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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)
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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
Video 97
Video 98
Video 99
Video 100
Video 101
Video 102
Video 103

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)
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(Alternative View)
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Video 14-55
Video 14-56
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Video 14-59
Video 14-60
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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
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Deep Transgastric Long-Axis View
Midesophageal Modified Bicaval Tricuspid Valve
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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
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Papillary Fibroelastoma

Aortic Valve Leaflet En Face

Transverse Sinus

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

Video 15-11
Video 15-12
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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
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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
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Preoperative Appearance
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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.

VALENTIN FUSTER, MD, PhD, MACC |

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
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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+ 1
Congestive failure 2.5
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% 25
Morbid obesity Over 1.5 times ideal weight 1 1
Preoperative IABP IABP present at time of surgery 4
Reoperation glerito;edoﬁrsa::sr;quent reoperation ;8
One valve, aortic Procedure proposed 0
One valve, mitral Procedure proposed 4.5
vavesace | Combiaton savepoceur :
Special conditions (see reverse side)
(See reverse side for risk estimation.) TOTAL SCORE: v

Cardiac Hepato-renal

Cardiogenic shock (urinary output Cirrhosis 12.5
<10 ce/hr) 12 Dialysis dependency 135
Endocarditis, active 5.5 Renal failure, acute or chronic 35
Endocarditis, treated 0

LV aneurysm resected 1.5 Vascular

One valve, incuspid: procedure 5 Abdominal aortic aneurysm, 0.5
proposed asymptomatic

Pacemaker dependency 0 Cartoid disease (bilateral or 2

100% il | lusi
Transmural acute Ml within 48 hr 00% unilateral occlusion)

Peripheral lar di X 35
Ventricular septal defect, acute 12 eripheraf vascular disease

severe
Ventricular tachycardia, ventricular 1
fibrillation, aborted sudden death Miscellaneous
Pulmonary Blood products refused 1
Asthma 1 Severe neurologic disorder 5

(healed CVA, paraplegia, muscular

Endotracheal tube, preoperative dystrophy, hemiparesis)

Idiopathic thrombocytopenic 12 PTCA or cathaterization 5.5
purpura failure
Pulmonary hypertension 1 Substance abuse 45

(mean pressure >30)

[}
(=}
Il

(] B [S)]
o o o
! ! !

Estimated risk (percent)

n
o
!

Lower 95% confidence limit

T T T T T T 1
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
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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 255 y 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 255y 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) Sc:

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

“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 surgical
population is sufficiently low (eg, 0.5% in New York state) that it may
not enter into many of the models developed.

Acute kidney injury (AKI) after cardiac surgery carries significant
morbidity and mortality. Patients who developed severe renal dysfunc-
tion (defined as a glomerular filtration rate [GFR] of <30 mL/min)
after CABG had a mortality rate of almost 10%, compared with 1% for
patients with normal renal function.”” Poor outcomes associated with
perioperative AKI have led to development of predictive models of AKI
to identify patients at risk. One of these models predicts the need for
renal replacement therapy (RRT) after cardiac surgery. Wijeysundera
and coworkers” retrospectively studied a cohort of 20,131 cardiac
surgery patients at two hospitals in Ontario, Canada. The multivariate
preoperative predictors of RRT were estimated GFR, diabetes mel-
litus requiring medication, LVEF status (ie, <40%), previous cardiac
surgery, procedure other than CABG, urgency of surgery (ie, nonelec-
tive case), and preoperative use of an intraaortic balloon pump (IABP).
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An estimated GFR of 30 mL/min or less was assigned 2 points; a GFR
of 31 to 60 mL/min and each of the other components were assigned 1
point each. Among the 53% of patients with low risk scores (<1 point),
the risk for RRT was 0.4%; among the 6% of patients with high-risk
scores (=4 points), it was 10%. Another group developed a robust
prediction rule to assist clinicians in identifying patients with normal
or near-normal preoperative renal function who are at high risk for
development of severe renal insufﬁciency."I In a multivariate model,
the preoperative patient characteristics most strongly associated with
postoperative severe renal insufficiency included age, sex, white blood
cell count greater than 12,000/uL, prior CABG, CHE, peripheral vas-
cular disease, diabetes, hypertension, and preoperative IABP.

A major issue with respect to the development of indices to predict
perioperative renal failure is that the pathophysiology of perioperative
AKI includes inflammatory, nephrotoxic, and hemodynamic insults.
This multifactorial nature of AKI might be one of the reasons that a
limited single-strategy approach has not been successful.”” Contrast
agents used for angiography before cardiac surgery represent one of
the modifiable nephrotoxic factors. Delaying cardiac surgery beyond
24 hours after the exposure and minimizing the contrast agent load
can decrease the incidence of AKI in elective cardiac surgery cases.”

Uniformity of AKI definition, achieved by using the RIFLE crite-
ria (risk of renal dysfunction, injury to the kidney, failure of kidney
function, loss of kidney function, and end-stage kidney disease), has
improved risk stratification models, and use of early biomarkers of AKI
should provide additional tools to design clinical trials addressing this
important issue.”*”

Diabetes

The association between diabetes mellitus and mortality in cardiac
surgery has been inconsistent; some studies support the associa-
tion, but others do not.”'*” Several randomized trials have evalu-
ated outcome with CABG versus PCI in patients with diabetes. In the
Coronary Artery Revascularization in Diabetes (CARDia) trial,'* a
total of 510 patients who had diabetes with multivessel or complex
single-vessel CAD from 24 centers were randomized to PCI plus stent-
ing (and routine abciximab) or CABG. After 1 year, the composite rate
of death, MI, and stroke was 10.5% in the CABG group and 13.0%
in the PCI group (hazard ratio [HR], 1.25; 95% confidence interval
[CI], 0.75 to 2.09; P = .39); the all-cause mortality rates were 3.2%
and 3.2%, respectively; and the rates of death, MI, stroke, or repeat
revascularization were 11.3% and 19.3% (HR, 1.77; 95% CI, 1.11 to
2.82; P =.02), respectively.

In the Bypass Angioplasty Revascularization Investigation 2
Diabetes (BARI 2D) trial, 2368 patients with both type 2 diabetes
and heart disease were randomly assigned to undergo either prompt
revascularization along with intensive medical therapy or intensive
medical therapy alone, and to undergo either insulin-sensitization
or insulin-provision therapy. After a mean follow-up interval of 5.3
years, all-cause mortality, cardiac mortality, M1, and other end points
were assessed.'” The mortality rates did not differ between prompt
revascularization versus intensive medical therapy alone or between
the two insulin strategies. However, patients in the CABG stratum
had significantly fewer MI events with prompt revascularization, and
their composite end point of MI plus cardiac death was significantly
reduced with insulin-sensitization therapy. The researchers concluded
that for patients similar to those in the PCI group, intensive medical
therapy alone was an excellent first-line strategy, but for patients with
more extensive CAD, similar to those enrolled in the CABG stratum,
prompt CABG (in the absence of contraindications), intensive medical
therapy, and insulin-sensitization therapy appeared to be a preferred
strategy to reduce the incidence of MI.'"

More recent studies have directly compared CABG with PCI in
diabetic patients with multivessel CAD. The Future Revascularization
Evaluation in Patients with Diabetes Mellitus: Optimal Management
of Multivessel Disease (FREEDOM) trial randomized 1900 diabetic
subjects to either PCI or CABG. After 5 years of follow-up, CABG was

shown to result in lower rates of death and MI, although the stroke
rate was higher in the CABG group.'” A metaanalysis including eight
studies comparing CABG with PCI in diabetic subjects reaffirmed the
superiority of CABG in these patients.'”

Acute Coronary Syndrome

Patients with a recent episode of any non—ST-segment elevation acute
coronary syndrome before CABG have greater rates of operative
morbidity and mortality than do patients with stable coronary syn-
dromes.'” However, the American College of Cardiology Foundation,
in collaboration with numerous other societies, has published appro-
priate use criteria for coronary revascularization.'"” Because there
are numerous class A recommendations for revascularization, many
patients come to the operating room directly after coronary angi-
ography or after attempted stent placement with antiplatelet agents.
There is evidence to suggest that it is beneficial to delay CABG for 3
to 7 days in selected stable patients with contraindications to PCI who
have experienced ST-elevation myocardial infarction (STEMI) or non—
ST-elevation myocardial infarction (NSTEMI).""" In addition, patients
with a hemodynamically significant right ventricular MI should be
allowed a period of time for the injured ventricle to recover.'”

Assessment of Cardiac Risk in Patients
Undergoing Noncardiac Surgery

The approach to preoperative cardiac risk assessment and stratifica-
tion in patients undergoing noncardiac surgery is distinct from that
in patients undergoing cardiac surgery. In the latter group, extensive
cardiac evaluation is part of the routine preoperative workup, and
the patient undergoes corrective therapy for the underlying disease.
In contrast, although the presence of a cardiac illness is an added, and
often powerful, risk factor for perioperative morbidity and mortality
in patients undergoing a noncardiac surgery, the underlying cardiac
status in most cases is either inadequately known or not known at all.
This necessitates some form of cardiac evaluation in these patients.
However, several factors need to be taken into consideration, includ-
ing overall functional status of the patient, the surgical risk entailed
by the proposed noncardiac surgery, the urgency of the noncardiac
surgery and the potential risk associated with any delay, the availability
of necessary resources for cardiac evaluation, and the impact that the
information derived from cardiac evaluation is likely to have on peri-
operative planning and management (see Chapter 43).

Stepwise Approach to Cardiac Risk Assessment
in Patients Undergoing Noncardiac Surgery

Both the ACC/AHA and the ESC recommend a stepwise approach to
cardiac risk assessment in patients undergoing a noncardiac surgery
(Fig. 1.5).""*"" Their approaches are based on similar principles and
are almost identical.

Step 1: Determine the Urgency of the Noncardiac Surgery

If the noncardiac surgery is emergent (ie, one in which life or limb
will be threatened if the surgery is not performed promptly, typi-
cally within 6 h), no further cardiac evaluation is warranted in most
instances. The clinical risk factors should be assessed, and knowledge
about preexisting cardiac illness, if available, should be incorporated
to help determine the surgical strategy and optimize perioperative
monitoring and management.

Step 2: Identify Any Unstable Cardiac Condition

If the surgery is not emergent, then it should be determined whether
the patient has any unstable cardiac condition (Box 1.5). If the patient
is diagnosed as having an unstable cardiac condition, a multidisci-
plinary approach is required, including the patient, the family, and
all stakeholders in the patient’s caregiver team. A decision needs to
be reached about how to stabilize the underlying cardiac condition,
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Fig. 1.5 Stepwise approach to perioperative cardiac risk assessment in patients undergoing non-
cardiac surgery. MACE, Major adverse cardiovascular event; MET, metabolic equivalent. (Adapted
from Fleisher LA, Fleischmann KE, Auerbach AD, et al. 2014 ACC/AHA guideline on perioperative
cardiovascular evaluation and management of patients undergoing noncardiac surgery: a report of
the American College of Cardiology/American Heart Association Task Force on practice guidelines.
J Am Coll Cardiol. 2014,64:e77-e137; Kristensen SD, Knuuti J, Saraste A, et al. 2014 ESC/ESA guide-
lines on non-cardiac surgery: cardiovascular assessment and management. The Joint Task Force
on Non-cardiac Surgery: Cardiovascular Assessment and Management of the European Society of
Cardiology (ESC) and the European Society of Anaesthesiology (ESA). Eur Heart J. 2014,35:2383-2431.)
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“ + BOX 1.5 UNSTABLE CARDIAC CONDITIONS

Acute coronary event

Recent myocardial infarction with residual myocardial ischemia
Acute heart failure

Significant cardiac arrhythmias

Symptomatic valvular heart disease

keeping in mind the priority of cardiac versus noncardiac interven-
tions, the risks involved in either approach, and the impact of cardiac
treatment (eg, use of antiplatelet or anticoagulant agents) on the sub-
sequent noncardiac surgery. Depending on the outcome of this discus-
sion, patients may either proceed for cardiac intervention if the index
surgical procedure can be delayed or proceed directly to the noncardiac
surgery with optimal medical therapy if the delay is incompatible.

Step 3: Assess Cardiac Risk of the Noncardiac Surgery

In patients who do not have an unstable heart disease, the next step is
to assess the cardiac risk involved in the proposed noncardiac surgery.
There are a number of methods to derive this risk estimate, but the
most practical approach is to use risk scores or algorithms. The most
validated risk indices for this purpose are the Revised Cardiac Risk
Index (RCRI)'” and the American College of Surgeons National
Surgical Quality Improvement Program (NSQIP) surgical risk calcu-
lator (http://www.surgicalriskcalculator.com)''® (Table 1.9). The RCRI
considers six major risk factors, each of which is assigned a score of
1. Patients who have a score of 0 or 1 are expected to have a low risk
of major adverse cardiac events (MACE), whereas those with a score
of 2 or higher are likely to have an elevated risk. Although the RCRI
is simple to use and has been validated in populations outside the
original cohort, it does not provide surgery-specific cardiac risk esti-
mates, and it also tends to underestimate risk in patients undergoing
major vascular surgery.'” The NSQIP surgical risk calculator, which
is based on the data derived from more than 1 million surgeries, pro-
vides more comprehensive assessment of the surgery-specific risk of a
number of clinical outcomes, including MACE and death, and is the
preferred approach for this purpose.''® However, it is more complex
to use, requires a Web-based calculator, and has not been validated in
populations outside the original cohort.

Based on the anticipated cardiac risk, the surgical interventions can
be broadly divided into three groups based on the estimated 30-day
rate of cardiac events (ie, cardiac death and MI): low risk (<1%),
intermediate risk (1-5%), and high risk (>5%).

Step 4: If the patient Has a Low Cardiac Risk

If the patient is estimated to have a low perioperative risk of an
adverse cardiac event, no further cardiac evaluation is required, and
the patient may proceed with the planned surgery. However, appropri-
ate guideline-recommended risk-reduction pharmacotherapies should
be instituted depending on the clinical condition of the patient.'”>'"*
Initiation of a beta-blocker regimen may be considered before surgery
in patients with known CAD or myocardial ischemia. Treatment
should ideally be initiated at least 2 days (and up to 30 days) before
surgery, starting with a low dose and gradually titrating the dose to
achieve a resting heart rate between 60 and 70 bpm with a systolic
blood pressure greater than100 mm Hg. In most patients with ath-
erosclerotic vascular disease, particularly those undergoing vascular
surgery, initiation of statin therapy should be strongly considered.
In addition, in patients who have heart failure due to LV systolic
dysfunction, angiotensin-converting enzyme inhibitors or angiotensin
receptor blockers should also be considered before surgery. However,
care should be taken to avoid hypotension during the perioperative
period. A decision also needs to be reached about discontinuation
of antiplatelet and/or anticoagulant agents in those who are already

Risk Factors in Commonly Used Models for

Assessment of Cardiac Risk in Patients
Undergoing Noncardiac Surgery

American College of

Revised Cardiac Surgeons NSQIP Surgical

Risk Factor Risk Index Risk Calculator
Ischemic heart disease  Yes Yes (previous cardiac event)
Cerebrovascular Yes (history of No
disease cerebrovascular
accident or transient
ischemic attack)
Type of surgery Yes (intrathoracic, Yes (uses Current

intraabdominal,

or suprainguinal

vascular surgery)
Yes (creatinine Yes (acute renal failure,

>2 mg/dL) need for dialysis)
Yes (insulin-dependent  Yes

diabetes mellitus)

Procedural Terminology
codes)

Renal dysfunction

Diabetes mellitus

Heart failure Yes Yes
Age No Yes
Sex No Yes
Hypertension No Yes
Body mass index No Yes
Dyspnea No Yes
Smoker No Yes
COPD No Yes
Functional status No Yes

Physical status Yes (uses ASA Physical

Status classification

system)
Wound class No Yes
Ascites No Yes
Systemic sepsis No Yes
Ventilator dependency No Yes
Disseminated cancer ~ No Yes
Steroid use No Yes
Emergency surgery No Yes

ASA, American Society of Anesthesiologists; COPD, chronic obstructive pulmonary
disease; NSQIP, National Surgical Quality Improvement Program.

receiving these therapies, and alternative therapies, if any, should be
recommended as appropriate.

