in a Patient

With Chronic Thromboembolic Pulmonary
Hypertension

VIDEOS FROM TEXTBOOK
Chapter 3 Cardiac Catheterization Laboratory: Diagnostic and
Therapeutic Procedures in the Adult Patient
Theresa A. Gelzinis, Mark Kozak, Charles E.
Chambers, John Schindler

Video 3-1
Video 3-2
Video 3-3
Video 3-4

Stenting for Severe Distal Left Main Stenosis
After Drug-Eluting Stent Placement
MitraClip Insertion

MitraClip 1 Month After Insertion

Chapter 14 Basic Intraoperative Transesophageal
Echocardiography
Ronald A. Kahn, Timothy Maus, Ivan Salgo,
Menachem M. Weiner, Stanton K. Shernan

Video 14-1
Video 14-2
Video 14-3
Video 14-4

Midesophageal Five-Chamber View
Midesophageal Four-Chamber View
Midesophageal Two-Chamber View
Midesophageal Long-Axis View

Video 14-5
Video 14-6
Video 14-7
Video 14-8
Video 14-9
Video 14-10

Video 14-11

Video 14-12

Video 14-13
Video 14-14
Video 14-15
Video 14-16
Video 14-17
Video 14-18

Video 14-19
Video 14-20
Video 14-21

Video 14-22
Video 14-23
Video 14-24
Video 14-25
Video 14-26
Video 14-27
Video 14-28
Video 14-29
Video 14-30
Video 14-31
Video 14-32

Video 14-33
Video 14-34
Video 14-35
Video 14-36
Video 14-37
Video 14-38
Video 14-39
Video 14-40
Video 14-41
Video 14-42
Video 14-43
Video 14-44
Video 14-45
Video 14-46
Video 14-47
Video 14-48
Video 14-49
Video 14-50

Video 14-51
Video 14-52
Video 14-53
Video 14-54
Video 14-55
Video 14-56
Video 14-57
Video 14-58
Video 14-59
Video 14-60
Video 14-61
Video 14-62
Video 14-63
Video 14-64

Transgastric Midpapillary Short-Axis View
Transgastric Apical Short-Axis View
Transgastric Basal Short-Axis View
Transgastric Two-Chamber View

Transgastric Long-Axis View

Midesophageal Right Ventricular Inflow-Outflow
View

Transgastric Right Ventricular Inflow-Outflow
View

Transgastric Right Ventricular Basal Short-Axis
View

Transgastric Right Ventricular Inflow View
Midesophageal Mitral Commissural View
Midesophageal Aortic Valve Short-Axis View
Midesophageal Aortic Valve Long-Axis View
Deep Transgastric Long-Axis View
Midesophageal Modified Bicaval Tricuspid Valve
View

Midesophageal Ascending Aortic Short-Axis View
Upper Esophageal Aortic Arch Short-Axis View
Upper Esophageal Right and Left Pulmonary
Vein Views

Midesophageal Right Pulmonary Vein View
Midesophageal Left Atrial Appendage View
Midesophageal Bicaval View

Midesophageal Ascending Aortic Long-Axis View
Upper Esophageal Aortic Arch Long-Axis View
Descending Aortic Short-Axis View
Descending Aortic Long-Axis View

Eustachian Valve

Chiari Network

Crista Terminalis

Lipomatous Hypertrophy of the Interatrial
Septum

Thebesian Valve

Persistent Left Superior Vena Cava

Moderator Band

Warfarin (Coumadin) Ridge

False Tendon

Nodule of Arantius

Lambl Excrescence

Papillary Fibroelastoma

Aortic Valve Leaflet En Face

Transverse Sinus

Dropout

Enhancement

Excessive Gain

Ringing Artifact

Right Ventricular Enlargement

Right Ventricular Volume Overload

Right Ventricular Pressure Overload

Modified Transgastric Right Ventricular Inflow-
Outflow View for Tricuspid Annular Plane
Systolic Excursion

Agitated Saline Enhancement of the Right Atrium
Aortic Stenosis

Color-Flow Doppler of Aortic Stenosis
Diastolic Fluttering of Mitral Valve

Type I Aortic Insufficiency

Type II Aortic Insufficiency

Type III Aortic Insufficiency

Mitral Stenosis

Spontaneous Echocardiographic Contrast
Barlow Disease

Fibroelastic Deficiency

Type I1la Mitral Regurgitation

Type IIIb Mitral Regurgitation

Type I Mitral Regurgitation



Video 14-65
Video 14-66

Mitral Cleft
Tricuspid Regurgitation

Chapter 15 Transesophageal Echocardiography: Advanced
Echocardiography Concepts
Sasha K. Shillcutt, Feroze Mahmood,
Nikolaos J. Skubas, Nicholas W. Markin,
Candice R. Montzingo, Gregory W. Fischer,
Andrew Maslow, Ronald A. Kahn,
Timothy Maus

Video 15-1
Video 15-2
Video 15-3
Video 15-4
Video 15-5
Video 15-6
Video 15-7
Video 15-8
Video 15-9
Video 15-10

Video 15-11
Video 15-12
Video 15-13
Video 15-14
Video 15-15
Video 15-16
Video 15-17
Video 15-18
Video 15-19

Measurement of Annular Diameter

Tethering of the Aortic Valve

Intimal Flap in Aortic Dissection
Identification of Flow Patterns Within the Lumen
Identification of Intimal Tear

Linear Reverberation Artifacts

Left Innominate Vein

Intramural Hematoma

Penetrating Aortic Ulcer

Positioning of Intraaortic Balloon Pump With
Transesophageal Echocardiography Guidance
Endovascular Flow Exclusion

Endovascular Leak

Large Pericardial Effusion

Loculated Pericardial Effusion

Constrictive Pericarditis

Thrombus Formation

Large, Mobile Thrombus

Vegetation

Myxoma

Chapter 21 Valvular Heart Disease: Replacement and Repair
Harish Ramakrishna, Ryan C. Craner,
Patrick A. DeValeria, David J. Cook,
Philippe R. Housmans, Kent H. Rehfeldt,
Timothy Maus

Video 21-1

Video 21-2

Video 21-3

Video 21-4

Video 21-5

Video 21-6

Video 21-7

Video 21-8

Severe Aortic Stenosis: Transcatheter, Transapical
Aortic Valve Repair

Flail Middle Scallop of the Posterior Mitral
Leaflet With Multiple Ruptured Chords
Severe Mitral Regurgitation: Robotic-Assisted
Mitral Valve Repair

Mitral Valve Repair With Postbypass Systolic
Anterior Motion Needing Additional Repair:
Preoperative Appearance

Mitral Valve Repair With Postbypass Systolic
Anterior Motion Needing Additional Repair:
Preoperative Appearance

Mitral Valve Repair With Postbypass Systolic
Anterior Motion Needing Additional Repair:
Preoperative Appearance

Mitral Valve Repair With Postbypass Systolic
Anterior Motion Needing Additional Repair:
Postoperative Appearance

Mitral Valve Repair With Postbypass Systolic
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KEY POINTS

1. Perioperative cardiac morbidity is multifactorial, and
understanding the predictive risk factors helps define
the risk for individual patients.

2. Assessment of myocardial injury is based on the
integration of information from myocardial imaging
(eg, echocardiography), electrocardiography (ECG),
and serum biomarkers, with significant variability in
the diagnosis depending on the criteria selected.

3. Multivariate modeling has been used to develop
risk indices that focus on preoperative variables,
intraoperative variables, or both.

4. Key predictors of perioperative risk are dependent
on the type of cardiac operation and the outcome of
interest.

5. New risk models have become available for valvular
heart surgery and for combined coronary and valvular
cardiac procedures.