Step 5: If the Patient Has an Elevated Cardiac Risk

In patients who are estimated to have an elevated risk of MACE,
an assessment of functional capacity is required. Functional capac-
ity is usually expressed in terms of metabolic equivalents (METs)
and classified as excellent (>10 METs), good (7-10 METs), moderate
(4-6 METs), poor (<4 METs), or unknown.

If the patient has not had a recent exercise test, functional status can
usually be estimated from activities of daily living (Fig. 1.6) or, more
formally, by using an activity scale such as the Duke Activity Status
Index'" or the Specific Activity Scale.""” Examples of activities associ-
ated with greater than 4 METs include climbing two flights of stairs,
walking up a hill, running a short distance, walking on level ground at
4 mph, and performing heavy work around the house. If the patient is
able to easily perform 4 METs or more physical activity, he or she can
proceed to the planned noncardiac surgery without the need for any
further cardiac evaluation.

Step 6: If the Patient Has Poor or Unknown

Functional Capacity

In patients with elevated cardiac risk whose functional capacity is poor
or unknown, one must determine whether further testing will affect
patient decision making (eg, a decision to perform the original surgery
or willingness to undergo a cardiac intervention might change depend-
ing on the results of the test) or perioperative care. If it will, stress
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FUNCTIONAL CAPACITY

1 MET Can you... 4 METs Can you...

Take care of yourself?
Eat, dress,
or use the toilet?

Climb two flights
of stairs
or walk up a hill?

Walk indoors Do heavy work
around around the house
the house? like scrubbing floors or

lifting or moving
Walk 100 m heavy furniture?

on level ground
at 3to 5 km per h? Participate in
strenuous sports like
swimming, singles
tennis, football,
basketball, or skiing?

Greater than

4 METs 10 METs

Fig. 1.6 Estimated energy requirements for various activities during
daily life. km per h, kilometers per hour; MET, metabolic equivalent.
(Data from Hlatky MA, Boineau RE, Higginbotham MB, et al. A brief
self-administered questionnaire to determine functional capacity (the
Duke Activity Status Index). Am J Cardiol. 1989,64:651-654. and Fletcher
GF, Balady GJ, Amsterdam EA, et al. Exercise standards for testing and
training: a statement for healthcare professionals from the American
Heart Association. Circulation. 2001;104:1694-1740.)

testing should be performed, and if the stress test result is normal, the
patient can proceed to noncardiac surgery according to the guideline-
directed medical therapy (GDMT). However, if the stress test result is
abnormal, then depending on the extent of the abnormality, coronary
angiography and revascularization should be considered. The patient
can then proceed to surgery with GDMT or explore alternative, less
invasive or noninvasive therapeutic options for the underlying non-
cardiac illness.

Although there are no randomized trials on the use of preop-
erative stress testing, a large number of single-site studies and their
metaanalyses have demonstrated its clinical utility in the preopera-
tive evaluation of patients undergoing noncardiac surgery.”*"** These
studies have shown that a normal stress test result has a very high
negative predictive value for perioperative cardiac events, whereas the
presence of moderate-to-large areas of myocardial ischemia is associ-
ated with increased risk of perioperative MI and/or death. In contrast,
the presence of RWMAs (unless extensive) on rest imaging has little
predictive value.

Most data on the impact of inducible myocardial ischemia on peri-
operative outcomes are based on pharmacologic stress testing.'*'**
Therefore, it remains the modality of choice in these patients, more
so because many are not able to perform adequate exercise. However,
in patients who are able to exercise adequately, it seems reasonable
that exercise stress testing, when combined with echocardiography or
myocardial perfusion scintigraphy, would perform similarly to phar-
macologic stress testing.'”'”’ Exercise-induced electrocardiographic
changes alone are not as predictive and cannot be relied on.'”"'*

There are no randomized trials comparing different imaging
modalities (eg, echocardiography vs myocardial perfusion imaging)
for predictive accuracy as part of preoperative pharmacologic stress
testing. However, a retrospective metaanalysis comparing thallium
imaging with stress echocardiography in patients scheduled for elective
noncardiac surgery showed that a moderate-to-large defect (present

in 14% of the population) detected by either method predicted post-
operative cardiac events, with stress echocardiography being slightly
superior.'” Given the lack of adequate evidence, it is reccommended
that the choice of imaging modality should be guided by the available
local expertise in performing pharmacologic stress testing.

Step 7: If Testing Is Unlikely to Affect Decision

Making or Care

If a patient with elevated cardiac risk has poor or unknown functional
capacity but stress testing is unlikely to affect decision making or care,
it is reasonable to proceed to surgery according to the GDMT or to
consider alternative, less invasive or noninvasive therapeutic options
for the underlying noncardiac illness.

Role of Handheld and Pocket Ultrasound

As outlined earlier, the current guidelines do not recommend routine
cardiac imaging in most patients undergoing noncardiac surgery if the
surgery is emergent or if the patient is physically active and does not
have any overt manifestations of a cardiac illness. These recommenda-
tions are based on the assumptions that clinical evaluation is generally
sufficient to identify most of the clinically relevant cardiac conditions,
that the necessary resources required for cardiac imaging may not be
readily available, and that in most instances recognition of a cardiac
lesion during preoperative testing would not lead to a cardiac inter-
vention. However, each of these assumptions has an important caveat.

Although a good physical examination remains an integral com-
ponent of any form of medical assessment and cannot be substituted
because of the wealth of information it provides, it has its limitations.
It is subjective; it depends heavily on the clinical skills of the examin-
ing physician; and even with the most experienced clinicians, it has
a diagnostic accuracy that is, at best, suboptimal.'*” There are several
cardiac conditions that may be inherently silent (eg, asymptomatic LV
systolic dysfunction) and cannot be recognized based on clinical evalu-
ation alone. Further, accurate assessment of lesion severity on clinical
examination, even for valvular lesions, remains challenging, especially
when the patient has a combination of cardiac lesions. Handheld and
pocket ultrasound devices offer an attractive option in these circum-
stances. Numerous studies have demonstrated that the addition of a
screening, bedside echocardiographic examination to clinical assess-
ment significantly increases diagnostic accuracy, reduces unwarranted
diagnostic and treatment referrals, facilitates optimal use of health care
resources, and is cost-effective'” ' (see Chapter 46).

The current generation of pocket ultrasound devices offer two-
dimensional and color Doppler imaging but lack spectral Doppler.
Still, the image quality is usually excellent, which allows a diagnostic
accuracy comparable to that achieved with full-scale echocardiography
equipment.”’""**"* At the same time, limited functionalities available
on these devices serve to simply their use by physicians. Studies have
shown that physicians can quickly be trained in the use of pocket
ultrasound devices for rapid screening of patients to recognize major
cardiac abnormalities."”” When required, bedside imaging can also be
combined with remote, Web-based interpretation to enhance the diag-
nostic accuracy of the screening echocardiographic examination and
to ensure quality control.””"**

Although it is true that a cardiac lesion recognized at the time of
preoperative evaluation in patients scheduled to undergo a noncardiac
surgery does not necessarily require immediate cardiac intervention,
studies have demonstrated that the presence of unrecognized LV sys-
tolic dysfunction or valvular heart disease is associated with worse
outcomes."'"""*! For example, Flu and colleagues studied the value of
preoperative echocardiography in 1005 consecutive patients undergo-
ing elective vascular surgery at a single center."” LV dysfunction (LVEF
<50%) was present in 50% of the patients, 80% of whom were asymp-
tomatic.”® The 30-day cardiovascular event rate was highest in patients
with symptomatic HF (49%), followed by those with asymptomatic
systolic LV dysfunction (23%), asymptomatic diastolic LV dysfunction
(18%), and normal LV function (10%).
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BOX 1.6 HANDHELD OR POCKET
ULTRASOUND FOR CARDIAC EVALUATION

Enhances diagnostic accuracy of clinical examination

Can be combined with remote interpretation of acquired images
to ensure optimum diagnostic accuracy

Allows recognition of major cardiac lesions

Provides information that may have incremental value in
optimizing perioperative outcomes of patients undergoing a
noncardiac surgery

Is simple to use and easy to incorporate into the preoperative
evaluation

Has been shown to be cost-effective compared with physical
examination alone

Bedside echocardiographic examination using a handheld or
pocket ultrasound device can have great incremental value in these
circumstances (Box 1.6). It permits easy and prompt recognition of
significant cardiac lesions, and such information provides the operat-
ing team an opportunity to incorporate measures to optimize periop-
erative outcomes. For example, a less invasive surgical approach can
be adopted, regional anesthesia can be used preferentially in certain
circumstances, greater caution can be exercised with regard to periop-
erative fluid and hemodynamic monitoring and management, appro-
priate cardiac pharmacotherapies can be instituted if circumstances
allow; and, importantly, the patient and family can be alerted about
the possibility of a cardiac event during the perioperative period. In
a recent study of patients undergoing cataract surgery in a commu-
nity setting, pocket echocardiography allowed recognition of a major
cardiac lesion in 14.2% of those patients considered to be free of any
major cardiac illness based on clinical examination alone. Of these,
roughly one-fourth (3.3% of the entire study population) had cardiac
lesions deemed prohibitive for cataract surgery in an unmonitored
setting. As a result, these surgeries were rescheduled to be performed
later in a hospital under more intensive monitoring."”” Although this
study does not imply that every patient undergoing noncardiac surgery
needs to have an echocardiographic examination, it does show that the
availability of handheld and pocket ultrasound devices permits easy
incorporation of an echocardiographic examination in the preopera-
tive evaluation and may help optimize cardiac outcomes.

Conclusions

Preoperative cardiac risk assessment and stratification of patients
undergoing cardiac or noncardiac surgery are pivotal in optimizing
perioperative outcomes. In cardiac surgery patients, the main goal of
cardiac risk assessment, from the anesthesiologist’s perspective, is to
provide risk-adjusted mortality rates for preoperative counseling of the
patient and family and to identify the group at high risk for a perioper-
ative cardiac event. Based on individual risk factors, perioperative care
can be modified to improve the patient’s outcome. Various complex
or simplified risk-adjusted morbidity and mortality models can serve
as tools for facilitating perioperative risk assessment. However, even a
well-calibrated model with good discrimination has to be used with
caution when applied to individual counseling. First, it is difficult for
any model to predict morbidity or mortality, which occur with a low
incidence. Second, it has to be clear that the scoring system provides
only the probability of death or a major complication and that the
individual patient and family members may have difficulty under-
standing how an adverse outcome could have occurred if the predicted
incidence was low in their understanding preoperatively.

In contrast, the underlying cardiac status of noncardiac surgical
patients is often unknown or inadequately known. The main goal in
this setting is to define an optimal cardiac evaluation strategy consid-
ering various patient-related and surgery-related factors and, based

on the findings of such evaluation, to provide recommendations for
optimal perioperative management to achieve the best possible out-
comes. In most such patients, noninvasive cardiac evaluation with
optimization of cardiac medications and care to minimize hemody-
namic perturbations during the perioperative period are all that is
required to ensure cardiac safety. Invasive cardiac evaluation and coro-
nary revascularization usually are not required unless the patient pres-
ents with an unstable cardiac condition or has significant myocardial
ischemia and the noncardiac surgery is not urgent.

REFERENCES

. Kang SH, Park KH, Choi D], etal. Coronary artery bypass grafting versus drug-eluting stent
implantation for left main coronary artery disease (from a two-center registry). Am J Cardiol.
2010;105:343-351.

2. Ahn JM, Roh JH, Kim YH, etal. Randomized trial of stents versus bypass surgery for left
main coronary artery disease: 5-Year outcomes of the PRECOMBAT study. ] Am Coll Cardiol.
2015;65:2198-2206.

. Jang JS, Choi KN, Jin HY, et al. Meta-analysis of three randomized trials and nine observational
studies comparing drug-eluting stents versus coronary artery bypass grafting for unprotected left
main coronary artery disease. Am J Cardiol. 2012;110:1411-1418.

. Kouchoukos NT, Ebert PA, Grover FL, Lindesmith GG. Report of the Ad Hoc Committee on Risk
Factors for Coronary Artery Bypass Surgery. Ann Thorac Surg. 1988;45:348—349.

. Paiement B, Pelletier C, Dyrda I, et al. A simple classification of the risk in cardiac surgery. Can
Anaesth Soc J. 1983;30:61-68.

. Smith PK, Smith LR, Muhlbaier LH. Risk stratification for adverse economic outcomes in cardiac
surgery. Ann Thorac Surg. 1997;64:561-S63, discussion S80-S82.

. Pinna-Pintor P, Bobbio M, Sandrelli L, et al. Risk stratification for open heart operations: com-
parison of centers regardless of the influence of the surgical team. Ann Thorac Surg. 1997;64:
410-413.

. Guiteras Val P, Pelletier LC, Hernandez MG, et al. Diagnostic criteria and prognosis of perioperative
myocardial infarction following coronary bypass. ] Thorac Cardiovasc Surg. 1983;86:878-886.

. Khuri SE. Evidence, sources, and assessment of injury during and following cardiac surgery. Ann
Thorac Surg. 2001;72:52205-52207, discussion $2267-52270.

10. Heyndrickx GR, Millard RW, McRitchie RJ, et al. Regional myocardial functional and electro-
physiological alterations after brief coronary artery occlusion in conscious dogs. J Clin Invest.
1975;56:978-985.

11. Bolli R. Mechanism of myocardial “stunning.”. Circulation. 1990;82:723-738.

12. Hearse DJ, Bolli R. Reperfusion induced injury: manifestations, mechanisms, and clinical relevance.
Cardiovasc Res. 1992;26:101-108.

13. Opie LH. Reperfusion injury and its pharmacologic modification. Circulation. 1989;80:1049-1062.

14. Braunwald E, Kloner RA. Myocardial reperfusion: a double-edged sword? ] Clin Invest.
1985;76:1713-1719.

15. Park JL, Lucchesi BR. Mechanisms of myocardial reperfusion injury. Ann Thorac Surg.
1999;68:1905-1912.

16. Jennings RB, Sommers HM, Smyth GA, et al. Myocardial necrosis induced by temporary occlusion
of a coronary artery in the dog. Arch Pathol. 1960;70:68-78.

17. Hearse DJ. Ischemia, reperfusion, and the determinants of tissue injury. Cardiovasc Drugs Ther.
1990;4(suppl 4):767-776.

18. Webster KA, Discher DJ, Kaiser S, et al. Hypoxia-activated apoptosis of cardiac myocytes requires
reoxygenation or a pH shift and is independent of p53. J Clin Invest. 1999;104:239-252.

19. Thatte HS, Rhee JH, Zagarins SE, et al. Acidosis-induced apoptosis in human and porcine heart. Ann
Thorac Surg. 2004;77:1376-1383.

20. Levy JH, Tanaka KA. Inflammatory response to cardiopulmonary bypass. Ann Thorac Surg.

2003;75:5715-8720.

. Alpert]S, Thygesen K, Antman E, Bassand JP. Myocardial infarction redefined: a consensus document
of The Joint European Society of Cardiology/American College of Cardiology Committee for the
redefinition of myocardial infarction. J Am Coll Cardiol. 2000;36:959-969.

22. Thygesen K, Alpert JS, White HD, et al. Universal definition of myocardial infarction. Circulation.

2007;116:2634-2653.