6. For patients undergoing noncardiac surgery, the
objectives and approach to cardiac evaluation are
entirely different. The nature of the noncardiac
surgery and the urgency of the surgical procedure
are the primary determinants of the extent of cardiac
evaluation in these patients.

7. For most patients undergoing noncardiac surgery,
preoperative coronary revascularization is not
required unless the patient presents with an unstable
cardiac condition or has significant myocardial
ischemia and the noncardiac surgery is not urgent.

I the early 1980s, coronary artery bypass graft surgery (CABG) was
characterized by operative mortality rates in the range of 1% to 2%.
Over the ensuing years, urgent and emergent operations and “redo”
procedures became common, and greater morbidity and mortality
rates were observed. Percutaneous coronary interventions (PCIs)
absorbed low-risk patients from the surgery pool, with the net result
that the operative mortality rate increased to the range of 5% to 6%.
The trend toward PCI has continued, with trials demonstrating the
safety of stenting even in left main coronary artery disease (CAD)."”
This demographic shift has led governmental health oversight agencies
to ask for justification of the observed increase in CABG mortality,
often prompting a time-consuming and expensive chart review to

"The editors and the publisher would like to thank Drs. Jiri Horak, Emile R. Mohler, and
Lee A. Fleisher for contributing a chapter on this topic to the prior edition of this work. It
has served as the foundation for the current chapter.
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identify the differences in patient populations that led to the greater
morbidity. Even with this information, however, it has been difficult to
objectively determine the impact of these new and compelling factors
on mortality. The impetus for the development of a risk-adjusted
outcome assessment and appropriate risk adjustment scoring system
was the need to compare adult cardiac surgery results in different
institutions and to benchmark the observed complication rates." With
the recent passage of health care reform legislation and interest in con-
trolling health care expenditures, there is increased interest in public
reporting of perioperative outcomes with optimal risk adjustment.

The first risk-scoring scheme for cardiac surgery was introduced
by Paiement and colleagues at the Montreal Heart Institute in 1983.”
Since then, many preoperative cardiac surgery risk indices have been
developed. The patient characteristics that affected the probability of
specific adverse outcomes were identified and weighed, and the resul-
tant risk indices have been used to adjust for case-mix differences
among surgeons and centers where performance profiles have been
compiled. In addition to comparisons among centers, the preoperative
cardiac risk indices have been used to counsel patients and their fami-
lies in resource planning, to identify high-risk groups for special care or
research, to determine cost-effectiveness, to determine effectiveness of
interventions, to improve provider practice, and to assess costs related
to severity of disease.®’

In contrast, the objectives of cardiac evaluation in a patient under-
going noncardiac surgery are entirely different. In contrast to patients
undergoing cardiac surgery, for whom extensive cardiac evaluation is
part of the workup, the cardiac status of patients undergoing noncar-
diac surgery is often unknown (see Chapter 43). In such patients, the
benefit of performing cardiac assessment with its inherent time and
resource implications needs to be weighed against the impact such
information could have on perioperative planning and the potential
risks associated with any delay in the noncardiac surgery. The main
goal in this setting is to identify a high-risk group of patients who
would benefit from either noninvasive or invasive cardiac evaluation
and appropriate perioperative medical management or interventional
therapy (see Chapters 2 and 3).

Sources of Perioperative Myocardial
Injury in Cardiac Surgery

Myocardial injury, manifested as transient cardiac contractile dysfunc-
tion (“stunning”) or acute myocardial infarction (AMI) or both, is
the most frequent complication after cardiac surgery and the most
important cause of hospital complications and death. Furthermore,
patients who experience a perioperative myocardial infarction (MI)
have a poor long-term prognosis; only 51% of such patients remain
free from adverse cardiac events after 2 years, compared with 96% of
patients without perioperative ML

It is important to understand the pathogenesis of this morbidity
and mortality to clarify the determinants of perioperative risk. This is
particularly important with respect to cardiac outcomes because the
definition of cardiac morbidity represents a continuum rather than

3
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BOX 1.1 DETERMINATIONS OF PERIOPERATIVE
MYOCARDIAL INJURY

Disruption of blood flow
Reperfusion of ischemic myocardium
Adverse systemic effects of cardiopulmonary bypass

a discrete event. This understanding can help target the biologically
significant risk factors and interventions that may decrease irreversible
myocardial necrosis.

Myocardial necrosis is the result of progressive pathologic ische-
mic changes that start to occur in the myocardium within minutes
after interruption of its blood flow (eg, during cardiac surgery) (Box
1.1). The duration of the interruption of blood flow, either partial or
complete, determines the extent of myocardial necrosis, and both the
duration of the period of aortic cross-clamping (AXC) and the dura-
tion of cardiopulmonary bypass (CPB) have consistently been shown
to be the main determinants of postoperative outcomes. In a study
with an average follow-up of 10 years after complex cardiac surgery,
Khuri’ observed a direct relation between the lowest mean myocardial
pH recorded during or after the period of AXC and long-term patient
survival. Patients who experienced acidosis (pH <6.5) had decreased
survival compared with those who did not. Because myocardial acido-
sis reflects both myocardial ischemia and poor myocardial protection
during CPB, this study demonstrated the relation of the adequacy
of intraoperative myocardial protection to long-term outcome (see
Chapters 3, 7, 20, and 31).

Reperfusion of Ischemic Myocardium

Surgical interventions requiring interruption of blood flow to the heart
must be followed by restoration of perfusion. Numerous experimental
studies have provided compelling evidence that reperfusion, although
essential for tissue and organ survival, is not without risk because
of the potential extension of cell damage as a result of reperfusion
itself. Myocardial ischemia of limited duration (<20 min) that is fol-
lowed by reperfusion leads to functional recovery without evidence of
structural injury or biochemical evidence of tissue injury.'*"' However,
reperfusion of cardiac tissue that has been subjected to an extended
period of ischemia results in a phenomenon known as myocardial
reperfusion injury."”* Thus, a paradox exists in that tissue viability
can be maintained only if reperfusion is instituted within a reasonable
period, but doing so risks extending the injury beyond that caused by
the ischemic insult itself. This finding is supported by the observation
that ventricular fibrillation was prominent when regionally ischemic
canine hearts were subjected to reperfusion.”” Jennings and associates'®
reported adverse structural and electrophysiologic changes associated
with reperfusion of the ischemic canine heart, and Hearse'” introduced
the concept of an oxygen paradox based on cardiac muscle enzyme
release and alterations in ultrastructure when isolated hearts were
reoxygenated after a period of hypoxic perfusion.

Myocardial reperfusion injury is defined as the death of myocytes,
which were alive at the time of reperfusion, as a direct result of one or
more events initiated by reperfusion. Myocardial cell damage results
from restoration of blood flow to the previously ischemic heart and
extends the region of irreversible injury beyond that caused by the
ischemic insult alone. The cellular damage that results from reperfu-
sion can be reversible or irreversible, depending on the duration of
the ischemic insult. If reperfusion is initiated within 20 minutes after
the onset of ischemia, the resulting myocardial injury is reversible
and is characterized functionally by depressed myocardial contractil-
ity, which eventually recovers completely. Myocardial tissue necrosis
is not detectable in the previously ischemic region, although func-
tional impairment of contractility may persist for a variable period, a

phenomenon known as myocardial stunning. Initiation of reperfusion
after longer than 20 minutes, however, results in escalating degrees
of irreversible myocardial injury or cellular necrosis. The extent of
tissue necrosis that develops during reperfusion is directly related
to the duration of the ischemic event. Tissue necrosis originates in
the subendocardial region of the ischemic myocardium and extends
to the subepicardial region of the area at risk; this is often referred
to as the wavefront phenomenon. The cell death that occurs during
reperfusion can be characterized microscopically by explosive swell-
ing, which includes disruption of the tissue lattice, contraction bands,
mitochondrial swelling, and calcium phosphate deposition within
mitochondria.”

The magnitude of reperfusion injury is directly related to the mag-
nitude of the ischemic injury that precedes it. In its most severe form, it
manifests as a “no-reflow” phenomenon. In cardiac surgery, prevention
of myocardial injury after release of the AXC, including prevention
of no-reflow, is directly dependent on the adequacy of myocardial
protection during the period of AXC. The combination of ischemic
and reperfusion injury is probably the most frequent and most serious
type of injury leading to poor outcomes in cardiac surgery today (see
Chapters 2, 3, 7, 13-16, 20, and 31).

Basic science investigations (in mouse, human, and porcine hearts)
have implicated acidosis as a primary trigger of apoptosis. Acidosis,
reoxygenation, and reperfusion—but not hypoxia (or ischemia)
alone—are strong stimuli for programmed cell death, and cardiac
apoptosis has been demonstrated to lead to heart failure.'™"” This sug-
gests that apoptotic changes might be triggered in the course of a
cardiac operation, initiating an injurious cascade of adverse clinical
events that manifest late in the postoperative course.

Based on the previous discussion, it is clear that a significant portion
of perioperative cardiac morbidity is related primarily to intraopera-
tive factors. However, preoperative risk factors also influence ischemic
and reperfusion injury.

Adverse Systemic Effects of Cardiopulmonary Bypass

In addition to the effects of disruption and restoration of myocardial
blood flow, cardiac morbidity may result from systemic insults due
to CPB circuit-induced contact activation. Inflammation in cardiac
surgical patients is produced by complex humoral and cellular inter-
actions, including activation, generation, or expression of thrombin,
complement, cytokines, neutrophils, adhesion molecules, mast cells,
and multiple inflammatory mediators.” Because of the redundancy of
the inflammatory cascades, profound amplification occurs to produce
multiorgan system dysfunction that can manifest as coagulopathy,
respiratory failure, myocardial dysfunction, renal insufficiency, and
neurocognitive defects. Coagulation and inflammation also are linked
closely through networks of both humoral and cellular components,
including tissue factor and proteases of the clotting and fibrinolytic
cascades. Vascular endothelial cells mediate inflammation and the
cross-talk between coagulation and inflammation. Surgery alone acti-
vates specific hemostatic responses, immune mechanisms, and inflam-
matory responses mediated by the release of various cytokines and
chemokines (see Chapters 9, and 31-35). This complex inflammatory
reaction can lead to death from nonischemic causes and suggests that
preoperative risk factors may not predict morbidity. The ability to
risk-adjust populations is critical for the study of interventions that
may influence these responses to CPB.

Assessment of Perioperative
Myocardial Injury in Cardiac Surgery

The current clinical armamentarium is devoid of a means by which
perioperative cardiac injury can be reliably monitored in real time,
and this has led to the use of indicators of AMI after the event occurs.
There is a lack of consensus regarding how to measure myocardial
injury in cardiac surgery because of the continuum of cardiac injury.
Electrocardiographic changes, biomarker elevations, and measures
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BOX 1.2 ASSESSMENT OF PERIOPERATIVE
MYOCARDIAL INJURY

Assessment of cardiac function

e Echocardiography
Nuclear imaging
Electrocardiography

e Q waves

e ST-T wave changes
Serum biomarkers

* Myoglobin
Creatine kinase
CK-MB isoenzyme
Troponin

L]
L]
L]
e Lactate dehydrogenase

50 A Troponin

(large MI)

20 A

Myoglobin

10 and CK isoforms

10% CV/99th
percentile

Troponin
(small MI)

Multiples of the AMI cutoff limit
o

Days after onset of AMI

Fig. 1.1 Time course of the appearance of various markers in the
blood after acute myocardial infarction (AMI). Shown are the time con-
centrations/activity curves for myoglobin and creatine kinase (CK) iso-
forms, troponin after large and small infarctions, and CKMB. Note that
with cardiac troponin some patients have a second peak in addition.
CKMB, Creatine kinase, myocardial bound; CV, coefficient of variation.
(From Jaffe AS, Babuin L, Apple FS: Biomarkers in acute cardiac disease:
the present and the future. J Am Coll Cardiol. 2006;48[1]:1-11.)

of cardiac function have all been used (Box 1.2), but all assessment
modalities are affected by the direct myocardial trauma of surgery.
In 2000, the American College of Cardiology/European Society of
Cardiology (ACC/ESC) published a definition of MI that included a
characteristic rise and fall in blood concentrations of cardiac troponins
or creatine kinase (CK)-MB, or both, in the context of a coronary
intervention; other modalities are less sensitive and specific (Fig. 1.1).*'

The Joint ESC/ACC Foundation (ACCF)/American Heart Asso-
ciation (AHA)/World Heart Federation Task Force published a new
Universal Definition of Myocardial Infarction in 2007** and revised
it in 2012.” According to this most recent version of the definition,
MI can be diagnosed based on detection of a rise and fall of cardiac
biomarkers (preferably troponin) with at least one value above the
99th percentile of the upper reference limit, together with evidence of
myocardial ischemia in the form of any of the following: symptoms of
ischemia, ECG changes indicative of new ischemia (new ST-T changes
or new left bundle branch block), development of pathologic Q waves
on ECG, or imaging evidence of new loss of viable myocardium or
new regional wall motion abnormality (RWMA). Because CABG itself
is associated with cardiac trauma resulting in an increase in the serum
levels of cardiac enzymes, an arbitrary cutoff level for elevation of

cardiac biomarker values of more than 10 times the 99th percentile
of the upper reference limit has been recommended for diagnosing
MI during the immediate period after cardiac surgery. However, this
threshold is more robust for diagnosing MI after an isolated on-pump
CABG; cardiac biomarker release is typically considerably higher after
combined valve replacement and CABG and considerably lower after
an off-pump CABG.*

Assessment of Cardiac Function

Cardiac contractile dysfunction is the most prominent feature of
myocardial injury, despite the fact that there are no perfect measures
of postoperative cardiac function. The need for inotropic support,
low cardiac output (CO) diagnosed with the use of CO measurement
technologies, and assessment of abnormal ventricular function by
transesophageal echocardiography (TEE) are practical intraoperative
options for evaluation of cardiac contractility. Use of inotropic support
and CO measurements are not reliable measures, however, because
they depend on loading conditions and interpractitioner variability.
Failure to wean from CPB, in the absence of systemic factors such as
hyperkalemia and acidosis, is the best evidence of intraoperative myo-
cardial injury or cardiac dysfunction, but it also may be multifactorial
and therefore is a less robust outcome measure.

Because RWMAs on TEE follow the onset of ischemia within 10
to 15 seconds, echocardiography can be a sensitive and rapid monitor
for cardiac ischemia/injury.”” An irreversible RWMA indicates irre-
versible myocardial necrosis (see Chapters 12—16). The importance of
echocardiographic assessment of cardiac function is further enhanced
by its value as a predictor of long-term survival.”® For patients under-
going CABG, a postoperative decrease in left ventricular (LV) ejec-
tion fraction (LVEF) compared with the preoperative baseline predicts
decreased long-term survival.”’

Nevertheless, the use of echocardiography for detecting postopera-
tive LV systolic dysfunction has some challenges. Echocardiographic
and Doppler systems have the limitation of being sensitive to altera-
tions in loading conditions, similar need for inotropic support and CO
determinations,” and the interpretation of TEE images is also operator
dependent.” Additionally, myocardial stunning (postischemic tran-
sient ventricular dysfunction) is a common cause of new postoperative
RWMAs, and the resulting wall motion abnormalities and LV systolic
dysfunction are often transient. However, the appearance of a new
LV RWMA in the postoperative period, whether caused by irrevers-
ible AMI or by reversible myocardial stunning, is an indication of
some form of inadequate myocardial protection during the intraopera-
tive period and therefore is of interest for assessment of the need for
new interventions. At the same time, there are nonischemic causes of
RWMAs, such as conduction abnormalities, ventricular pacing, and
myocarditis, that confound the use of this measure for assessment of
ischemic morbidity.