23. Thygesen K, Alpert JS, Jaffe AS, et al. Third universal definition of myocardial infarction. Eur Heart
J.2012;33:2551-2567.

24. Selvanayagam JB, Petersen SE, Francis JM, et al. Effects of off-pump versus on-pump coronary
surgery on reversible and irreversible myocardial injury: a randomized trial using cardiovascular
magnetic resonance imaging and biochemical markers. Circulation. 2004;109:345-350.

25. Comunale ME, Body SC, Ley C, etal. The concordance of intraoperative left ventricular wall-
motion abnormalities and electrocardiographic S-T segment changes: association with outcome after
coronary revascularization. Multicenter Study of Perioperative Ischemia (McSPI) Research Group.
Anesthesiology. 1998;88:945-954.

26. Royster RL, Butterworth JF 4th, Prough DS, et al. Preoperative and intraoperative predictors of
inotropic support and long-term outcome in patients having coronary artery bypass grafting. Anesth
Analg. 1991;72:729-736.

27. Jacobson AF, Lapsley D, Tow DE, Khuri S. Prognostic significance of change in resting left ventricular
ejection fraction early after successful coronary artery bypass surgery: a long-term follow-up study.
J Am Coll Cardiol. 1995;25:184A-184A.

28. Fleisher LA, Tuman KJ. What can we learn from provoking ischemia? Anesth Analg. 1997;84:1177-1179.

29. Griffin M, Edwards B, Judd J, et al. Field-by-field evaluation of intraoperative transoesophageal
echocardiography interpretative skills. Physiol Meas. 2000;21:165-173.

30. Brewer DL, Bilbro RH, Bartel AG. Myocardial infarction as a complication of coronary bypass

surgery. Circulation. 1973;47:58-64.

Crescenzi G, Bove T, Pappalardo F, et al. Clinical significance of a new Q wave after cardiac surgery.

Eur J Cardiothorac Surg. 2004;25:1001-1005.

32. Sztajzel J, Urban P. Early and late Q wave regression in the setting of acute myocardial infarction.
Heart. 2000;83:708-710.

33. Alyanakian MA, Dehoux M, Chatel D, et al. Cardiac troponin I in diagnosis of perioperative myo-
cardial infarction after cardiac surgery. ] Cardiothorac Vasc Anesth. 1998;12:288-294.

34. Greenson N, Macoviak J, Krishnaswamy P, et al. Usefulness of cardiac troponin I in patients undergo-
ing open heart surgery. Am Heart J. 2001;141:447-455.

35. Etievent JP, Chocron S, Toubin G, et al. Use of cardiac troponin I as a marker of perioperative
myocardial ischemia. Ann Thorac Surg. 1995;59:1192-1194.

36. Carrier M, Pellerin M, Perrault LP, et al. Troponin levels in patients with myocardial infarction after

coronary artery bypass grafting. Ann Thorac Surg. 2000;69:435-440.

w

'S

w

=N

~

o

©

2

31.



18

3

N

38.

&»

39.

4

S

41.

=

42.
43.

@R

44.

=

45.

46.

47.

)

4

=3

49.

©

50.

S

51.

=

52.

o

53.

@

5

&

55.

a

5

=

57.

S

58.

&

59.

©

60.

S

61.

=

62.

63.

@

64.

=

65.

@

66.

=N

67.

3

68.

&

69.

70.

=)

71.

72.

]

73.

7

ks

75.

ar

76.

SECTION | Preoperative Assessment and Management

Vermes E, Mesguich M, Houel R, et al. Cardiac troponin I release after open heart surgery: a marker
of myocardial protection? Ann Thorac Surg. 2000;70:2087-2090.

Klatte K, Chaitman BR, Theroux P, et al. Increased mortality after coronary artery bypass graft
surgery is associated with increased levels of postoperative creatine kinase-myocardial band isoen-
zyme release: results from the GUARDIAN trial. ] Am Coll Cardiol. 2001;38:1070-1077.

Costa MA, Carere RG, Lichtenstein SV, et al. Incidence, predictors, and significance of abnor-
mal cardiac enzyme rise in patients treated with bypass surgery in the Arterial Revascularization
Therapies Study (ARTS). Circulation. 2001;104:2689-2693.

. Lehrke S, Steen H, Sievers HH, et al. Cardiac troponin T for prediction of short- and long-term

morbidity and mortality after elective open heart surgery. Clin Chem. 2004;50:1560—1567.

Fellahi JL, Gue X, Richomme X, et al. Short- and long-term prognostic value of postoperative cardiac
troponin I concentration in patients undergoing coronary artery bypass grafting. Anesthesiology.
2003;99:270-274.

Baxter GF. Natriuretic peptides and myocardial ischaemia. Basic Res Cardiol. 2004;99:90-93.
Watanabe M, Egi K, Hasegawa S, et al. Significance of serum atrial and brain natriuretic peptide
release after coronary artery bypass grafting. Surg Today. 2003;33:671-673.

Vishnevetsky D, Kiyanista VA, Gandhi PJ. CD40 ligand: a novel target in the fight against cardiovas-
cular disease. Ann Pharmacother. 2004;38:1500-1508.

Nannizzi-Alaimo L, Rubenstein MH, Alves VL, et al. Cardiopulmonary bypass induces release of
soluble CD40 ligand. Circulation. 2002;105:2849-2854.

Jain U, Laflamme CJ, Aggarwal A, et al. Electrocardiographic and hemodynamic changes and
their association with myocardial infarction during coronary artery bypass surgery: a multicenter
study. Multicenter Study of Perioperative Ischemia (McSPI) Research Group. Anesthesiology.
1997;86:576-591.

Fleisher LA. Risk indices: what is their value to the clinician and patient? Anesthesiology.
2001;94:191-193.

. Hannan EL, Kilburn H Jr, Racz M, et al. Improving the outcomes of coronary artery bypass surgery

in New York state. JAMA. 1994;271:761-766.

Mukamel DB, Mushlin AL Quality of care information makes a difference: an analysis of market
share and price changes after publication of the New York State Cardiac Surgery Mortality Reports.
Med Care. 1998;36:945-954.

Coronary Artery Surgery Study (CASS): a randomized trial of coronary artery bypass surgery.
Survival data. Circulation. 1983;68:939-950.

Alderman EL, Fisher LD, Litwin P, et al. Results of coronary artery surgery in patients with poor left
ventricular function (CASS). Circulation. 1983;68:785-795.

Parsonnet V, Dean D, Bernstein AD. A method of uniform stratification of risk for evaluating the
results of surgery in acquired adult heart disease. Circulation. 1989;79:13-112.

Bernstein AD, Parsonnet V. Bedside estimation of risk as an aid for decision-making in cardiac
surgery. Ann Thorac Surg. 2000;69:823-828.

. Shroyer AL, Grover FL, Edwards FH. 1995 Coronary artery bypass risk model: the Society of Thoracic

Surgeons Adult Cardiac National Database. Ann Thorac Surg. 1998;65:879-884.

Shroyer AL, Plomondon ME, Grover FL, Edwards FH. The 1996 coronary artery bypass risk
model: the Society of Thoracic Surgeons Adult Cardiac National Database. Ann Thorac Surg.
1999;67:1205-1208.

. Jamieson WR, Edwards FH, Schwartz M, et al. Risk stratification for cardiac valve replacement:

National Cardiac Surgery Database. Database Committee of the Society of Thoracic Surgeons. Ann
Thorac Surg. 1999;67:943-951.

Shahian DM, O’Brien SM, Filardo G, et al. The Society of Thoracic Surgeons 2008 cardiac surgery
risk models, part 1: coronary artery bypass grafting surgery. Ann Thorac Surg. 2009;88:52-522.
O’Brien SM, Shahian DM, Filardo G, et al. The Society of Thoracic Surgeons 2008 cardiac surgery
risk models, part 2: isolated valve surgery. Ann Thorac Surg. 2009;88:523542.

Shahian DM, O’Brien SM, Filardo G, et al. The Society of Thoracic Surgeons 2008 cardiac surgery
risk models, part 3: valve plus coronary artery bypass grafting surgery. Ann Thorac Surg. 2009;88:
543-562.

Nashef SA, Roques F, Michel P, et al. European system for cardiac operative risk evaluation
(EuroSCORE). Eur ] Cardiothorac Surg. 1999;16:9-13.

Roques F, Nashef SA, Michel P, et al. Risk factors and outcome in European cardiac surgery: analysis
of the EuroSCORE multinational database of 19030 patients. Eur J Cardiothorac Surg. 1999;15:816—
822, discussion 822-83.

Roques F, Michel P, Goldstone AR, Nashef SA. The logistic EuroSCORE. Eur Heart J. 2003;24:
881-882.

Kurki TS, Jarvinen O, Kataja MJ, et al. Performance of three preoperative risk indices: CABDEAL,
EuroSCORE and Cleveland models in a prospective coronary bypass database. Eur ] Cardiothorac
Surg. 2002;21:406-410.

Kasimir MT, Bialy ], Moidl R, et al. EuroSCORE predicts mid-term outcome after combined valve
and coronary bypass surgery. ] Heart Valve Dis. 2004;13:439—443.

Karthik S, Srinivasan AK, Grayson AD, et al. Limitations of additive EuroSCORE for measur-
ing risk stratified mortality in combined coronary and valve surgery. Eur | Cardiothorac Surg.
2004;26:318-322.

Ghosh P, Djordjevic M, Schistek R, et al. Does gender affect outcome of cardiac surgery in octogenar-
ians? Asian Cardiovasc Thorac Ann. 2003;11:28-32.

Al-Ruzzeh S, Nakamura K, Athanasiou T, et al. Does off-pump coronary artery bypass (OPCAB)
surgery improve the outcome in high-risk patients?: a comparative study of 1398 high-risk patients.
Eur J Cardiothorac Surg. 2003;23:50-55.

Swart MJ, Joubert G. The EuroSCORE does well for a single surgeon outside Europe. Eur J
Cardiothorac Surg. 2004;25:145-146, author reply 146.

Riha M, Danzmayr M, Nagele G, et al. Off pump coronary artery bypass grafting in EuroSCORE
high and low risk patients. Eur ] Cardiothorac Surg. 2002;21:193-198.

Nilsson J, Algotsson L, Hoglund P, et al. Early mortality in coronary bypass surgery: the EuroSCORE
versus the Society of Thoracic Surgeons risk algorithm. Ann Thorac Surg. 2004;77:1235-1239, discus-
sion 1239-1240.

Nakamura Y, Nakano K, Nakatani H, et al. Hospital and mid-term outcomes in elderly patients
undergoing off-pump coronary artery bypass grafting: comparison with younger patients. Circ J.
2004;68:1184-1188.

Ugolini C, Nobilio L. Risk adjustment for coronary artery bypass graft surgery: an administrative
approach versus EuroSCORE. Int ] Qual Health Care. 2004;16:157-164.

Toumpoulis IK, Anagnostopoulos CE, Swistel DG, DeRose J]J Jr. Does EuroSCORE predict length of
stay and specific postoperative complications after cardiac surgery? Eur J Cardiothorac Surg. 2005;
27:128-133.

Toumpoulis IK, Anagnostopoulos CE, DeRose JJ Jr, Swistel DG. European system for cardiac opera-
tive risk evaluation predicts long-term survival in patients with coronary artery bypass grafting. Eur
J Cardiothorac Surg. 2004;25:51-58.

Nashef SA, Roques F, Sharples LD, et al. EuroSCORE II. Eur ] Cardiothorac Surg. 2012;41:734-744,
discussion 744-745.

O’Connor GT, Plume SK, Olmstead EM, et al. Multivariate prediction of in-hospital mortality associ-
ated with coronary artery bypass graft surgery. Northern New England Cardiovascular Disease Study
Group. Circulation. 1992;85:2110-2118.

7

7

*

79.

©

8

S

81.

—

82.

~

83.

@

8

85.

@

8

=N

87.

3

88.

»

89.

©

90.

S

91.

_

92.

o

93.

@

9

=

95.

@

96.

97.

=

98.

®

99.

©

100.

S

101.

102.

103.

@

104.

105.

106.

107.

108.

109.

11

o

111.

jos

112.

11

w

N

b

Higgins TL, Estafanous FG, Loop FD, et al. Stratification of morbidity and mortality outcome
by preoperative risk factors in coronary artery bypass patients: a clinical severity score. JAMA.
1992;267:2344-2348.

. Hannan EL, Kilburn H Jr, O’Donnell JE et al. Adult open heart surgery in New York state: an analysis

of risk factors and hospital mortality rates. JAMA. 1990;264:2768-2774.

Tu JV, Jaglal SB, Naylor CD. Multicenter validation of a risk index for mortality, intensive care unit
stay, and overall hospital length of stay after cardiac surgery. Steering Committee of the Provincial
Adult Cardiac Care Network of Ontario. Circulation. 1995;91:677-684.

. Spivack SD, Shinozaki T, Albertini JJ, Deane R. Preoperative prediction of postoperative respiratory

outcome: coronary artery bypass grafting. Chest. 1996;109:1222—1230.

Nowicki ER, Birkmeyer NJ, Weintraub RW, et al. Multivariable prediction of in-hospital mortal-
ity associated with aortic and mitral valve surgery in Northern New England. Ann Thorac Surg.
2004;77:1966-1977.

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;70:1212-1218.

Gardner SC, Grunwald GK, Rumsfeld JS, et al. Comparison of short-term mortality risk factors for
valve replacement versus coronary artery bypass graft surgery. Ann Thorac Surg. 2004;77:549-556.
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;94:194-204.
Brandrup-Wognsen G, Haglid M, Karlsson T, et al. Preoperative risk indicators of death at an early
and late stage after coronary artery bypass grafting. Thorac Cardiovasc Surg. 1995;43:77-82.

. Hayashida N, Chihara S, Tayama E, et al. Coronary artery bypass grafting in patients with mild renal

insufficiency. Jpn Circ J. 2001;65:28-32.

Conlon PJ, Little MA, Pieper K, Mark DB. Severity of renal vascular disease predicts mortality in
patients undergoing coronary angiography. Kidney Int. 2001;60:1490-1497.

Liu JY, Birkmeyer NJ, Sanders JH, et al. Risks of morbidity and mortality in dialysis patients under-
going coronary artery bypass surgery. Northern New England Cardiovascular Disease Study Group.
Circulation. 2000;102:2973-2977.

Cooper WA, O’Brien SM, Thourani VH, et al. Impact of renal dysfunction on outcomes of coro-
nary artery bypass surgery: results from the Society of Thoracic Surgeons National Adult Cardiac
Database. Circulation. 2006;113:1063—1070.

Wijeysundera DN, Karkouti K, Dupuis JY, et al. Derivation and validation of a simplified predictive
index for renal replacement therapy after cardiac surgery. JAMA. 2007;297:1801-1809.

Brown JR, Cochran RP, Leavitt BJ, et al. Multivariable prediction of renal insufficiency developing
after cardiac surgery. Circulation. 2007;116:1139-1143.

Rosner MH, Portilla D, Okusa MD. Cardiac surgery as a cause of acute kidney injury: pathogenesis
and potential therapies. ] Intensive Care Med. 2008;23:3—18.

Ranucci M, Ballotta A, Kunkl A, et al. Influence of the timing of cardiac catheterization and the amount
of contrast media on acute renal failure after cardiac surgery. Am J Cardiol. 2008;101:1112-1118.

. Bellomo R, Ronco C, Kellum JA, et al. Acute renal failure: definition, outcome measures, animal

models, fluid therapy and information technology needs. The Second International Consensus
Conference of the Acute Dialysis Quality Initiative (ADQI) Group. Crit Care. 2004;8:R204-R212.
Bennett M, Dent CL, Ma Q, et al. Urine NGAL predicts severity of acute kidney injury after cardiac
surgery: a prospective study. Clin ] Am Soc Nephrol. 2008;3:665—673.