Electrocardiography Monitoring

The presence of new persistent Q waves of at least 0.03-s duration,
broadening of preexisting Q waves, or new QS deflections on the
postoperative ECG have been considered evidence of perioperative
AML."" However, new Q waves also may be caused by unmasking of an
old MI and therefore are not indicative of a new AMI. Crescenzi and
colleagues’ demonstrated that the presence of a new Q wave together
with high levels of biomarkers was strongly associated with postopera-
tive cardiac events, whereas the isolated appearance of a new Q wave
had no impact on postoperative cardiac outcome. Additionally, new Q
waves may actually disappear over time.”” Signs of non-Q-wave MI,
such as ST-T wave changes, are even less reliable signs of AMI after
cardiac surgery in the absence of biochemical evidence. ST-segment
changes are less specific for perioperative MI because they can also
be caused by changes in body position, hypothermia, transient con-
duction abnormalities, pericarditis, and electrolyte imbalances (see
Chapter 12).
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Serum Biochemical Markers to Detect
Myocardial Injury

Serum biomarkers have become the primary means of assessing the
presence and extent of AMI after cardiac surgery. Serum biomarkers
that are indicative of myocardial damage include the following (with
postinsult peak time given in parentheses): myoglobin (4 h), total CK
(16 h), CK-MB isoenzyme (24 h), troponins I and T (24 h), and lactate
dehydrogenase (LDH) (76 h). CK-MB isoenzyme has been used most
widely, but studies have suggested that troponin I is the most sensi-
tive and most specific marker for depicting myocardial ischemia and
infarction.””” Accordingly, cardiac troponin I is the current biomarker
of choice for diagnosing myocardial injury.”’

Numerous studies have demonstrated the value of cardiac biomark-
ers in predicting short- and long-term outcomes in patients undergo-
ing cardiac surgery. For example, Klatte and coworkers reported on the
implications of CK-MB level in 2918 high-risk CABG patients enrolled
in a clinical trial of an antiischemic agent.” They calculated the post-
operative peak CK-MB ratio (ie, the peak CK-MB value divided by
the upper limit of normal for the laboratory test) for each patient.
The unadjusted 6-month mortality rates were 3.4%, 5.8%, 7.8%, and
20.2% for patients with CK-MB ratios of less than 5, between 5 and
10, between 10 and 20, and greater than 20, respectively.” The relation
remained statistically significant after adjustment for LVEE, conges-
tive heart failure (CHF), cerebrovascular disease, peripheral vascular
disease, cardiac arrhythmias, and the method of cardioplegia delivery.

In the Arterial Revascularization Therapies Study (ARTS), 496
patients with multivessel coronary artery disease undergoing CABG
were evaluated by CK-MB testing after surgery and at 30 days and 1
year of follow-up.” Patients with increased cardiac enzyme levels after
CABG were at increased risk for both death and repeat AMI within the
first 30 days. CK-MB increase also was independently related to late
adverse outcome. Other studies have similarly documented the prog-
nostic value of cardiac troponin I. Increased cardiac-specific troponin I
or T after CABG has been associated with a cardiac cause of death and
with major postoperative complications within 2 years after CABG.*"*!

A few new biomarkers of perioperative cardiac injury or isch-
emia are under development. Brain natriuretic peptide (BNP) can
be detected in the early stages of ischemia and decreases shortly after
ischemic insult, allowing better detection of reinjury.” BNP concentra-
tions after CABG in patients who experienced cardiac events within
2 years after surgery were significantly greater than those in patients
free of cardiac events.” Soluble CD40 ligand (sCD40L) is another
early biomarker of myocardial ischemia,* and CPB causes an increase
in the concentration of plasma sCD40L. A corresponding decrease in
platelet CD40L suggests that this prothrombotic and proinflammatory
protein is derived primarily from platelets and may contribute to the
thrombotic and inflammatory complications associated with CPB.*
Future research will be required to determine how these biomarkers
may be used to assess outcome after cardiac surgery.

Variability in Diagnosis of Perioperative
Myocardial Infarction

The variability in diagnosis of perioperative AMI was studied by Jain
and colleagues,46 who evaluated data from 566 patients at 20 clinical
sites. Twenty-five percent of the patients met Q-wave, CK-MB, or
autopsy criteria for AMI. Among them, 19% had increased CK-MB
concentrations and ECG changes. Four percent met either Q-wave
plus CK-MB or autopsy criteria. Multicenter data collection showed a
substantial variation in the incidence of AMI and an overall incidence
rate of up to 25%. The determination of perioperative AMI was highly
variable depending on the definitions used.

Clinicians are still searching for a gold standard approach to diag-
nose perioperative AMI. Perioperative myocardial necrosis or injury
ranges from mild to severe and can have an ischemic or nonisch-
emic origin in patients undergoing cardiac surgery. Perioperative ECG
changes, including Q waves, and new RWMAs on TEE are less reliable

than in the nonperioperative arena. As mentioned earlier, troponin I
or T is currently the best indicator of myocardial damage after cardiac
surgery.

Cardiac Risk Assessment and Cardiac
Risk Stratification Models in Patients
Undergoing Cardiac Surgery

In defining important risk factors and developing risk indices, each of
the studies has used different primary outcomes. Postoperative mor-
tality remains the most definitive outcome that is reflective of patient
injury in the perioperative period. Death can be cardiac and noncardiac
related, and if cardiac related, it may be ischemic or nonischemic in
origin. Postoperative mortality rate is reported as either the in-hospital
rate or the 30-day rate. The latter represents a more standardized defi-
nition, although it is more difficult to capture because of the difficulty
inherent in assessing death rates of discharged patients who may die at
home or another facility. Risk-adjusted postoperative mortality models
permit assessment of the comparative efficacy of various techniques in
preventing myocardial damage, but they do not provide information
that is useful in preventing the injury in real time."” The postoperative
mortality rate also has been used as a comparative measure of quality
of cardiac surgical care.”**

Postoperative morbidity includes AMI and reversible events such
as CHF and need for inotropic support. The problems of using AMI
as an outcome of interest were described earlier. Because resource
utilization has become such an important financial consideration for
hospitals, the length of stay in the intensive care unit (ICU) increas-
ingly has been used as a factor in the development of risk indices (see
Chapters 37 and 38).

Predictors of Perioperative and Postoperative
Morbidity and Mortality

Clinical and angiographic predictors of operative mortality were ini-
tially defined from the results of the Coronary Artery Surgery Study
(CASS).”*" A total of 6630 patients underwent isolated CABG between
1975 and 1978. Women had a significantly greater mortality rate than
men; mortality increased with advancing age in men, but this was not
a significant factor in women. Increasing severity of angina, manifes-
tations of heart failure, and number and extent of coronary artery
stenoses all correlated with greater mortality, whereas LVEF was not a
predictor. Urgency of surgery was a strong predictor of outcome, and
those patients requiring emergency surgery in the presence of a 90%
left main coronary artery stenosis sustained a 40% mortality rate.

A risk-scoring scheme for cardiac surgery (CABG and valve) was
introduced by Paiement and associates’ at the Montreal Heart Institute
in 1983. Eight risk factors were identified: (1) poor LV function,
(2) CHEF (3) unstable angina or recent MI (within 6 wk), (4) age
greater than 65 years, (5) severe obesity (body mass index >30 kg/m?),
(6) reoperation, (7) emergency surgery, and (8) other significant or
uncontrolled systemic disturbances. The investigators identified three
classes of patients: those with none of the listed risk factors (normal),
those presenting with one risk factor (increased risk), and those with
more than one factor (high risk). In a study of 500 consecutive patients
undergoing cardiac surgery, it was found that operative mortality
increased with increasing risk score (confirming the scoring system).

zzzOne of the most commonly used scoring systems for CABG
was developed by Parsonnet and colleagues™ (Table 1.1). Fourteen
risk factors were identified for in-hospital or 30-day mortality after
univariate regression analysis of 3500 consecutive operations. An addi-
tive model was constructed and prospectively evaluated in 1332 cardiac
procedures. Five categories of risk were identified with increasing
mortality rates, complication rates, and length of stay at the Newark
Beth Israel Medical Center. The Parsonnet Index frequently is used
as a benchmark for comparisons among institutions. However, it was
created earlier than the other models and may not be representative
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Components of the Additive Model

Risk Factor Assigned Weight
Female sex 1
Morbid obesity (=1.5 x ideal weight) 3
Diabetes (unspecified type) 3
Hypertension (systolic BP >140 mm Hg) 3
Ejection fraction (%):
Good >50) 0
Fair (30-49) 2
Poor (<30) 4
Age (y):
70-74 7
75-79 12
=80 20
Reoperation
First 5
Second 10
Preoperative IABP
Left ventricular aneurysm 5
Emergency surgery after PTCA or catheterization 10
complications
Dialysis dependency (PD or Hemo) 10
Catastrophic states (eg, acute structural defect, cardiogenic 10-50"
shock, acute renal failure)*
Other rare circumstances (eg, paraplegia, pacemaker 2-10°
dependency, congenital HD in adult, severe asthma)®
Valve surgery
Mitral 5
PA pressure 260 mm Hg 8
Aortic S
Pressure gradient >120 mm Hg 7
CABG at the time of valve surgery 2

On the actual worksheet, these risk factors require justification.

"Values were predictive of increased risk for operative mortality in univariate analysis.

BP, Blood pressure; CABG, coronary artery bypass graft; HD, heart disease; Herno,
hemodialysis; IABP, intraaortic balloon pump; PA, pulmonary artery; PD, peritoneal
dialysis; PTCA, percutaneous transluminal coronary angioplasty.

From Parsonnet V, Dean D, Bernstein A. A method of uniform stratification of risk
for evaluating the results of surgery in acquired adult heart disease. Circulation.
1989;79:13, by permission.

of the current practice of CABG. Since publication of the Parsonnet
model, numerous technical advances now in routine use have dimin-
ished CABG mortality rates.

Bernstein and Parsonnet™ simplified the risk-adjusted scoring
system in 2000 to provide a handy tool in preoperative discussions with
patients and their families and for preoperative risk calculation and
stratification. The authors developed a logistic regression model, in
which 47 potential risk factors were considered, and a method requir-
ing only simple addition and graphic interpretation was designed for
relatively easy approximation of the estimated risk. The final estimates
provided by the simplified model correlated well with the observed
mortality (Fig. 1.2).

The Society of Thoracic Surgeons (STS) National Adult Cardiac
Surgery Database (NCD) represents the most robust source of data
for calculating risk-adjusted scoring systems. Established in 1989, the
database included 892 participating hospitals in 2008 and has contin-
ued to grow. This provider-supported database, one of the largest in
the world, allows participants to benchmark their risk-adjusted results
against regional and national standards. New patient data are brought
into the STS database on a semiannual basis. These new data are
analyzed, modeled, and tested using a variety of statistical algorithms.

Since 1990, when more complete data collection was achieved, risk
stratification models have been developed for both CABG and valve
replacement surgery. Models developed in 1995 and 1996 were shown
to have good predictive value’” (Table 1.2 and Fig. 1.3). In 1999, the
STS analyzed the database for valve replacement with and without
CABG to determine trends in risk stratification. Between 1986 and
1995, 86,580 patients were analyzed. The model evaluated the influence
of 51 preoperative variables on operative mortality by univariate and

Risk Model Results

Variable Odds Ratio
Age (in 10-y increments) 1.640
Female sex 1.157
Race other than white 1.249
Ejection fraction 0.988
Diabetes 1.188
Renal failure 1.533
Serum creatinine (if renal failure is present) 1.080
Dialysis dependence (if renal failure is present) 1.381
Pulmonary hypertension 1.185
Cerebrovascular accident timing 1.198
Chronic obstructive pulmonary disease 1.296
Peripheral vascular disease 1.487
Cerebrovascular disease 1.244
Acute evolving, extending myocardial infarction 1.282
Myocardial infarction timing 1.117
Cardiogenic shock 2.211
Use of diuretics 1.122
Hemodynamic instability 1.747
Triple-vessel disease 1.155
Left main disease >50% 1.119
Preoperative intraaortic balloon pump 1.480
Status

Urgent or emergent 1.189

Emergent salvage 3.654
First reoperation 2.738
Multiple reoperations 4.282
Arrhythmias 1.099
Body surface area 0.488
Obesity 1.242
New York Heart Association class IV 1.098
Use of steroids 1.214
Congestive heart failure 1.191
PTCA within 6 h of surgery 1.332
Angiographic accident with hemodynamic instability 1.203
Use of digitalis 1.168
Use of intravenous nitrates 1.088

PTCA, Percutaneous transluminal coronary angioplasty.

From Shroyer AL, Plomondon ME, Grover FL, et al: The 1996 coronary artery bypass
risk model: the Society of Thoracic Surgeons Adult Cardiac National Database. Ann
Thorac Surg. 1999;67:1205, by permission of Society of Thoracic Surgeons.

multivariate analyses for the overall population and for each subset.
After the significant risk factors were determined by univariate analy-
sis, a standard logistic regression analysis was performed using the
training-set population to develop a formal model. The test-set popu-
lation then was used to determine the validity of the model. The pre-
operative risk factors associated with greatest operative mortality rates
were salvage status, renal failure (dialysis dependent and nondialysis
dependent), emergent status, multiple reoperations, and New York
Heart Association class IV status. The multivariate logistic regression
analysis identified 30 independent preoperative risk factors among
the six valvular models that represented isolated valvular surgery or
valvular surgery in combination with CABG. The addition of CABG
increased the mortality rate significantly for all age groups and for all
subset models.”

There are currently three general STS risk models: CABG, valve
(aortic or mitral), and valve plus CABG. These three models comprise
seven specific, precisely defined procedures: the CABG model refers to
an isolated CABG; the valve model includes isolated aortic or mitral
valve replacement and mitral valve repair; and the valve plus CABG
model includes aortic valve replacement with CABG, mitral valve
replacement with CABG, and mitral valve repair with CABG. Besides
operative mortality, these models were developed for eight additional
end points: reoperation, permanent stroke, renal failure, deep sternal
wound infection, prolonged (>24 h) ventilation, composite major
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CARDIAC SURGERY:
PREOPERATIVE RISK-ESTIMATION WORKSHEET
(not intended for retrospective risk stratification)

RISK VALUES FOR SPECIAL CONDITIONS

Newark Beth Isreal Medical Center
Division of Surgical Research

Patient's Name:

Patient Number:

Date:
INSTRUCTIONS:
Step 1.  Fill in the blanks for existing risk factors, using the scores provided. (Note: Scores
shown are in arbitrary units, and are not, by themselves, estimates of percent risk.)
Step 2. Add the scores to obtain a total score. (Include common risk factors on this side of the
page and less common risk factors on the other side.)
Step 3. See reverse side to interpret the total score.
RISK FACTOR SCORING (APPROXIMATE SYSTEM 97) VALUE
Female gender 6 6
70-75 25
Age 76-79 7 7
80+ 11
Congestive failure 25
COPD, severe 6
Diabetes 3
Ejection fraction 30-42% 6.5
<30% 8
Over 140/90, or history of hypertension,
Hypertension or currently taking anti-hypertension 3 3
medication
Left-main disease Left-main stenosis is 50% 2.5
Morbid obesity Over 1.5 times ideal weight 1 1
Preoperative IABP IABP present at time of surgery 4
Reoperation gle:i[oﬁ!og?rs?lb(;lquem reoperation ;g
One valve, aortic Procedure proposed 0
One valve, mitral Procedure proposed 4.5
vavesace | Combinaton e pocer ;
Special conditions (see reverse side)
(See reverse side for risk estimation.) TOTAL SCORE: =t