Yamamoto T, Hosoda Y, Takazawa K, et al. Is diabetes mellitus a major risk factor in coronary artery
bypass grafting? The influence of internal thoracic artery grafting on late survival in diabetic patients.
Jpn ] Thorac Cardiovasc Surg. 2000;48:344-352.

Devineni R, McKenzie FN. Surgery for coronary artery disease in patients with diabetes mellitus.
Can J Surg. 1985;28:367-370.

Clement R, Rousou JA, Engelman RM, Breyer RH. Perioperative morbidity in diabetics requiring
coronary artery bypass surgery. Ann Thorac Surg. 1988;46:321-323.

Magee MJ, Dewey TM, Acuff T, et al. Influence of diabetes on mortality and morbidity: off-pump
coronary artery bypass grafting versus coronary artery bypass grafting with cardiopulmonary bypass.
Ann Thorac Surg. 2001;72:776-780, discussion 780-781.

Herlitz J, Wognsen GB, Emanuelsson H, et al. Mortality and morbidity in diabetic and nondia-
betic patients during a 2-year period after coronary artery bypass grafting. Diabetes Care. 1996;19:
698-703.

Engelman RM, Bhat JG, Glassman E, et al. The influence of diabetes and hypertension on the results
of coronary revascularization. Am ] Med Sci. 1976;271:4-12.

Thourani VH, Weintraub WS, Stein B, et al. Influence of diabetes mellitus on early and late outcome
after coronary artery bypass grafting. Ann Thorac Surg. 1999;67:1045-1052.

Salomon NW, Page US, Okies JE, et al. Diabetes mellitus and coronary artery bypass: short-term risk
and long-term prognosis. | Thorac Cardiovasc Surg. 1983;85:264-271.

Kapur A, Hall R], Malik IS, et al. Randomized comparison of percutaneous coronary intervention
with coronary artery bypass grafting in diabetic patients: 1-Year results of the CARDia (Coronary
Artery Revascularization in Diabetes) trial. J Am Coll Cardiol. 2010;55:432—440.

Frye RL, August P, Brooks MM, et al. A randomized trial of therapies for type 2 diabetes and coronary
artery disease. N Engl ] Med. 2009;360:2503-2515.

Chaitman BR, Hardison RM, Adler D, et al. The Bypass Angioplasty Revascularization Investigation
2 Diabetes randomized trial of different treatment strategies in type 2 diabetes mellitus with stable
ischemic heart disease: impact of treatment strategy on cardiac mortality and myocardial infarction.
Circulation. 2009;120:2529-2540.

Farkouh ME, Domanski M, Sleeper LA, et al. Strategies for multivessel revascularization in patients
with diabetes. N Engl ] Med. 2012;367:2375-2384.

Verma S, Farkouh ME, Yanagawa B, et al. Comparison of coronary artery bypass surgery and percu-
taneous coronary intervention in patients with diabetes: a meta-analysis of randomised controlled
trials. Lancet Diabetes Endocrinol. 2013;1:317-328.

Marso SP, Bhatt DL, Roe MT, et al. Enhanced efficacy of eptifibatide administration in patients
with acute coronary syndrome requiring in-hospital coronary artery bypass grafting. PURSUIT
Investigators. Circulation. 2000;102:2952-2958.

. Patel MR, Dehmer GJ, Hirshfeld JW, et al. ACCF/SCAI/STS/AATS/AHA/ASNC/HFSA/SCCT 2012

appropriate use criteria for coronary revascularization: focused update. A report of the American
College of Cardiology Foundation Appropriate Use Criteria Task Force, Society for Cardiovascular
Angiography and Interventions, Society of Thoracic Surgeons, American Association for Thoracic
Surgery, American Heart Association, American Society of Nuclear Cardiology, and the Society of
Cardiovascular Computed Tomography. J Am Coll Cardiol. 2012;59:857-881.

Hillis LD, Smith PK, Anderson JL, et al. 2011 ACCF/AHA guideline for coronary artery bypass graft
surgery: a report of the American College of Cardiology Foundation/American Heart Association
Task Force on Practice Guidelines. Developed in collaboration with the American Association for
Thoracic Surgery, Society of Cardiovascular Anesthesiologists, and Society of Thoracic Surgeons.
J Am Coll Cardiol. 2011;58:e123—210.

Eagle KA, Guyton RA, Davidoff R, et al. ACC/AHA 2004 guideline update for coronary artery bypass
graft surgery: a report of the American College of Cardiology/American Heart Association Task Force
on Practice Guidelines (Committee to Update the 1999 Guidelines for Coronary Artery Bypass Graft
Surgery). Circulation. 2004;110:e340—e437.

. Fleisher LA, Fleischmann KE, Auerbach AD, et al. 2014 ACC/AHA guideline on perioperative car-

diovascular evaluation and management of patients undergoing noncardiac surgery: a report of the



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

1 Assessment of Cardiac Risk and the Cardiology Consultation

American College of Cardiology/American Heart Association Task Force on practice guidelines.
J Am Coll Cardiol. 2014;64:¢77—€137.

Kristensen SD, Knuuti J, Saraste A, et al. 2014 ESC/ESA guidelines on non-cardiac surgery: cardio-
vascular assessment and management. The Joint Task Force on Non-cardiac Surgery: Cardiovascular
Assessment and Management of the European Society of Cardiology (ESC) and the European Society
of Anaesthesiology (ESA). Eur Heart J. 2014;35:2383-2431.

Lee TH, Marcantonio ER, Mangione CM, et al. Derivation and prospective validation of a simple
index for prediction of cardiac risk of major noncardiac surgery. Circulation. 1999;100:1043-1049.
Cohen ME, Ko CY, Bilimoria KY, et al. Optimizing ACS NSQIP modeling for evaluation of surgical
quality and risk: patient risk adjustment, procedure mix adjustment, shrinkage adjustment, and
surgical focus. J Am Coll Surg. 2013;217:336.e1-346.e1.

Ford MK, Beattie WS, Wijeysundera DN. Systematic review: prediction of perioperative cardiac
complications and mortality by the revised cardiac risk index. Ann Intern Med. 2010;152:26-35.
Hlatky MA, Boineau RE, Higginbotham MB, et al. A brief self-administered questionnaire to deter-
mine functional capacity (the Duke Activity Status Index). Am J Cardiol. 1989;64:651—-654.
Goldman L, Hashimoto B, Cook EF, Loscalzo A. Comparative reproducibility and validity of systems
for assessing cardiovascular functional class: advantages of a new specific activity scale. Circulation.
1981;64:1227-1234.

Beattie WS, Abdelnaem E, Wijeysundera DN, Buckley DN. A meta-analytic comparison of preopera-
tive stress echocardiography and nuclear scintigraphy imaging. Anesth Analg. 2006;102:8-16.
McEnroe CS, O’Donnell TF Jr, Yeager A, et al. Comparison of ejection fraction and Goldman risk
factor analysis to dipyridamole-thallium 201 studies in the evaluation of cardiac morbidity after
aortic aneurysm surgery. J Vasc Surg. 1990;11:497-504.

Cutler BS, Leppo JA. Dipyridamole thallium 201 scintigraphy to detect coronary artery disease before
abdominal aortic surgery. J Vasc Surg. 1987;5:91-100.

Boucher CA, Brewster DC, Darling RC, et al. Determination of cardiac risk by dipyridamole-
thallium imaging before peripheral vascular surgery. N Engl | Med. 1985;312:389-394.

Eagle KA, Coley CM, Newell JB, et al. Combining clinical and thallium data optimizes preoperative
assessment of cardiac risk before major vascular surgery. Ann Intern Med. 1989;110:859-866.
Sgura FA, Kopecky SL, Grill JP, Gibbons R]. Supine exercise capacity identifies patients at low risk
for perioperative cardiovascular events and predicts long-term survival. Am ] Med. 2000;108:
334-336.

Carliner NH, Fisher ML, Plotnick GD, et al. Routine preoperative exercise testing in patients under-
going major noncardiac surgery. Am J Cardiol. 1985;56:51—58.

Leppo J, Plaja J, Gionet M, et al. Noninvasive evaluation of cardiac risk before elective vascular
surgery. ] Am Coll Cardiol. 1987;9:269-276.

129.

130.

13

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

19

. McPhail N, Calvin JE, Shariatmadar A, et al. The use of preoperative exercise testing to predict

cardiac complications after arterial reconstruction. J Vasc Surg. 1988;7:60-68.

Mehta M, Jacobson T, Peters D, et al. Handheld ultrasound versus physical examination in patients
referred for transthoracic echocardiography for a suspected cardiac condition. JACC Cardiovasc
Imaging. 2014;7:983-990.

Cardim N, Fernandez Golfin C, Ferreira D, et al. Usefulness of a new miniaturized echocardiographic
system in outpatient cardiology consultations as an extension of physical examination. J Am Soc
Echocardiogr. 2011;24:117-124.

. Mjolstad OC, Dalen H, Graven T, et al. Routinely adding ultrasound examinations by pocket-sized

ultrasound devices improves inpatient diagnostics in a medical department. Eur J Intern Med.
2012;23:185-191.

Skjetne K, Graven T, Haugen BO, et al. Diagnostic influence of cardiovascular screening by pocket-
size ultrasound in a cardiac unit. Eur J Echocardiogr. 2011;12:737-743.

Greaves K, Jeetley P, Hickman M, et al. The use of hand-carried ultrasound in the hospital setting:
a cost-effective analysis. ] Am Soc Echocardiogr. 2005;18:620—625.

Prinz C, Voigt JU. Diagnostic accuracy of a hand-held ultrasound scanner in routine patients referred
for echocardiography. ] Am Soc Echocardiogr. 2011;24:111-116.

Andersen GN, Haugen BO, Graven T, et al. Feasibility and reliability of point-of-care pocket-sized
echocardiography. Eur J Echocardiogr. 2011;12:665—670.

Galderisi M, Santoro A, Versiero M, et al. Improved cardiovascular diagnostic accuracy by pocket
size imaging device in non-cardiologic outpatients: the NaUSiCa (Naples Ultrasound Stethoscope
in Cardiology) study. Cardiovasc Ultrasound. 2010;8:51.

Bansal M, Singh S, Maheshwari P, et al. Value of Interactive Scanning for Improving the Outcome of
New-Learners in Transcontinental Tele-Echocardiography (VISION-in-Tele-Echo) study. ] Am Soc
Echocardiogr. 2015;28:75-87.

Singh S, Bansal M, Maheshwari P, etal. American Society of Echocardiography: Remote
Echocardiography with Web-Based Assessments for Referrals at a Distance (ASE-REWARD) study.
J Am Soc Echocardiogr. 2013;26:221-233.

Flu WJ, van Kuijk JP, Hoeks SE, et al. Prognostic implications of asymptomatic left ventricular
dysfunction in patients undergoing vascular surgery. Anesthesiology. 2010;112:1316-1324.
Goldman L, Caldera DL, Nussbaum SR, et al. Multifactorial index of cardiac risk in noncardiac
surgical procedures. N Engl ] Med. 1977;297:845-850.

Vahanian A, Alfieri O, Andreotti F, et al. Guidelines on the management of valvular heart disease
(version 2012). Eur Heart J. 2012;33:2451-2496.

Fletcher GF, Balady GJ, Amsterdam EA, et al. Exercise standards for testing and training: a statement
for healthcare professionals from the American Heart Association. Circulation. 2001;104:1694-1740.



JAGAT NARULA, MD, PhD, MACC |

KEY POINTS

1. Echocardiography is the most widely used modality
for cardiac imaging in almost any form of cardiac
disease.

2. Echocardiography is noninvasive, safe, readily
available, and portable, and it has the ability to
provide vast amounts of information about cardiac
structure and function. Additionally, echocardiography
is the only modality available for imaging during the
intraoperative period.

3. A combination of transthoracic and transesophageal
imaging permits comprehensive evaluation of most
cardiac pathologies. The advent of three-dimensional
transesophageal echocardiography has further
enhanced the utility of this modality, especially in the
evaluation of mitral valve disease.

4. Stress echocardiography is helpful in the assessment
of inducible myocardial ischemia, myocardial viability,
and certain valve disorders.

5. Myocardial perfusion imaging can be performed
using SPECT or PET and is useful in the evaluation of
myocardial ischemia and viability.

6. Cardiac computed tomography and cardiac magnetic
resonance are increasingly used when there are
conflicting results or when further information is
required in the preoperative phase of care.

7. Cardiac magnetic resonance is the gold standard
for quantitative assessment of ventricular volumes,
ejection fraction, and mass. It is also able to evaluate
ventricular and valvular function, atherosclerosis, and
plague composition.

8. Computed tomographic aortography is the best
modality for the evaluation of aortic aneurysms and
dissections. Additionally, computed tomographic
coronary angiography offers an alternative to invasive
coronary angiography for excluding significant
coronary artery disease in patients undergoing
noncoronary surgery.

Imaging is fundamental to perioperative evaluation and management
of patients undergoing cardiac surgery. Even for those presenting with
a noncardiac illness, cardiac imaging is often required to supplement
the preoperative evaluation.

For many years, cardiac catheterization and nuclear imaging were
the only modalities available for clinical use. The introduction of echo-
cardiography in the early 1970s heralded a revolution in the field
of cardiovascular imaging, and echocardiography soon surpassed
all other modalities to become the cornerstone of cardiac imaging.
Because of its noninvasive nature, safety, easy availability, portabil-
ity, repeatability, and capacity to provide vast amounts of clinically
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relevant information, echocardiography has remained the most useful
modality for cardiac imaging.

The last several decades have witnessed yet another explosion in
imaging techniques with the evolution of cardiac computed tomog-
raphy (CCT), cardiac magnetic resonance (CMR), and positron emis-
sion tomography (PET) as routine clinical evaluation tools. In the
field of perioperative evaluation, these alternative imaging modalities
have complemented more than supplemented traditional imaging.
This chapter provides a brief overview of the roles of these differ-
ent imaging modalities in the evaluation and management of various
cardiac conditions.

Echocardiography

Transthoracic echocardiography (TTE) is required in all patients
scheduled for cardiac surgery and is often the basis for surgical deci-
sion making itself. In contrast to the nonsurgical setting, in which
TTE is usually sufficient to provide most of the information needed to
meet the clinical objectives, transesophageal echocardiography (TEE)
is also frequently required for patients for whom surgery is being con-
sidered. Preoperatively, TEE helps provide information that is critical
for surgical planning (eg, valve repair vs valve replacement, coronary
artery bypass surgery alone or with concomitant mitral valve repair).
During the intraoperative period, TEE is the only modality available
for cardiac imaging. In the immediate postoperative period, TEE is
often called for because the presence of tissue edema, surgical dress-
ings, and drains and the reduced ability to change the patient’s position
render transthoracic imaging extremely challenging.

Assessment of Left Ventricular Systolic Function

Left ventricular (LV) systolic function is one of the most important pre-
dictors of outcome in all cardiac conditions, and almost all therapeutic
decisions in these patients are influenced by the status of LV systolic
function. For cardiac anesthesiologists, preoperative knowledge of LV
systolic dysfunction is crucial for anticipating and preparing for peri-
operative complications, whereas subsequent assessments are required
for diagnosing and managing the cause of hemodynamic instability.
Patients with LV systolic dysfunction who undergo coronary artery
bypass graft surgery (CABG) are known to require more inotropic
support after cardiopulmonary bypass (CPB)."* Additionally, systolic
dysfunction is a reliable prognosticator for surgical mortality.””

LV ejection fraction (LVEF) is the simplest and the most widely
used measure of global LV systolic function. A number of echocardio-
graphic methods are currently available for estimation of LVEE, but the
biplane modified Simpson method is the most accurate and is also the
method recommended by the American Society of Echocardiography
(ASE).’ In practice, however, LVEF is often estimated semiquantita-
tively by visual inspection alone, and this technique has been shown
to have a reasonably high degree of accuracy when performed by an
experienced echocardiographer.”*

The Simpson method considers the LV cavity as a stack of disks of
equal height; LV volume is calculated by summing the volumes of all
the disks (Fig. 2.1). This is accomplished by manually tracing the LV
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Measurement of left ventricular volumes and ejection fraction using the Simpson summation-
of-disks method. A, Apical four-chamber view in end-diastole. B, Same view in end-systole. LA, Left
atrium; RV, right ventricle.
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Schematic diagram of the various left ventricular segmentation models: the 16-segment
model (left), the 17-segment model (center), and the 18-segment model (right). (With permission from
Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for cardiac chamber quantification by echo-
cardiography in adults: an update from the American Society of Echocardiography and the European
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endocardial border in the apical four- and two-chamber views, both at
end-diastole and at end-systole. These data are then processed by the
internal software of the equipment to provide LV volumes and LVEFE.
The main advantage of this method is that it remains applicable even
when the ventricle is distorted, but its accuracy depends heavily on
adequate visualization of the blood-endocardial interface. Currently,
harmonic imaging is routinely used to improve endocardial border
recognition, and in difficult cases LV cavity contrast can also be used.

Three-dimensional echocardiography (3DE) is the most accurate
method for estimation of LVEF by echocardiography.® Unlike the two-
dimensional (2D) methods, it does not make any assumptions about
LV cavity shape and therefore is not influenced by the LV geometry.
However, it requires considerable expertise, it has lower temporal
resolution, and, as with 2D methods, its accuracy is dependent on
image quality. For LVEF estimation by 3DE, a full volume dataset
that includes the entire left ventricle is acquired. The image is then
analyzed, either online or offline, using quantitation software. The
endocardial border is semiautomatically identified in the end-diastolic

and the end-systolic frames and adjusted manually to correct for any
errors introduced by automatic border recognition. The software then
calculates LV volumes and LVEE.

Regional Left Ventricular Systolic Function
In cardiac patients, assessment of regional LV systolic function has
considerable clinical relevance. Coronary artery disease (CAD) is the
prototype cardiac illness that affects the left ventricle regionally, and
the presence of regional LV systolic dysfunction is virtually diagnostic
of underlying CAD. The assessment of regional LV systolic function
also provides an estimate of the overall extent of myocardial damage,
permits recognition of the affected coronary arteries, and facilitates
assessment of myocardial viability and inducible myocardial ischemia.
During echocardiography, LV regional function assessment is per-
formed by visual inspection of the extent of wall thickening in each
myocardial segment. The ventricle is traditionally divided into 16 seg-
ments, as recommended by the ASE (Fig. 2.2). A 17-segment model,
with the apical cap being the 17th segment, has been proposed for use
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when the objective of the examination is to compare the findings with
those of nuclear imaging or radiology (CCT or CMR).°

Depending on the extent of wall thickening, the wall motion can
be classified as normal, hypokinetic, akinetic, or dyskinetic, or it can
be formally scored as 1 (normal), 2 (hypokinetic), 3 (akinetic), or
4 (dyskinetic/aneurysmal). Averaging the scores of all the evaluated
segments provides a wall motion score index, which can be used as a
surrogate for global LVEE. In the assessment of regional wall motion,
distinction must be made between actual wall thickening and endo-
cardial motion, which is affected by tethering effects from adjacent
myocardial segments and by the translational movement of the heart.
The inferior and posterior LV segments are often classified erroneously
as hypokinetic by less experienced clinicians who do not appreci-
ate that wall thickening is the gold standard for assessing regional
LV function.

Role of Speckle-Tracking Echocardiography

Although LVEF is the most validated measure of LV systolic function,
it is operator dependent, load dependent, and relatively insensitive
to subtle changes in myocardial contractile function. Additionally, it
represents an oversimplification of LV myocardial deformation, which
is a complex, multidimensional process. Speckle-tracking echocardiog-
raphy (STE) offers a potential solution to some of these limitations
and serves to complement the information conveyed by assessments
of LVEE>"

STE is a gray-scale-based technique that measures myocardial
deformation using frame-by-frame tracking of the acoustic “speck-
les” present within the gray-scale ultrasound image.'’ The magnitude
of the myocardial deformation is expressed as strain, which is the
percentage change in length of the myocardial segment. The rate at
which this deformation occurs is expressed as the strain rate, which
has the unit of sec™. For clinical purposes, LV myocardial strain is
measured in three principal directions: longitudinal, radial, and cir-
cumferential. Additionally, LV rotation and twist around the long axis
can be measured. The longitudinal strain is derived from the apical
four-chamber, two-chamber, and long-axis images; short-axis images
are used for estimating radial strain, circumferential strain, rotation,
and twist (Fig. 2.3).

Currently, it is feasible to measure global longitudinal strain,
which is the average of peak longitudinal strain of all LV myocar-
dial segments, with a high degree of reproducibility that is sufficient
for regular clinical use. Accordingly, the ASE recommends measuring
global longitudinal strain, along with LVEEF, as an estimate of global LV
systolic function.® The main clinical application of global longitudinal
strain is in early recognition of subclinical LV systolic dysfunction in
various clinical situations, such as patients receiving potentially cardio-
toxic cancer chemotherapies and patients with valvular heart disease
and cardiomyopathy. Other components of strain (ie, radial, circum-
ferential) and segmental strain are currently not ready for regular
clinical use.

Speckle-tracking echocardiography-based measurement of left ventricular longitudinal
strain (upper panel) and circumferential strain (lower panel). Colored traces depict segmental strain
for corresponding myocardial segments. The dotted white line depicts the average of the six segments
visualized in the particular view. AVC, Aortic valve closure.



The initial experience with STE has shown great promise; however,
because it is a gray-scale-based technique, it is highly dependent on
image quality. Additionally, a major limitation of STE at present is
intervendor variability, which precludes comparison among mea-
surements obtained on different STE platforms.""'* A joint ASE and
European Association of Cardiovascular Imaging (EACVI) task force,
in collaboration with industry partners, is working toward standard-
ization of all elements involved in STE technology to minimize, and
possibly eliminate, this vendor dependence."”

Assessment of Left Ventricular Diastolic Function

Abnormalities of LV diastolic function are common in patients
undergoing cardiac surgery and have diagnostic and prognostic rel-
evance.” Diastolic dysfunction during and after CABG is associated
with greater time on CPB and with greater inotropic support up to
12 hours postoperatively." This may be due to deterioration of dia-
stolic dysfunction after CABG, which may persist for several hours.">™"’
Diastolic dysfunction increases the risk of perioperative morbidity and
mortality."® Assessment of LV diastolic dysfunction permits a more
accurate estimation of LV filling pressure (LVFP), information that is
crucial to optimal management of critically ill patients. Goal-directed
therapy using intravenous fluids, diuretics, vasopressors, and vasodila-
tors requires knowledge of the LVFP.

Echocardiography is currently the best modality for assessing LV
diastolic function in clinical practice. Several echocardiographic mea-
sures of LV diastolic function are available.”” The examination usually
begins with interrogation of the mitral inflow pattern and measure-
ment of mitral annular velocities. The specific mitral inflow measure-
ments include the mitral inflow early diastolic (E) and late diastolic
(A) velocities, the ratio of the two (E/A), and the deceleration time
of the E wave (dtE). Mitral annular early diastolic velocity (e") is
measured using tissue Doppler imaging. The ratio of mitral E to ¢.
(E/e’) provides an accurate and relatively load-independent measure
of LVFP. Left atrial (LA) volume and tricuspid regurgitation (TR) jet
velocity (a surrogate for pulmonary artery systolic pressure) are other
useful measurements. Integrating all this information provides a quick
assessment of LV diastolic function in most patients. When required,
additional information can be obtained by evaluating pulmonary vein
flow patterns, mitral inflow propagation velocity, isovolumic relax-
ation time, and so on. The ASE has recently published guidelines
outlining a stepwise approach to assessment of LV diastolic function
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and estimation of LVFP or LA pressure in patients with and without
LV systolic dysfunction (Fig. 2.4)."

Right Heart Evaluation

Dysfunction of the right side of the heart, in the absence of congenital
heart disease, is most often secondary to left heart pathologies, espe-
cially MV disease and severe LV systolic dysfunction. Additionally,
obstructive airway disease and pulmonary thromboembolism are
common in cardiac surgical patients. Primary right heart pathology is
encountered less frequently and includes right ventricular (RV) myo-
cardial infarction and organic tricuspid valve disease.

Unlike the left ventricle, the right ventricle has complex anatomy.
The RV inflow portion, main body, and outflow tract (RVOT) do not lie
in the same anatomic plane, rendering it impossible to image the entire
right ventricle from one echocardiographic window. Accordingly, dif-
ferent acoustic windows must be used, including the RV inflow view,
the RV outflow view, the RV-focused apical four-chamber view, and
the subcostal view. Abnormalities of RV size and shape and global
and regional contractility are qualitatively assessed, and various RV
and right atrial (RA) dimensions are obtained from these windows™
(Table 2.1). Additionally, tricuspid valve function, the presence of any
intracardiac masses, and so on can be evaluated.

Because of the complex shape of the right ventricle, the RV ejec-
tion fraction generally cannot be measured by echocardiography. As
a result, RV systolic function is indirectly assessed using alternative
parameters, such as M-mode—derived tricuspid annular plane sys-
tolic excursion, tricuspid annular systolic velocity on tissue Doppler
imaging, RV cavity fractional area change on 2D echocardiography,
and myocardial performance index obtained from pulsed-wave Dop-
pler or tissue Doppler imaging” (see Table 2.1). Additionally, RV
free wall longitudinal strain can be measured with the use of STE.’
Although it has now become feasible to measure RV ejection fraction
by 3DE, the method is cumbersome and not yet ready for regular
clinical use.’

In contrast, the assessment of RV diastolic function is simpler than
that of LV diastolic function. The easy accessibility of the inferior
vena cava (IVC) for imaging permits direct estimation of RA pressure,
which in the absence of any tricuspid inflow obstruction is the same
as RV filling pressure (RVFP).” If the IVC is normal in size (<21 mm)
and collapses by more than 50% on deep inspiration, the RA pres-
sure is considered to be normal (ie, ~3 mm Hg; range, 0-5 mm Hg).

Echocardiographic Measures of Right Ventricular Size and Systolic Function

Measurement Transthoracic Echocardiographic View Normal Value
RV Size

RV basal diameter RV focused apical four-chamber view 25-41 mm
RV mid-diameter RV focused apical four-chamber view 19-35 mm
RV longitudinal diameter RV focused apical four-chamber view 59-83 mm
RV outflow tract proximal Parasternal long-axis view 21-35 mm
RV outflow tract distal Parasternal short-axis view 17-27 mm
RV free wall thickness Subcostal view 1-5 mm
RV Systolic Function

Fractional area change RV focused apical four-chamber view 235%
Tricuspid annular plane systolic excursion Apical four-chamber view (providing best alignment of ultrasound beam with annulus motion) >16 mm
Tricuspid annular peak systolic velocity Apical four-chamber view (providing best alignment of ultrasound beam with annulus motion) >10 cm/s
Pulsed Doppler myocardial performance index A combination of parasternal short-axis view and apical four-chamber view <0.43
Tissue Doppler myocardial performance index Apical four-chamber view (providing best alignment of ultrasound beam with annulus motion) <0.54

RV ejection fraction by 3DE Full volume dataset from apical window 245%

RV free wall strain
3DE, Three-dimensional echocardiography; RV, right ventricular.

RV focused apical four-chamber view

—20% or more

From Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of
Echocardiography and the European Association of Cardiovascular Imaging. ] Am Soc Echocardiogr. 2015;28:1-39 el14; Rudski LG, Lai WW, Afilalo J, et al. Guidelines for the
echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography endorsed by the European Association of Echocardiography, a
registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography. ] Am Soc Echocardiogr. 2010;23:685-713; quiz 786—788.
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Fig. 2.4  Algorithm for echocardiographic estimation of left atrial pressure and grading left ventricu-
lar diastolic function in patients with myocardial disease but with or without left ventricular systolic
dysfunction. A, Mitral inflow late diastolic velocity; E, mitral inflow early diastolic velocity; e, mitral
annular early diastolic velocity; LA, left atrial; LAP, left atrial pressure; TR, tricuspid regurgitation.
(Modified from: Nagueh SF, Smiseth OA, Appleton CP, et al. Recommendations for the evaluation
of left ventricular diastolic function by echocardiography: an update from the American Society of
Echocardiography and the European Association of Cardiovascular Imaging. J Am Soc Echocardiogr.

2016;29:277-314.)

However, a dilated IVC (>21 mm) that collapses by less than 50% on
inspiration indicates significantly elevated RA pressure (~15 mm Hg;
range, 10-20 mm Hg). When IVC size and collapsibility are discrepant
with one another, the RA pressure is assumed to be in the intermedi-
ate range (~8 mm Hg; range, 5-10 mm Hg). In such cases, additional
parameters can be obtained to more accurately define the RA pressure,
such as tricuspid inflow E/A and E/e’ ratios, E-wave deceleration time,
and hepatic vein flow pattern. Because both IVC size and collapsibil-
ity are affected by positive-pressure ventilation, this approach cannot
be used for estimating RA pressure in patients who are mechani-
cally ventilated, which is quite common in the perioperative setting.
Interrogation of the hepatic vein flow pattern can provide valuable
information about RA pressure in this setting.

RV systolic pressure and pulmonary vascular resistance can also be
estimated by echocardiography (see later discussion).

Assessment of Valve Lesions

Valvular heart disease is the second most common primary indication,
after CAD, for cardiac surgery. Valve lesions also frequently coexist

in patients undergoing surgery for other cardiac and noncardiac
indications.

Echocardiography is currently the best modality available for
evaluation of valvular heart disease. A combination of TTE and TEE
permits comprehensive assessment of valve anatomy and function and
provides all the relevant information required to determine the need
for and type of valve intervention. Additionally, intraoperative TEE is
useful in assessing the adequacy of valve surgery and in recognizing
any surgery-related complications (eg, LV outflow tract obstruction,
paravalvular regurgitation).

Mitral Valve Lesions
Rheumatic heart disease is, by far, the most common cause of mitral
stenosis (MS), even in developed nations. Mitral annular calcification,
which is common in elderly persons and in those undergoing hemo-
dialysis, can also produce mitral inflow obstruction, although mitral
regurgitation (MR) is more frequent.

In patients with rheumatic MS, echocardiography typically reveals
mitral leaflet thickening with doming of the anterior mitral leaflet,
restriction of posterior mitral leaflet motion, and variable amounts
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Typical echocardiographic findings in a patient with rheumatic mitral stenosis. A, Parasternal
long-axis view demonstrates restricted mitral leaflet opening with doming of anterior mitral leaflet
(arrow). Estimation of mitral valve area by planimetry from the parasternal short-axis view using
two-dimensional (B) and three-dimensional (C) echocardiography is shown. D, Apical four-chamber
view with color Doppler shows turbulent forward blood flow jet through the narrowed mitral orifice.
Continuous wave Doppler is shown for estimation of transmitral gradients (E) and mitral valve area (F)

by the pressure half-time method.

of leaflet calcification, fusion, and calcification of commissures.
Thickening, shortening, and calcification of the subvalvular appara-
tus are also typically present (Fig. 2.5). These abnormalities can be
formally graded with one of the various scoring systems available.”'
The severity of MS can be determined by measuring the transmitral
gradient or by estimating the MV area, using either planimetry or
the pressure half-time method® (Table 2.2; see Fig. 2.5). Of these,

MYV planimetry is the most accurate method (unless the predominant
obstruction is at the level of chordae) because it is not influenced
by heart rate and hemodynamics. However, its accuracy depends on
gray-scale image quality and on ensuring that the measurement is per-
formed exactly at the tips of the MV leaflets. 3DE is the best modality
for this purpose because it allows the operator to optimally position
the imaging plane for planimetry.””** In addition to assessment of MV
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TABLE
2.2

Preoperative Assessment and Management

Parameter Mild
Mitral Stenosis

Specific Findings

Mitral valve area (cm?) >1.5
Supportive Findings

Mitral valve mean gradient (mm Hg)* <5

Pulmonary artery systolic pressure (mm Hg) <30
Mitral Regurgitation
Structural Parameters
Left atrial size Normal®
Left ventricular size Normal®
Mitral valve apparatus Normal or abnormal
Doppler Parameters

Small, central jet (usually <4 cm?,
or <20% of left atrial area)

Color flow jet area (cm?)*

Mitral inflow (pulsed wave) A-wave dominance®

Jet density (continuous wave) Incomplete or faint
Jet contour (continuous wave) Parabolic
Pulmonary vein flow

Quantitative Parameters"

Systolic dominance’

Vena contracta width (cm) <0.3
Regurgitant volume (mL/beat)’ <30
Regurgitant fraction (%) <30
Effective regurgitant orifice area (cm?)’ <0.20

At heart rates between 60 and 80 beats/minute.