Cardiac Hepato-renal
Cardiogenic shock (urinary output Cirrhosis 125
<10 cc/hr) 12 Dialysis dependency 135
Endocardifis, active 55 Renal failure, acute or chronic 35
Endocarditis, treated 0 v |
ascular

LV aneurysm resected 15
One valve, incuspid: procedure 5 Abdominal aortic aneurysm, 0.5
proposed asymptomatic
Pacemaker dependency 0 Cartoid disease (bilateral or 2

100% unilateral lusion
Transmural acute MI within 48 hr 4 00% unilateral occlusion)

X Peripheral vascular disease, 3.5

Ventricular septal defect, acute 12

severe
Ventricular tachycardia, ventricular 1

fibrillation, aborted sudden death Miscellaneous

Pulmonary Blood products refused 1

Asthma 1 Severe neurologic disorder 5
q heal tub . (healed CVA, paraplegia, muscular

Endotracheal tube, preoperative 4 dystrophy, hemiparesis)

Idiopathic thrombocytopenic 12 PTCA or cathaterization 55

purpura failure

Pulmonary hypertension 1 Substance abuse 45

(mean pressure >30)

IS
[S)
Il

w
o
Il

Estimated risk (percent)

N
(=}
Il

10

. . Lower 95% confidence limit

0 T T T T T T T T i

0 5 10 15 20 25 30 35 40 45 50
Total score

Use the total score to read the estimated preoperative-risk range from this plot,
which shows the estimated risk of mortality together with 95% confidence limits.

Fig. 1.2 Preoperative Risk-Estimation Worksheet. (From Bernstein AD, Parsonnet V. Bedside estima-
tion of risk as an aid for decision-making in cardiac surgery. Ann Thorac Surg. 2000;69:823, by permis-

sion from the Society of Thoracic Surgeons.)

morbidity or mortality, prolonged length of stay (>14 days), and short
length of stay (<6 days and alive).” ™ These models are updated every
few years and are calibrated annually to provide an immediate and
accurate tool for regional and national benchmarking, and they have
been proposed for public reporting. The calibration of the risk factors
is based on the ratio between observed and expected results (O/E
ratio), and calibration factors are updated quarterly. The expected
mortality (E) is calibrated to obtain a national O/E ratio.

The European System for Cardiac Operative Risk Evaluation
(EuroSCORE) is another widely used model for cardiac operative risk
evaluation. It was constructed from an analysis of 19,030 patients
undergoing a diverse group of cardiac surgical procedures from 128
centers across Europe®™®' (Tables 1.3 and 1.4). The following risk
factors were associated with increased mortality: age, female sex, ele-
vated serum creatinine level, extracardiac arteriopathy, chronic airway
disease, severe neurologic dysfunction, previous cardiac surgery, recent
M], reduced LVEF, chronic CHF, pulmonary hypertension, active
endocarditis, unstable angina, procedure urgency, critical preopera-
tive condition, ventricular septal rupture, noncoronary surgery, and
thoracic aortic surgery. For a given individual, each of these risk factors
is assigned a score, and the sum total of these is used to predict surgical

risk. In 2003, a more sophisticated, logistic version of EuroSCORE
was released to permit more accurate risk assessment in individuals
deemed to be at very high risk.”

The additive EuroSCORE has been used widely and validated across
various centers in Europe and around the world, making it a primary
tool for risk stratification in cardiac surgery.””* Although its accuracy
has been well established for CABG and isolated valve procedures, its
predictive ability in combined CABG and valve procedures has been
less well studied. Karthik and associates®® showed that, in patients
undergoing combined procedures, the additive EuroSCORE signif-
icantly underpredicted the risk when compared with the observed
mortality. The logistic EuroSCORE® performed better in this setting.

In 2011, the EuroSCORE was recalibrated to keep up with new
evidence. The revised EuroSCORE, known as EuroSCORE I1,” permits
more accurate risk estimation yet preserves the powerful discrimina-
tion of the original model. The EuroSCORE II is currently the rec-
ommended model for assessment of cardiac surgical risk. It can be
accessed online (www.euroscore.org/calc.html) or downloaded as a
Smartphone application.

Many other investigators have developed risk assessment models
using data representing different populations and different surgical



1 Assessment of Cardiac Risk and the Cardiology Consultation 9

16 7 1
'
1
1
1
. —
12 '
1
'
= 1
o= 1
S 8 :
(0] [}
e ¢" N
/o .
4 ‘,—', -7
0 -:-;'-;T-'—1
I I I I I I I I I I
6 7 8 9

1 2 3 4 5) 10

Approximately 8693 records per group (P = 0.99815)

60
50
40

30

Percent

20

10

0.40
0.35
0.30
0.25
0.20 R
0.15

Rl TS

,’
0.10 e
0.05 -3 —H ﬂ
'-_-h-l— --T-ﬁ-lﬁ I rL| I I I I I
1 2 3 4 5 6 7 8 9

Approximately 270 operative mortalities
per group (P = 0.99686)

10

2.6%— 5.1%—
5.0% 10.0%

0%—
2.5%

C

10.1% 20.1%— 30.1%— 50.1%—
20.0%

30.0% 50.0% 100%

Fig. 1.3 After the predicted risk for each patient in the test set was determined, the patient records
were arranged sequentially in order of predicted risk. The population was divided into 10 groups with
an equal number of records in each group (A), 10 groups with an equal number of deaths in each group
(B), or 7 groups by clinically relevant risk category (C). The predicted mortality rate was compared with
the actual mortality for each of the groups. Dashed lines represent the range of predicted mortality
for a group of patients; bars represent actual mortality for that group. (From Shroyer AL, Plomondon
ME, Grover FL, et al. The 1996 coronary artery bypass risk model: the Society of Thoracic Surgeons
Adult Cardiac National Database. Ann Thorac Surg. 1999,67:1205, by permission of the Society of

Thoracic Surgeons.)

practices.””* Hannan and colleagues® evaluated predictors of mor-
tality after valve surgery using data from 14,190 patients in New York
state. A total of 18 independent risk factors were identified in the six
models of differing combinations of valve surgery and CABG. Shock
and dialysis-dependent renal failure were among the most significant
risk factors in all models. The risk factors and odds ratios are shown
in Tables 1.5-1.7. They also studied which risk factors were associ-
ated with early readmission (<30 d) after CABG. Of the 16,325 total
patients, 2111 (12.9%) were readmitted within 30 days for reasons
related to CABG. Eleven risk factors were found to be independently
associated with greater readmission rates: older age, female sex, African
American race, greater body surface area, previous AMI within 1 week,
and six comorbidities. After controlling for these preoperative patient-
level risk factors, two provider characteristics (annual surgeon CABG
volume <100 and hospital risk-adjusted mortality rate in the highest
decile) and two postoperative factors (discharge to nursing home or
rehabilitation/acute care facility and length of stay during index CABG
admission =5 d) also were related to greater readmission rates.
Dupuis and associates** attempted to simplify the approach to
evaluating the risk of cardiac surgical procedures in a manner similar

to the original American Society of Anesthesiologists (ASA) physical
status classification. They developed a score that uses a simple cat-
egorization of five classes plus an emergency status (Table 1.8). The
Cardiac Anesthesia Risk Evaluation (CARE) score model collected
data from 1996 to 1999 and included 3548 patients to predict both
in-hospital mortality and a diverse group of major morbidities. It
combined clinical judgment and the recognition of three risk factors
previously identified by multifactorial risk indices: comorbid condi-
tions categorized as controlled or uncontrolled, the complexity of the
surgery, and the urgency of the procedure. The CARE score demon-
strated predictive characteristics similar or superior to those of the
more complex indices. The development of these several excellent
risk models for cardiac valve surgery provides a powerful new tool to
improve patient care, select procedures, counsel patients, and compare
outcomes (see Chapter 21).