"Unless there are other causes of left atrial or left ventricular dilatation.
“Acute mitral regurgitation is an exception.

“At a Nyquist limit of 50 to 60 cm/s.

Echocardiographic Criteria for Severity of Mitral Valve Lesions

Moderate Severe

1.0-1.5 <1.0

5-10 >10

30-50 >50

Normal or dilated Usually dilated®
Normal or dilated Usually dilated*
Normal or abnormal Abnormal

Variable Large central jet (usually >10 cm?, or
>40% of left atrial area) or variable-size
wall-hugging jet in left atrium

Variable E wave dominance (E usually >1.2 m/s)*

Dense Dense

Usually parabolic Early peaking triangular

Systolic blunting' Systolic flow reversal®

0.3-0.69 >0.7

30—44 (mild to moderate) >60

45-59 (moderate to severe)

30-39 (mild to moderate) >50

40-49 (moderate to severe)

0.20-0.29 (mild to moderate) >0.40

0.30-0.39 (moderate to severe)

“Usually in patients older than 50 years of age or in conditions of impaired relaxation, in the absence of mitral stenosis or other causes of elevated left atrial pressure.

fUnless other reasons for systolic blunting (eg, atrial fibrillation, elevated left atrial pressure) are present.

sPulmonary venous systolic flow reversal is specific but not sensitive for severe mitral regurgitation.

"Quantitative parameters can help subclassify the moderate regurgitation group into mild-to-moderate and moderate-to-severe subgroups, as shown.

"For functional mitral regurgitation due to left ventricular systolic dysfunction, 230 mL is used as the cutoff point for defining severity.

TFor functional mitral regurgitation due to left ventricular systolic dysfunction, 20.20 cm? is used as the cutoff point for defining severity.

From Baumgartner H, Hung J, Bermejo J, et al. Echocardiographic assessment of valve stenosis: EAE/ASE recommendations for clinical practice. J Am Soc Echocardiogr. 2009;22:1-23;
quiz 101-102; Zoghbi WA, Enriquez-Sarano M, Foster E, et al. Recommendations for evaluation of the severity of native valvular regurgitation with two-dimensional and Doppler

echocardiography. ] Am Soc Echocardiogr. 2003;16:777-802.

morphology and MS severity, echocardiography aids in the evaluation
of concomitant valve lesions, if any, and in detection of LA or LA
appendage thromboses.

In comparison to MS, MR is a more complex entity with a multitude
of etiologies and pathogenic mechanisms. MR can be organic, caused
by direct pathologic involvement of one or more components of the
MYV apparatus; examples include rheumatic heart disease, degenerative
diseases, systemic inflammatory diseases, infective endocarditis, ische-
mic heart disease (chordal or papillary muscle rupture), and congenital
malformations (Fig. 2.6). Alternatively, MR can be of functional origin:
The MV apparatus itself is normal, but leaflet coaptation during systole
is impaired as a result of regional or global dilatation and dysfunc-
tion of the LV. Functional MR is common in patients with LV systolic
dysfunction undergoing CABG and is an independent predictor of
morbidity and mortality in these patients.”!

TEE provides excellent visualization of the MV because of its prox-
imity to the transducer. The exact pathology, the extent of the pathol-
ogy, mitral annulus size, and papillary muscle and chordal geometry
can all be delineated in great detail. Additionally, in patients with
functional MR, tenting height, tenting area, and coaptation length can
be assessed. When available, 3D TEE provides incremental information
regarding MV pathology. One major advantage of 3D TEE is that it
provides the “surgeon’s view” of the MV, facilitating easy appreciation
of the MV pathology preoperatively (Fig. 2.7).

For assessment of MR severity, a number of measures combining
2D and Doppler data are available, as outlined in Table 2.2.” Lower

thresholds are used for defining the severity of functional MR com-
pared with organic MR.”

Aortic Valve Lesions

Senile degeneration, bicuspid aortic valve (AV) disease, and rheumatic
heart disease are the most common causes of aortic stenosis (AS). The
same conditions can also result in aortic regurgitation (AR). AR can
also result from aortic root pathologies, infective endocarditis, systemic
inflammatory diseases, and other causes.

The echocardiographic assessment of AV lesions is based on
principles similar to those for MV lesions (Table 2.3).**** Compared
with the MV, however, adequate visualization of the AV is often dif-
ficult, even on TEE. Inability to align the Doppler beam with the
direction of blood flow in the conventional TEE views offers further
challenges to the assessment of AS severity. Deep transgastric views
are required to measure the AS gradient with TEE, but they may
not always result in a satisfactory evaluation. An additional chal-
lenge in the assessment of AS severity is the frequent occurrence
of inappropriately low transaortic gradients despite a significantly
reduced AV area.’®” This discrepancy is common in the setting
of LV systolic dysfunction. Dobutamine echocardiography may help
in further evaluation of these patients, as described later. However,
a paradoxically low gradient may also be seen in the presence of a
normal LVEF. The exact pathogenesis underlying this entity, its prog-
nostic significance, and the optimum management strategies remain
debatable.”™
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lllustrative examples of mitral regurgitation from various causes. A and B, Bileaflet mitral
valve prolapse (arrows). C and D, Papillary muscle rupture secondary to acute myocardial infarction.
The torn papillary muscle is seen prolapsing into the left atrium (C, arrow), resulting in posteriorly
directed severe mitral regurgitation (D). E and F, Infective endocarditis with perforation of the ante-
rior mitral leaflet (E, arrow) results in severe mitral regurgitation through the perforation (F); G and
H, Functional severe mitral regurgitation secondary to left ventricular systolic dysfunction and dilata-

tion. Mitral valve leaflets are markedly tented resulting in noncoaptation (arrow in G). LA, Left atrium;
LV, left ventricle.
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Three-dimensional transesophageal echocardiography shows the mitral valve from the left
atrial aspect, with the aortic valve in the 12 o'clock position (the “surgeon’s view”). A, Prolapse of the
A2 scallop of the anterior mitral leaflet (arrow). B, Perforation in the A3 scallop of the anterior mitral
leaflet (arrow). AML, Anterior mitral leaflet; LAA, left atrial appendage; PML, posterior mitral leaflet.

TABLE
23

Parameter

Aortic Stenosis

Aortic jet peak velocity (m/s)
Aortic valve mean gradient (mm Hg)"
Aortic valve area (cm?)

Indexed aortic valve area (cm?/m?)
Velocity ratio

Aortic Regurgitation

Structural Parameters

Left ventricular size

Aortic leaflets

Doppler Parameters
Jet width in LVOT (color flow)!

Jet density (continuous wave)

Jet deceleration rate (continuous wave) (pressure half-time, ms)*

Diastolic flow reversal in descending aorta (pulsed wave)
Quantitative Parameters'

Vena contracta width (cm)!

Jet width/LVOT width ratio (%)

Jet CSA/LVOT CSA ratio (%)
Regurgitant volume (mL/beat)
Regurgitant fraction (%)

Effective regurgitant orifice area (cm?)

CSA, Cross-sectional area; LVOT, left ventricular outflow tract.
At heart rates between 60 and 80 beats/minute.

"Unless there are other causes of left ventricular dilatation
“Acute aortic regurgitation is an exception.

At a Nyquist limit of 50 to 60 cm/s.

graphic Criteria for Severity of Aortic Valve Lesions

Mild

2.6-2.9
<20
>1.5
>0.85
>0.50

Normal”
Normal or abnormal

Small in central jets

Incomplete or faint
Slow, >500
Brief, early diastolic reversal

<0.3
<25

<5
<30
<30

<0.10

Moderate

3.0-4.0
20-40
1.0-1.5
0.60-0.85
0.25-0.50

Normal or dilated
Normal or abnormal

Intermediate

Dense
Medium, 500-200
Intermediate

0.3-0.60

25-45 (mild to moderate)
46-64 (moderate to severe)
5-20 (mild to moderate)
21-59 (moderate to severe)
30—44 (mild to moderate)
45-59 (moderate to severe)
30-39 (mild to moderate)
40-49 (moderate to severe)
0.10-0.19 (mild to moderate)

0.20-0.29 (moderate to severe)

Severe

>4.0
>40
<1.0
<0.60
<0.25

Usually dilated*

Abnormal/ flail, or wide
coaptation defect

Large in central jets; variable in
eccentric jets

Dense
Steep, <200
Prominent holodiastolic reversal

20.6
265

260

260

“Pressure half-time is shortened with increasing left ventricular diastolic pressure and vasodilator therapy and may be lengthened with chronic adaptation to severe aortic regurgitation.

'Quantitative parameters can help subclassify the moderate regurgitation group into mild-to-moderate and moderate-to-severe subgroups, as shown.

From Baumgartner H, Hung J, Bermejo J, et al. Echocardiographic assessment of valve stenosis: EAE/ASE recommendations for clinical practice. J Am Soc Echocardiogr. 2009;22:1-23;
quiz 101-102; Zoghbi WA, Enriquez-Sarano M, Foster E, et al. Recommendations for evaluation of the severity of native valvular regurgitation with two-dimensional and Doppler

echocardiography. ] Am Soc Echocardiogr. 2003;16:777—802.

Other Valve Lesions

Functional TR is another common valve lesion encountered in the sur-
gical setting. Any condition resulting in severe pulmonary hypertension
can cause TR. In cardiac patients, the most common causes are severe
LV systolic dysfunction and significant MV disease. Significant TR in
the absence of pulmonary hypertension occurs much less frequently

and may be a consequence of previous RV myocardial infarction, atrial

septal defect, or direct organic involvement of tricuspid valve leaflets in
rheumatic heart disease, carcinoid disease, trauma, infective endocar-
ditis, or the Ebstein anomaly. Organic, significant TR usually requires
surgical correction, but the optimum management strategy for func-
tional TR remains controversial. Although correction of the primary



pathology can often lead to partial or complete resolution of TR, it
is less likely to regress, and may even progress, if tricuspid annulus
dilation is present. In patients undergoing MV surgery, a maximum
tricuspid annulus diameter greater than 4 cm (or >21 mm/m?) on
preoperative echocardiography is generally considered to indicate the
need for surgical correction of TR at the time of MV surgery.”>**"

Tricuspid valve pathology is best imaged by TTE and TEE, but on
occasion the patient may have poor TTE windows, or the TEE study
may be insufficient. Morphology of the valve, size of the annulus, TR
gradient, status of RV systolic function, and RA pressure are the impor-
tant data that need to be obtained from echocardiography.

Tricuspid stenosis is very rare and is usually congenital, associ-
ated with carcinoid tumor, or rheumatic in origin. Significant pul-
monary regurgitation is also rare and typically occurs secondary to
pulmonary hypertension or previous repair of congenital pulmonary
stenosis. Pulmonary stenosis, however, is not uncommon. It is almost
always congenital in origin and usually occurs as an isolated valvular,
subvalvular, or supravalvular stenosis. The pulmonic valve is not well
visualized on either TTE or TEE, especially in adults, but the transpul-
monary gradient can be estimated in most patients.

Apart from native valve disease, patients can present with a
wide variety of prosthetic heart valve (PHV)-related complications.
Although echocardiography remains the primary modality for the
evaluation of PHV function, adequate visualization of mechani-
cal prosthetic valves, especially prosthetic AVs, is difficult because of
acoustic shadowing and other artifacts caused by prosthetic materi-
als. Mitral PHVs, however, can be imaged reasonably well, especially
with TEE. The mobility of occluders, thickening of the leaflets in
cases of tissue valves, valve dehiscence, paraprosthetic leaks, and pres-
ence of pannus, thrombus, or vegetation can be diagnosed effectively.
Additionally, a reasonable amount of hemodynamic information can
be obtained and can be corroborated with the anatomic findings to
ascertain the actual mechanisms and severity of PHV malfunction.

Infective endocarditis is another common indication for valve
surgery in patients with either native or prosthetic valves. It can be a
life-threatening disease, with mortality rates reported to be as high as
40%.” The diagnosis is usually based on visualization of vegetations
by echocardiography, which is the primary modality for diagnosing
infective endocarditis. In severe cases, valve perforations, paravalvu-
lar abscesses, and PHV dehiscence can also be seen. With current-
generation technologies, the sensitivity of TTE for detection of native
valve endocarditis is in the range of 82% to 89%, and the specificity is
70% to 90%.”**" For prosthetic valve endocarditis, however, the sensi-
tivity of TTE is rather poor (<50%). TEE is clearly the imaging modal-
ity of choice for infective endocarditis. For native valve endocarditis,
TEE has a sensitivity of 90% to 100% and a specificity greater than
90%. Even for prosthetic valve endocarditis, TEE is highly accurate,
with sensitivity in the range of 80% to 90% and specificity greater
than 90%.7**

Hemodynamic Assessment

Although invasive hemodynamic monitoring is routine in patients
undergoing cardiac surgery, echocardiography offers an excellent
alternative if invasive monitoring is not feasible. Typically, echocar-
diography is the best option for hemodynamic assessment during
the preoperative period, or in the late postoperative period after dis-
charge from the intensive care unit, and also in noncardiac surgery. An
added advantage of echocardiography is that it allows hemodynamic
data to be directly correlated with cardiac anatomy and function.
Vast amounts of hemodynamic information can be obtained from
echocardiography, including intracardiac pressures, cardiac output,
and vascular resistance.

Intracardiac Pressures

A wide range of intracardiac pressures can be derived using the simpli-
fied Bernoulli equation, which states that the pressure gradient (AP)
driving a blood flow jet within the cardiovascular system is equal to
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4v?, where v is the peak jet velocity. If the pressure within the upstream
or downstream chamber is known, the pressure in the other chamber
can be calculated by measuring the peak jet velocity between the two
chambers. The most common application of this formula is in estima-
tion of RV systolic pressure or pulmonary artery systolic pressure from
a TR jet. The RV systolic pressure is derived by adding mean RA pres-
sure (estimated from IVC measurements as described earlier or from
jugular venous observations with head elevation) to the peak TR jet
gradient. In the absence of any RVOT obstruction, RV systolic pres-
sure is identical to the pulmonary artery systolic pressure. The same
principle can be applied for estimating other intracardiac pressures
using other jets (eg, pulmonary artery end-diastolic pressure from a
pulmonary regurgitant jet, RV systolic pressure from the jet crossing a
ventricular septal defect, LA pressure from the mitral regurgitation jet).

A number of equations are also available for the estimation of
peak systolic and mean pulmonary pressure from RVOT acceleration
time and from pulmonary regurgitation jet velocity.”™* However, these
formulas involve certain assumptions, and their accuracy is affected by
several hemodynamic factors.