Consistency Among Risk Indices

Many different variables have been found to be associated with the
increased risk during cardiac surgery, but only a few have consistently
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Risk Factors, Definitions, and Weights (Score)

Risk Factors
Patient-Related Factors
Age

Sex

Chronic pulmonary disease
Extracardiac arteriopathy

Neurologic dysfunction
Previous cardiac surgery
Serum creatinine

Active endocarditis
Critical preoperative state

Cardiac-Related Factors
Unstable angina
Left ventricular dysfunction

Pulmonary hypertension
Surgery-Related Factors
Emergency

Other than isolated CABG
Surgery on thoracic aorta

Definition

Per 5y or part thereof over 60 y
Female
Long-term use of bronchodilators or steroids for lung disease

One or more of the following: claudication; carotid occlusion or >50% stenosis; previous or planned intervention on the
abdominal aorta, limb arteries, or carotids

Disease severely affecting ambulation or day-to-day functioning

Requiring opening of the pericardium

>200 umol/L before surgery

Patient still under antibiotic treatment for endocarditis at the time of surgery

One or more of the following: ventricular tachycardia or fibrillation or aborted sudden death, preoperative cardiac massage,
preoperative ventilation before arrival in the anesthesia room, preoperative inotropic support, intraaortic balloon
counterpulsation or preoperative acute renal failure (anuria or oliguria <10 mL/h)

Rest angina requiring IV nitrates until arrival in the anesthesia room

Moderate or LVEF 30-50%
Poor or LVEF <30%
Recent myocardial infarct (<90 d)

Systolic pulmonary artery pressure >60 mm Hg

Carried out on referral before the beginning of the next working day
Major cardiac procedure other than or in addition to CABG
For disorder of the ascending aorta, arch, or descending aorta

Score

Y

W W N W N

NN W= N

Postinfarct septal rupture
CABG, Coronary artery bypass graft surgery; LVEE left ventricular ejection fraction.

=W NN

From Nashef SA, Roques F, Michel P, et al. European system for cardiac operative risk evaluation (EuroSCORE). Eur J Cardiothorac Surg. 1999;16:9.

Application of EuroSCORE Scoring System

95% Confidence Limits for

Mortality
EuroSCORE Patients (N) Deaths (N) Observed Expected
0-2 (low risk) 4529 36 (0.8%) 0.56-1.10 1.27-1.29
3-5 (medium 5977 182 (3.0%) 2.62-3.51 2.90-2.94
risk)
26 (high risk) 4293 480 (11.2%) 10.25-12.16 10.93-11.54
Total 14,799 698 (4.7%) 4.37-5.06 4.72-4.95

EuroSCORE, European System for Cardiac Operative Risk Evaluation.
From Nashef SA, Roques F, Michel P, et al. European system for cardiac operative risk
evaluation (EuroSCORE). Eur J Cardiothorac Surg. 1999;16:9, by permission.

been found to be major risk factors across multiple and very diverse
study settings. Age, female sex, LV function, body habitus, reoperation,
type of surgery, and urgency of surgery were among the variables con-
sistently present in most of the models (Box 1.3).

Although a variety of investigators have found various comorbid
diseases to be significant risk factors, no diseases have been shown to be
consistent risk factors, with the possible exception of renal dysfunction
and diabetes. These two comorbidities were shown to be important
risk factors in a majority of the studies (Box 1.4).

Applicability of Risk Indices to a Given Population

It is critical to appreciate how these indices were created so as to
understand how best to apply a given risk index to a specific patient or
population. The application of these risk models to a specific popula-
tion must be done with caution and after careful study. One issue is
that the profile of patients undergoing cardiac surgery is constantly
changing, and patients who previously would not have been included
in the development data set because they were not considered surgical
candidates are now undergoing surgery. Therefore, the models require
continuous updating and revision. In addition, cardiac surgery itself
is changing with the increasing use of off-pump and less invasive
procedures, and this may alter the influence of preexisting conditions.

BOX 1.3 COMMON VARIABLES ASSOCIATED
WITH INCREASED RISK FOR CARDIAC SURGERY

Age

Female sex

Left ventricular function
Body habitus
Reoperation

Type of surgery
Urgency of surgery

BOX 1.4 MEDICAL CONDITIONS ASSOCIATED
WITH INCREASED RISK

Renal dysfunction
Diabetes (inconsistent)
Recent acute coronary syndrome

One critical factor in the choice of model for a given practice
is to understand the clinical goals used in the original development
process. Additionally, despite extensive research and widespread use of
risk models in cardiac surgery, there are methodologic problems. The
extent of the details in the reports varies greatly. Different conclusions
can be reached depending on the risk model used. Processes critical to
the development of risk models are shown in Fig. 1.4.

The underlying assumption in the development of any risk index
is that specific factors (eg, disease history, physical findings, labora-
tory data, nature of surgery) cannot be modified with respect to their
influence on outcome. For example, the urgency of the planned sur-
gical procedure and the baseline comorbidities cannot be changed.
However, the models themselves depend on the appropriate selection
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TABLE
1.5

Isolated Aortic Valve Replacement

Significant Independent Risk Factors for in-Hospital Mortality: Aortic Valve Surgery With or Without CABG

Aortic Valvuloplasty or Valve Replacement

(C=0.809) Plus CABG (C=0.727)
Risk Factor OR 95% CI for OR OR 95% CI for OR
Age 255y 1.06 1.04-1.08 1.04 1.02-1.06
Hemodynamic instability 3.97 1.85-8.51 NS
Shock 8.68 2.76-27.33 9.09 3.82-21.62
CHEF in same admission 2.26 1.54-3.30 NS
Extensively calcified ascending aorta 1.96 1.22-3.15 1.56 1.16-2.08
Diabetes 2.52 1.67-3.81 NS
Dialysis-dependent renal failure 5.51 2.58-11.73 3.17 1.70-5.90
Pulmonary artery systolic pressure 250 mm Hg 2.35 1.61-3.41 2.28 1.75-2.96
Body surface area NS 0.28 0.16-0.50
Previous cardiac operation NS 2.13 1.54-2.96
Renal failure, no dialysis NS 2.36 1.32-4.21
Aortoiliac disease NS 1.88 1.26-2.82

C, C statistic; CABG, coronary artery bypass graft; CHF, congestive heart failure; CI, confidence interval; NS, not significant; OR, odds ratio.
From Hannan EL, Racz MJ, Jones RH, et al. Predictors of mortality for patients undergoing cardiac valve replacements in New York State. Ann Thorac Surg. 2000;70:1212, by permission

of the Society of Thoracic Surgeons.

TABLE
1.6

Isolated Mitral Valve Replacement (C = 0.823)

Significant Independent Risk Factors for in-Hospital Mortality: Mitral Valve Surgery With or Without CABG

Mitral Valve Replacement Plus CABG (C = 0.718)

Risk Factor OR
Age 255 y 1.08
Carotid disease 2.98
Shock 9.17
CHF in same admission 3.03
Dialysis-dependent renal failure 5.07
Endocarditis 4.28
Ejection fraction <30% NS
Hemodynamic instability NS
Extensively calcified ascending aorta NA

95% CI for OR OR 95% CI for OR
1.06-1.11 1.07 1.05-1.09
1.65-5.39 1.81 1.21-2.70
4.17-20.16 5.29 3.03-9.22
2.01-4.56 NS
1.98-12.97 NS
2.49-7.36 NS

1.76 1.23-2.51
3.40 2.16-5.36
1.94 1.27-2.96

C, C statistic; CABG, Coronary artery bypass graft surgery; CHF, congestive heart failure; CI, confidence interval; NA, not available; NS, not significant; OR, odds ratio.
From Hannan EL, Racz MJ, Jones RH, et al. Predictors of mortality for patients undergoing cardiac valve replacements in New York state. Ann Thorac Surg. 2000;70:1212, by permission

of the Society of Thoracic Surgeons.