Cardiac Output and Vascular Resistance

During echocardiography, flow through any cardiac structure can
easily be estimated by multiplying the cross-sectional area of the struc-
ture by the velocity-time integral (VTI) of the blood flow through that
structure. This provides stroke volume, which is then multiplied by the
heart rate to calculate cardiac output (CO).

In clinical practice, LV outflow tract (LVOT) is the site most com-
monly used for measurement of CO (Fig.2.8). LVOT is easy to visualize,
it is almost circular in shape, and its size does not change much during
the cardiac cycle. Additionally, the blood flow through the LVOT is
mostly laminar, which minimizes the chance of inadvertently sampling
velocities that are not truly representative of the actual blood flow at
that point. The LVOT diameter is measured from the parasternal or
TEE long-axis view and the VTI from the apical five-chamber or TEE
deep transgastric view (using pulsed-wave Doppler ultrasonography).
Precision should be maintained while obtaining these measurements,
because any errors will become magnified when the calculations are
performed.”

There are several circumstances in which the CO measured at the
LVOT may not be accurate or representative of true CO, including
significant LVOT obstruction and AR. In such cases, the measurements
can be performed at the MV or at the RVOT, provided there is no
significant MR or intracardiac shunt, respectively.

Once the CO has been determined, systemic vascular resistance
(SVR) can be estimated using the principle of Ohm’s law, which states
that the resistance across any vascular circuit is equal to the pressure
gradient across the circuit divided by the flow:

SVR = (Mean aortic pressure — Mean RA pressure)/
Systemic blood flow

Mean systemic blood pressure is used as a surrogate for mean aortic
pressure; all the other values can be obtained by echocardiography,
as described earlier. When the pressure gradient is measured in mm
Hg and CO in L/min, the derived vascular resistance is described in
Wood units, which can be converted to metric units (dynes-s-cm™) by
multiplying by 80.

Although a similar equation can be applied for the estimation of
pulmonary vascular resistance (PVR), it is generally not used because
of the difficulties in obtaining transpulmonary gradients by echo-
cardiography. An alternate, simpler method has been proposed for
measuring the PVR (in Wood units); it relies on the TR jet velocity (in
m/s) and the RVOT-VTI (in cm):

PVR = (Peak TR velocity /RVOT — VTI)x10+0.16

Pericardial Diseases

Bleeding into the pericardial space is a common occurrence during the
immediate postoperative period after cardiac surgery and an important
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Echocardiographic estimation of cardiac output at the left ventricular outflow tract (LVOT). A,
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cause of hemodynamic compromise in this setting. Pericardial effu-
sions can also occur secondary to a number of cardiac and noncardiac
conditions; for example, it can occur as an immune reaction after myo-
cardial infarction or cardiac surgery. Echocardiography not only allows
detection and quantification of pericardial collections but also permits
assessment of the hemodynamic significance of the phenomenon.

The pericardial fluid or blood collection can be circumferential or
localized, and it usually appears as an echolucent space outside the
heart. When bleeding is the cause, however, the fluid is more echogenic,
and even frank clots may be seen. Additionally, fibrinous bands, septa,
and pericardial echogenic deposits are commonly visualized in cases of
exudative effusions. When a pericardial collection is localized posterior
to the LV, it can be difficult to distinguish from a pleural collection.
Extension of the collection posterior to the descending thoracic aorta
suggests a pleural origin, rather than pericardial.

When a pericardial effusion is visualized, an important clini-
cal question is whether there is any evidence of cardiac tamponade.
Evidence of diastolic RA and RV collapse, a restrictive-type mitral
inflow pattern with significant respiratory variation in mitral and tri-
cuspid inflow velocities, and a dilated, noncollapsing IVC indicate the
presence of cardiac tamponade (Fig. 2.9). The size of the effusion itself
is not a reliable indicator because the rapidity of fluid accumulation
is more important than the actual quantity of fluid in the causation
of cardiac tamponade.

Apart from pericardial collections, constrictive pericarditis is
another common pericardial pathology and is itself an indication
for cardiac surgery. In patients with suspected chronic constrictive
pericarditis, pericardial thickening and calcification may be visualized
on echocardiography. More often, however, it is the hemodynamic
abnormalities that draw attention to the possibility of constriction
physiology. The echocardiographic findings suggestive of constriction
include (1) exaggerated ventricular interdependence, as evidenced by
septal bounce, deviation of septal position with respiration, and sig-
nificant respiratory variation in mitral and tricuspid inflow velocities;
(2) a restrictive-type mitral inflow pattern with a relatively preserved
or exaggerated mitral ¢’ (known as annulus paradoxus) or a medial
mitral e’ that is taller than the lateral ¢’ (known as annulus reversus);
and (3) a dilated, noncollapsing IVC. In uncertain cases, assessment of
myocardial strain and torsion abnormalities may provide further clues
to help reach an accurate diagnosis.”'

In patients with various pericardial pathologies, echocardiography
helps not only in diagnostic evaluation but also in guiding therapeutic
interventions (eg, pericardiocentesis, pericardiectomy) and in assess-
ing the adequacy of those procedures.

Diseases of the Aorta

Aortic aneurysm and aortic dissection are commonly encountered
cardiac pathologies. Despite advances in endovascular repair, surgery
remains the primary treatment modality for most patients. Although
CCT is the modality of choice for imaging the aorta, echocardiography
is a good modality for initial evaluation, especially in acutely ill or
hemodynamically unstable patients.

Ascending aortic aneurysms usually occur because of cystic medial
degeneration; they frequently involve the aortic root and cause AR.
These aneurysms are more common in patients with hypertension,
bicuspid AV, or connective tissue diseases such as Marfan or Ehlers-
Danlos syndrome (see Chapter 23).”” In contrast, descending aortic
aneurysms are mostly caused by atherosclerosis and are associated
with the same risk factors as for CAD. Among descending aortic aneu-
rysms, abdominal aneurysms are more common than thoracic aortic
aneurysms.

Although TTE can provide clear visualization of the aortic root
and the proximal segment of the ascending aorta, imaging of the arch
and the descending thoracic aorta is usually challenging. In contrast,
TEE can image the entire length of the descending thoracic aorta, in
addition to aortic root and the proximal segment of ascending aorta,
but the aortic arch, especially the proximal portion, is not visualized
because of the interposition of the left main bronchus in the path
of the ultrasound beam. An aortic aneurysm appears as a localized
dilatation of a segment of the aorta to more than 1.5 times its normal
size. Echocardiography can be used to measure both the width and the
longitudinal extent of the aneurysm, as well as its relationship to major
anatomic landmarks. Additionally, mural thrombi are frequently seen,
especially in large aneurysms.

Ascending aortic dissection is a true cardiac surgical emergency
that needs to be diagnosed urgently and treated surgically. In aortic dis-
sections, there is a tear in the intima that forms a communication with
the aortic true lumen. The media is exposed to blood flow, and a false
lumen typically forms. The dissection extends in either an anterograde
or a retrograde fashion, often involving the branch arteries.” Aortic
dissections most commonly originate in one of two locations that
experience greatest stress: the ascending aorta just above the sinuses
of Valsalva (65%) or the descending aorta just distal to the subclavian
artery (20%). Other, less common sites include the aortic arch (10%)
and the abdominal aorta (5%).

Echocardiography is an excellent modality for the initial assess-
ment of patients with aortic dissection, particularly those with proxi-
mal aortic dissection. TTE has a sensitivity of 77% to 80% and a
specificity of 93% to 96% for the diagnosis of proximal aortic
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A patient with cardiac tamponade. Parasternal long-axis view (A) and short-axis view (B) show
a large circumferential pericardial effusion (asterisks). C, Late diastolic right atrial collapse (arrows). D,
Early diastolic right ventricular collapse (arrow). E, Significant respiratory variation in mitral inflow veloci-
ties (arrows). F, Dilated inferior vena cava (asterisk) suggestive of elevated right heart filling pressure.

dissection, whereas the sensitivity and specificity of TEE in this appli-
cation are 98% and 95%, respectively.”** The sensitivity of TTE for
detecting distal aortic dissection is much lower, for the reasons men-
tioned earlier, but TEE can diagnose most dissections involving the
descending thoracic aorta. TEE can also demonstrate intimal tears

in most cases, and it permits recognition of true and false lumina.
Additionally, both TTE and TEE are helpful in defining the mecha-
nism of AR if present, in assessing the underlying primary AV pathol-
ogy if present, and in recognizing pericardial extension of the dissection
(Fig. 2.10).
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An illustrative example of proximal aortic dissection. Dissection flap (arrow) is seen in the
ascending aorta in the long-axis view (A) and in the short-axis view (B). The dissection flap is prolapsing
though the aortic valve orifice (C, arrow), resulting in severe aortic regurgitation (D).

Miscellaneous Disorders

Echocardiography is also useful in providing surgically relevant
information about patients undergoing cardiac surgery for various
structural lesions such as hypertrophic cardiomyopathy or intracar-
diac masses. In patients with hypertrophic cardiomyopathy who are
undergoing septal myectomy, echocardiography delineates the extent
of septal hypertrophy, the site of maximum thickness, the presence
of any papillary muscle abnormalities, and the presence, severity, and
mechanism of MR, all of which are helpful in planning the surgical
procedure.

Stress Echocardiography

Inclusion of a hemodynamic stressor at the time of imaging greatly
expands the diagnostic realm of echocardiography. Inducible myocar-
dial ischemia and myocardial viability can be assessed, the patient’s
symptoms can be corroborated, and the hemodynamic significance of
valve lesions can be better assessed if there is ambiguity.

Myocardial Ischemia

Assessment of the presence, extent, and severity of myocardial isch-
emia is the most common indication for performing stress echo-
cardiography. During stress echocardiography, inducible ischemia is
diagnosed by the development of new wall motion abnormalities,
which may manifest as delayed thickening, reduced thickening, or no
thickening at all.

Patients can be stressed by exercise or by the use of pharmacologic
agents.” In patients who are physically active, exercise is the preferred
modality because it is physiologic, allows symptom correlation, and
permits assessment of functional capacity, which itself is a powerful
prognostic marker. Exercise is most often done on a treadmill or, less
commonly, on a bicycle ergometer.” Compared with bicycle ergometry,
treadmill exercise typically results in greater workload during the stress
test. However, the lower workload achieved during bicycle ergometry
is compensated by the ability to image during the exercise itself, so the
two modalities have equivalent diagnostic accuracy.™

Pharmacologic stress testing is a negative prognosticator in itself
because patients who are not able to achieve sufficient physical activity
to perform an exercise stress test have a greater incidence of cardio-
vascular disease and other comorbidities. Pharmacologic stress testing
can be performed using either dobutamine, which is a chronotropic/
inotropic agent, or a vasodilator such as dipyridamole or adenos-
ine. Atropine is often combined with pharmacologic stress testing to
increase the sensitivity of the test.””

If the patient has an implanted pacemaker and a pacemaker-
dependent rhythm, pacing stress echocardiography can be performed
using an external programmer to sequentially increase the heart rate.
It is usually combined with dobutamine infusion to simultaneously
augment contractility.

Regardless of the stress modality, the imaging protocols are almost
identical.”® Representative gray-scale images (typically the parasternal
long-axis, midventricular short-axis, apical four-chamber, and apical



two-chamber views) are acquired at baseline and at, or immediately
after, peak stress. Bicycle exercise and pharmacologic agents also allow
acquisition of low-stress and recovery images. Hemodynamic data (eg,
LVFP, TR, MR) are also captured at baseline and at peak stress. The
gray-scale images are analyzed for any inducible wall motion abnor-
malities with the use of a digitized, quad-screen display format to allow
side-by-side comparisons.

The accuracy of stress echocardiography for detection of induc-
ible ischemia has been examined in numerous studies. In a large
metaanalysis, the average sensitivity and specificity of exercise echo-
cardiography were found to be 83% and 84%, respectively.” These
values were 80% and 85%, respectively, for dobutamine echocar-
diography; 71% and 92% for dipyridamole echocardiography; and
68% and 81% for adenosine stress echocardiography.”’ A number of
factors that influence the accuracy of stress echocardiography, includ-
ing the adequacy of stress, delayed imaging after stress, the extent
of CAD, the coronary vessel or vessels affected, use of beta-blockers
and other antianginal agents, preexisting wall motion abnormalities,
previous CABG, the presence of concomitant conduction abnormali-
ties, and the acoustic quality of the gray-scale images. Additionally,
the technical expertise of the personnel involved in image acquisition
and interpretation greatly influences the diagnostic accuracy of this
modality.”**¢

Myocardial Viability

In patients with significant LV systolic dysfunction, the presence of
myocardial viability is a good prognostic marker and is associated with
greater likelihood of functional recovery after revascularization.*”’
Accordingly, myocardial viability is often assessed in these patients to
determine the need for, and to choose the mode of, revascularization.

Although reduced end-diastolic wall thickness (<6 mm) has been
reported to have high negative predictive value for the presence of
myocardial viability,”" the converse is not true. For this reason, dobu-
tamine echocardiography is the primary echocardiographic modality
used for the assessment of myocardial viability in clinical practice. The
dobutamine infusion is started at a low dose (typically 2.5-5 ug/kg
per minute), and the dose is doubled every 3 minutes to a maximum
of 40 ug/kg per minute. At low doses (up to 10 pg/kg per minute),
dobutamine augments cardiac contractility without any appreciable
increase in myocardial oxygen demand. However, when the dose is
increased further, there is a progressive increase in heart rate and
myocardial oxygen demand. As a result, a dysfunctional but viable
segment that is underperfused (ie, a hibernating segment) will improve
at low doses but worsen again at peak doses. This biphasic response is
considered to be the hallmark of myocardial viability and is the most
accurate predictor of functional recovery after revascularization.”” In
contrast, when a myocardial segment is dysfunctional but well per-
fused (i.e., stunned myocardium), it will demonstrate a sustained
improvement in contractility at both low and peak doses (uniphasic
response). Such a segment is likely to improve with time without the
need for any revascularization. If there is no improvement in contrac-
tility with a low dose, lack of myocardial viability is indicated, and
the likelihood of functional recovery is very low. In a metaanalysis
comparing various modalities for assessment of myocardial viability,
dobutamine echocardiography was reported to have a sensitivity of
84% and a specificity of 81% for predicting functional recovery after
revascularization.”

An important limitation of stress echocardiography, when used
for evaluation of CAD, is the subjectivity of assessment. All interpre-
tation with this modality is based on visual analysis of wall motion.
Quantitative techniques such as tissue velocity imaging and strain
imaging have been explored to minimize this subjectivity and to
improve the diagnostic accuracy of stress echocardiography. The
results indicate that the use of tissue velocity and strain as adjuncts to
wall motion analysis can indeed enhance the accuracy of stress echo-
cardiography for evaluation of myocardial ischemia and viability.”*”
Due to several technical limitations, however, the role of these tech-
niques is limited at present.
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Valve Lesions

Although valve lesions are typically evaluated at rest only, stress echo-
cardiography may be required in certain situations. For patients who
have significant valve disease but are asymptomatic, exercise stress
echocardiography can be performed to assess symptoms and to deter-
mine overall functional capacity. Development of symptoms at low
levels of stress, especially if accompanied by evidence of hemody-
namic compromise (eg, fall in blood pressure, significant increase in
pulmonary artery systolic pressure), may indicate the need for valve
surgery.”