TABLE
1.7

Multiple Valvuloplasty or
Valve Replacement (C = 0.764)

Significant Independent Risk Factors for in-Hospital Mortality: Surgery on Multiple Valves With or Without CABG

Multiple Valvuloplasty or Valve
Replacement Plus CABG (C = 0.750)

Risk Factor OR
Age 255y 1.05
Aortoiliac disease 3.55
CHF in same admission 2.18
Malignant ventricular arrhythmia 2.62
Extensively calcified ascending aorta 2.13
Diabetes 1.87
Renal failure without dialysis 3.55
Dialysis-dependent renal failure 9.37
Female sex NS
Hemodynamic instability NS
Shock NS
Hepatic failure NS
Endocarditis NS

95% CI for OR OR 95% CI for OR
1.03-1.07 1.05 1.10-1.08
1.17-10.72 4.63 2.12-10.10
1.44-3.29 NS
1.19-5.78 NS
1.13-4.00 NS
1.13-3.10 2.49 1.46—4.24
1.88-6.72 NS
4.10-21.40 NS

1.95 1.20-3.18
3.65 1.50-8.86
50.19 6.08—414.44
8.21 1.84-36.66
4.70 1.59-13.87

C, C statistic; CABG, Coronary artery bypass graft surgery; CHF, congestive heart failure; CI, confidence interval; NA, not available; NS, not significant; OR, odds ratio.
From Hannan EL, Racz MJ, Jones RH, et al. Predictors of mortality for patients undergoing cardiac valve replacements in New York state. Ann Thorac Surg. 2000;70:1212, by permission

of the Society of Thoracic Surgeons.

of baseline variables or risk factors to study, and their prevalence
in the population of interest is critical for them to affect outcome.
For example, referral patterns to a given institution may result in an
absence of certain patient populations, in which case some risk factors
may not appear in the model or their influence may be different than
in the population on which the model was based. Also, the use of

multivariate logistic regression may eliminate biologically important
risk factors that are not present in sufficient numbers to achieve sta-
tistical significance.

In developing a risk index, it is important to validate the model
and to benchmark it against other known means of assessing risks.
It is important to determine whether the index predicts morbidity,
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Cardiac Anesthesia Risk Evaluation (CARE) Sco

1 = Patient with stable cardiac disease and no other medical problem (a
noncomplex surgery is undertaken)

2 = Patient with stable cardiac disease and one or more controlled medical
problems® (a noncomplex surgery is undertaken)

3 = Patient with any uncontrolled medical problem"” or any patient in whom a
complex surgery is undertaken®

4 = Patient with any uncontrolled medical problem and in whom a complex
surgery is undertaken

5 = Patient with chronic or advanced cardiac disease for whom cardiac surgery
is undertaken as a last hope to save or improve life

E = Emergency: surgery as soon as diagnosis is made and operating room is
available

Preoperative Assessment and Management

“Examples: controlled hypertension, diabetes mellitus, peripheral vascular disease,
chronic obstructive pulmonary disease, controlled systemic diseases, others as judged
by clinicians

"Examples: unstable angina treated with intravenous heparin or nitroglycerin,
preoperative intraaortic balloon pump, heart failure with pulmonary or peripheral
edema, uncontrolled hypertension, renal insufficiency (creatinine level >140 pmol/L),
debilitating systemic diseases, others as judged by clinicians

‘Examples: reoperation, combined valve and coronary artery surgery, multiple valve
surgery, left ventricular aneurysmectomy, repair of ventricular septal defect after
myocardial infarction, coronary artery bypass of diffuse or heavily calcified vessels,
others as judged by clinicians

From Dupuis JY, Wang F, Nathan H, et al. The cardiac anesthesia risk evaluation
score: a clinically useful predictor of mortality and morbidity after cardiac surgery.
Anesthesiology. 2001;94:194, by permission.

Model Development

State the clinical aim for the model

Prepare a list of potential risk factors for mortality based on
clinical knowledge, in relation to the stated aim

Select an appropriate statistical modeling technique

(Select a suitable patient sample]

Y

Adopt a systematic strategy to handle missing
values for risk factors

Adopt a systematic strategy to select
a final set of risk factors

Fit the model and estimate coefficients

Convert coefficients to risk scores
for mortality (optional)

Fig. 1.4 Risk model development. (From Omar RZ, Ambler G,
Royston P, et al. Cardiac surgery risk modeling for mortality: a review
of current practice and suggestions for improvement. Ann Thorac Surg.
2004;77:2232, by permission of the Society of Thoracic Surgeons.)

mortality, or both. Typically, a model’s performance is first evalu-
ated on its goodness of fit to the developmental data (validation).
Alternatively, the original data can be split and the model can be
built on half of the data and validated on the other half. Because this
method reduces the total number of patients and outcomes available

to create the model, it is best suited to situations in which data on tens
of thousands of patients are available. This internal validation does not
provide the practitioner with information on the generalizability of the
model. External validation on a large, completely independent test data
set is the best approach to satisfying this requirement.

Calibration refers to a model’s ability to predict mortality accu-
rately. Numerous tests can be applied, the most common being the
Hosmer-Lemeshow test. If the P value from a Hosmer-Lemeshow test
is greater than .05, the current practice of investigators is to claim that
the model predicts mortality accurately.

Discrimination is the ability of a model to distinguish patients who
die from those who survive. The area under the receiver operating
characteristic (ROC) curve is the common method of assessing this
facet of the model. In brief, the test is determined by evaluating all
possible pairs of patients, determining whether the predicted prob-
ability of death should ideally be greater for the patient who died than
for the one who survived. The ROC area is the percentage of pairs for
which this is true, graphed as the sensitivity versus 1 — the specificity.
The current practice in cardiac surgery is to conclude that a model
discriminates well if the ROC area is greater than .7. If predictions are
used to identify surgical centers or surgeons with unexpectedly high or
low rates, achieving a high ROC area alone is not adequate, but good
calibration is also critical. A poorly calibrated model may indicate
that large numbers of institutions or surgeons have excessively high
or low rates of mortality, when in fact the fault lies with the model,
not the clinical performance. If predictions are used to stratify patients
according to disease severity, to compare treatments, or to decide ques-
tions of patient management, both calibration and discrimination are
important aspects to consider.

A key problem in the development of cardiac surgery risk stratifi-
cation models is the evolving practice of surgery. New procedures or
variations on older procedures may affect perioperative risk yet not
be accounted for in the data used to develop the model. Despite these
limitations, the calibrated and validated risk model remains the most
objective tool currently available. Clinicians need to understand the
specific model they are using, its strengths and weaknesses, to appro-
priately apply the model in academic research, patient counseling,
benchmarking, and management of resources.

i Specific Risk Conditions
Renal Dysfunction

Renal dysfunction has been shown to be an important risk factor for
surgical mortality in patients undergoing cardiac surgery.”* However,
the spectrum of what constitutes renal dysfunction is broad, with some
models defining it as increased creatinine levels and others defining it
as dialysis dependency.

The Northern New England Cardiovascular Study Group reported
a 12.2% in-hospital mortality rate after CABG in patients on chronic
dialysis versus a 3.0% mortality rate in patients not on dialysis.”
However, the incidence of dialysis dependency in the cardiac surgi