A specific indication for stress echocardiography is in the evalua-
tion of low-gradient severe AS in the presence of LV systolic dysfunc-
tion.”® The AS may be truly severe and the gradients spuriously low
due to LV systolic dysfunction. Alternatively, the AS may not be severe,
with the reduced valve area being a function of inadequate opening
force (pseudo-severe AS). Low-dose dobutamine echocardiography
(maximum dose, 10-20 pg/kg per minute) can help make this distinc-
tion. In the former situation, an increase in LV contractility with dobu-
tamine infusion significantly increases the transaortic gradient without
a concomitant increase in valve area. In these cases, LV systolic dys-
function is likely to be secondary to severe AS and can be expected to
improve after AV replacement. In contrast, if the AS is not truly severe,
dobutamine infusion augments valve opening such that the valve area
increases but the gradients do not increase much. In such patients, LV
systolic dysfunction is not related to AS, and AV replacement may not
be helpful. On occasion, a patient may have fairly advanced LV sys-
tolic dysfunction with no contractile reserve, which precludes making
the distinction between severe AS and pseudo-severe AS. Patients in
this subgroup have high associated surgical mortality rates and poor
long-term outcomes, although valve replacement may still improve LV
function and outcome in selected individuals.”

Stress echocardiography may also have a role in the evaluation
of functional MR. An exercise-induced increase in the MR effective
regurgitation orifice by greater than 13 mm?® has been shown to be an
independent predictor of mortality and hospital admission for heart
failure in patients with chronic ischemic LV systolic dysfunction and
functional MR."

Myocardial Nuclear Scintigraphy

Myocardial nuclear scintigraphy is the most widely used modality for
assessment of myocardial ischemia and viability, at least in the preoper-
ative setting. There are two main forms of myocardial nuclear imaging,
single-photon emission computed tomography (SPECT) and positron
emission tomography (PET). Both use the principles of radioactive
decay to evaluate the myocardium and its blood supply.

The radionuclides that are used in SPECT are technetium 99m
(™ Tc) and thallium 201 (*'T1). *™Tc is a large radionuclide that
emits a single photon or gamma ray per radioactive decay event, with
a half-life of 6 hours. The energy of the emitted photon is 140,000
electron volts (140 keV). *'Tl is less commonly used and decays by
electron capture. It has a much longer half-life (73 hours), and the
energy emitted is between 69 and 83 keV. To obtain images, the gamma
rays that are released from the body must be captured and modified
by a detector (gamma camera). The standard camera is composed of
a collimator, scintillating crystals, and photomultiplier tubes. When a
radionuclide emits gamma rays, it does so in all directions. A collima-
tor made of lead that has small, elongated holes is used as a filter to
accept only those gamma rays traveling from the target organ toward
the camera. Once the selected gamma rays have reached the scintillat-
ing crystals, they are converted to visible light and then to electrical
signals by the photomultiplier tubes. These signals are processed by
a computer to form images. Myocardial regions that are infarcted or
ischemic after stress have relatively decreased tracer uptake and there-
fore decreased signal (counts) in the processed images.

Although PET also uses radioisotopes to produce images, the
actual process of image formation is quite distinct from that of SPECT.
The most common radioisotopes used for cardiac evaluation by PET
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imaging are rubidium 82, N-ammonia 13, and fluorine 18 (**F). '°F
is a much smaller radionuclide than *™Tc. It emits a positron (%)
antiparticle. This ionized antiparticle travels until it interacts with an
electron. The electron and the positron are antiparticles of each other,
meaning that they have the same mass but are opposite in charge.
When they encounter each other, both particles disintegrate and are
converted into energy in the form of two photons, each with the same
energy (511 keV), traveling in opposite directions. This phenomenon,
known as pair annihilation, is used to create the images in PET. PET
cameras also differ from SPECT cameras in that they capture only
incoming photons that travel in opposite directions and arrive at a
circular detector around the body at precisely the same time. PET
detectors have much higher sensitivity than SPECT cameras because
they do not require a collimator. As in SPECT, PET cameras use scin-
tillating crystals and photomultiplier tubes. PET systems have been
combined with CT and magnetic resonance imaging (MRI) systems to
simultaneously display PET metabolic images and the corresponding
anatomic information.

Detection of myocardial ischemia is the most common indica-
tion for performing myocardial perfusion imaging. Either SPECT or
PET can be used for this purpose, which is based on assessments
of LV myocardial uptake of the radioisotope at rest and after stress.
Myocardial uptake is reduced after stress in myocardial regions where
significant coronary artery stenosis is present. ™ Tc is the radioisotope
most commonly used for this purpose. It must be injected when peak
heart rate is reached, and the patient must continue exercising (or the
pharmacologic stress must be continued) for at least 1 minute after-
ward to allow sufficient time for the radioisotope to circulate through
the myocardium. The images are displayed in three LV orientations
(short-axis, horizontal long-axis, and vertical long-axis) for proper LV
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Fig. 2.11 Technetium 99m sestamibi stress myocardial perfusion
images demonstrate normal left ventricular size and perfusion (A),
apical and anteroapical infarct (B), and moderate-to-severe ischemia
involving the apical, septal, anterior, and anteroseptal walls (C).

wall-segment analysis. The stress images are exhibited directly above
the corresponding rest images so that normal myocardium can be dif-
ferentiated from ischemic myocardium (Fig. 2.11).

PET scanners have inherently less attenuation and higher resolution
than those used in SPECT, making PET the more desirable modality.”
Pharmacologic stressors are usually used in PET myocardial perfu-
sion tests because of the very short half-life of PET radioisotopes. The
sensitivity and specificity of SPECT for detection of obstructive CAD
are 91% and 72%, respectively; use of PET improves the specificity
to 90%." Normal findings on SPECT imply that the probability of
experiencing a cardiac event is less than 1% per year, and a normal
result on rubidium 82 (¥Rb) PET indicates a probability of less than
0.4% per year.

For viability assessment with SPECT imaging, **'T1 is used more
frequently, taking advantage of this isotope’s long half-life (73 hours).
Thallium uptake is dependent on several physiologic factors, including
blood flow and sarcolemmal intercellular integrity. The time required
for uptake is short in normal myocardium, but 24 hours may be needed
in hibernating myocardium that still has metabolic activity. Patients
are injected with thallium radioisotope and imaged the same day for
baseline studies. After 24 hours, new images are obtained without any
further injection. The baseline images and 24-hour images are com-
pared. Defects that are present at baseline but filled in at 24 hours rep-
resent viability (Fig. 2.12). Technetium radioisotopes also can be used
under different protocols for the evaluation of viable myocardium.

PET imaging is more sensitive than SPECT, and it is considered
by many experts to be the gold standard for assessment of viability.
PET has the ability to identify the presence of preserved metabolic
activity in areas of decreased perfusion when 18-fluorodeoxyglucose
(FDG) is used. PET imaging uses both FDG and either rubidium or
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Fig. 2.12 Thallium rest-redistribution scan demonstrates hibernating myocardium involving the
apical-basal anteroseptum, midbasal inferior, midbasal inferoseptum, and midbasal inferolateral wall
segments. There is infarction of the apex, inferoapical, and apical-lateral wall segments.

ammonia radioisotopes for quantification of energy utilization by the
myocardium and for evaluation of patterns of blood flow. Areas with
reduced blood flow and reduced FDG uptake are considered to rep-
resent scar and infarction. Areas with reduced blood flow and normal
FDG uptake are considered viable.*” A metaanalysis of more than 750
patients demonstrated a sensitivity of 92% and a specificity of 63% for
regional functional recovery with this method; the positive and nega-
tive predictive values were 74% and 87%, respectively.”

Nuclear scintigraphic methods, including both SPECT and PET
myocardial perfusion imaging, can also be used to evaluate global and
segmental LV systolic function. This is achieved by implementing ECG
gating during data acquisition. Most often, eight frames or phases are
acquired per cardiac cycle. Gated images can be acquired both at rest
and after stress. However, rest images typically involve a lower radia-
tion dose, so the images may be noisy; for this reason, most institu-
tions perform gated imaging on the post-stress images. Accurate LV
systolic analysis is limited with this technique in the circumstance of
stress-induced ischemia, in which myocardial stunning can transiently
reduce the LVEFE. Another limitation of ECG-gated SPECT or PET is
arrhythmias, specifically frequent premature ventricular contractions
or atrial fibrillation. Assessment of LV function also may be inaccu-
rate in patients with extensive myocardial infarction: Because there is
absence of isotope in the scar regions, the endocardial border cannot
be defined.

An alternative technique is gated blood pool scanning (also
known as multiple-gated acquisition, or MUGA). In this technique,
the cardiac blood pool is imaged with high resolution during the
cardiac cycle. Ventricular function and various temporal parameters
can be measured.” There is good correlation between echocardiog-
raphy and MUGA for the evaluation of LVEE, and in fact, MUGA
has demonstrated better intraobserver and interobserver reproduc-
ibility compared with echocardiography.” Nuclear imaging can also
be used for assessment of LV diastolic function, but it is much less
useful than echocardiography for that purpose. At least 16 phases of

the cardiac cycle need to be acquired to evaluate diastolic dysfunc-
tion using SPECT. The two main parameters that can be measured by
SPECT are LV peak filling rate and time to peak filling rate.

Myocardial infarction causes denervation of the scar, and sub-
sequent interruption of sympathetic nerves induces denervation of
adjacent viable myocardium.”* Sympathetic nerves are very sensi-
tive to ischemia and usually become dysfunctional after repeated epi-
sodes of ischemia that do not result in irreversible myocyte injury.*”
Matsunari and associates’’ demonstrated that the area of denerva-
tion is larger than the area of scar and corresponds to the area at
risk for ischemia. Additionally, Bulow and coworkers” showed that
denervation of myocytes can occur in the absence of previous infarc-
tion. Myocyte sympathetic innervation can be measured by PET using
carbon 11 (*'C)-labeled hydroxyephedrine (HED). This is compared
with PET resting perfusion images to determine the area of the scar.
Areas of normal resting perfusion and reduced HED retention indicate
viable myocardium.

SPECT imaging of myocardial uptake of iodine 123 ('*I)-labeled
metaiodobenzylguanidine (mIBG), which is an analog of the sym-
pathetic neurotransmitter norepinephrine, provides an assessment
of B-receptor density. Reduced 'I-mIBG uptake is associated with
adverse outcomes in patients with heart failure and has been proposed
as a marker of response to treatment.”

& Cardiac Computed Tomography

CCT has grown significantly in clinical use since the advent, in the
early 2000s, of multidetector CT (MDCT) scanners with submilli-
meter resolution that allow evaluation of the coronary anatomy. The
x-ray tube produces beams that traverse the patient and are received
by a detector array on the opposite side of the scanner. The tube
and detector arrays are coupled to each other and rotate around the
patient at a velocity of 250 to 500 microseconds per rotation. In 1999,
the first MDCT scanner used for coronary imaging had four rows of
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detectors and a scanning coverage of 2 cm per rotation. Breath-holds
on the order of 10 to 20 seconds were required to cover the entire
heart. Artifacts produced by the patient’s respiration and heart rate
variability rendered many studies nondiagnostic for the assessment of
coronary stenosis. With today’s advanced technology, 256-slice systems
are standard, and 320-slice systems with 16 cm of coverage are able to
capture the entire heart in one heartbeat and rotation.

CCT uses ionizing radiation for the production of images. Concern
about excessive medical radiation exposure has been raised. Although
several techniques, such as prospective ECG-gated acquisition, may be
implemented to reduce the radiation dose,” ™ a risk-benefit assess-
ment must be done for the selection of patients who have appropriate
indications for CCT.

Coronary angiography is currently one of the most common indica-
tions for performing CCT. The patient’s heart rate must be lowered to
less than 65 beats/minute to achieve adequate results when imaging the
coronary arteries. This usually requires the administration of oral or
intravenous beta-blockers. After the scan has been completed, images
are reconstructed at various points of the cardiac cycle and analyzed
on a computer workstation. Cardiac CT angiography (CCTA) has been
well studied for the diagnosis of CAD in patients without known ische-
mic heart disease, demonstrating a sensitivity of 94% and a negative
predictive value of 99%.” It is being increasingly employed to exclude
obstructive CAD before valve surgery in patients with low-to-inter-
mediate pretest probability to avoid invasive testing. In one study of
CCTA for this purpose, researchers performed conventional coronary
angiography and 64-slice MDCT in 50 patients (mean age, 54 y) who
were about to undergo valve replacement for AR. CCTA demonstrated
a sensitivity of 100%, a specificity of 95%, and a negative predictive
value of 100%. Additionally, it was determined that use of CCTA
could have allowed 70% of the patients to avoid invasive catheteriza-
tion.” Two further studies used preoperative 16- and 64-slice CCTA in
patients with AS. The mean ages of the patients were 68 and 70 years,
respectively. In each study, both the sensitivity and the negative predic-
tive value were 100% for detection of significant stenosis.””'* These
studies showed that preoperative coronary evaluation with CCTA is
safe and accurate. It is important that only patients with no known
CAD or those with low-to-intermediate risk be referred for CCTA.
In general, patients with degenerative AS are older and have greater
risk for CAD. Patients who undergo valve surgery for MR because
of MV prolapse are usually younger and are excellent candidates
for CCTA.

CT aortography is the imaging modality of choice for evaluation
of aortic pathologies such as aortic aneurysms and nonemergency dis-
sections. Imaging protocols used for evaluation of the aorta are similar
to those used for CCTA. It is important to have the scan gated to the
patient’s ECG because the ascending aorta moves significantly during
the cardiac cycle. Nongated scans have inherent motion artifacts that
can be confused with a dissection. Use of prospective ECG gating also
minimizes radiation exposure. Visualization of the aortic root and
coronary arteries is crucial because ascending aortic dissections can
involve the ostia of the coronary arteries.

Once the images are acquired by specialized CT workstations,
the aorta is evaluated and measured. The aorta is lined up in mul-
tiple orthogonal views to measure the true short axis throughout
the length of the aorta. The excellent spatial and contrast resolu-
tion of this modality is useful for the evaluation of dissection. Entry
points of dissection, intimal flap location, false lumen, extension
into branch arteries, and the abdominal aortic circulation are easily
visualized.

Although echocardiography is the gold standard for imaging val-
vular disease, advanced imaging with CCT or CMR may be required
if TTE and TEE are technically difficult or if there are discrepancies in
the findings. CMR offers more functional data than CCT, but CCT may
be used if further anatomic information about a valve is required. For
evaluating prosthetic valves, CCT is usually superior to CMR because
of metallic artifact from the valve, which is visualized on CMR (see
Chapter 21).

Valvular calcification is common in patients presenting with AS,
particularly senile degenerative AS. CCT can accurately quantify AV
calcification and can help assess the severity of AS. An AV calcium score
of 1100 or greater has 93% sensitivity and an 82% specificity for severe
AS.1 Additionally, contrast-enhanced CCT allows for excellent visu-
alization of the AV morphology and accurately differentiates between
bicuspid and tricuspid AVs'” (Fig. 2.13). Aortic valve planimetry can
also be performed. AV areas measured by CCT have been demon-
strated to have a strong correlation with valve areas and transvalvular
gradients obtained by echocardiography.'”'"””

CCT also can be used for the evaluation of AR. CCT can elucidate
the potential mechanism of AR, including inadequate leaflet coapta-
tion during diastole, leaflet prolapse, cusp perforation, and interposi-
tion of an intimal flap in cases of type A aortic dissection. Regurgitant
orifice areas measured by CCT have an excellent correlation with AR
severity parameters, including vena contracta width and the regurgi-
tant jet/LVOT height ratio obtained by TTE.'*'*”

In patients with MS, ECG-gated, contrast-enhanced CCT can
permit assessment of MV morphology in a manner analogous to echo-
cardiography.'*'"" Calcium scoring of the MV is also possible but has
lower reproducibility than for the AV."”* The degree of MV calcification
correlates significantly with the severity of MS seen on TTE.'"” MV
areas obtained by planimetry also correlate significantly with MS data
obtained by TTE."*

CCT can accurately diagnose MV prolapse by evaluating cine
loops of the MV, and the exact scallops that are prolapsing can be
identified. Severity of MR can be assessed by planimetry of the
regurgitant orifice, which has been shown to correlate with TEE.'”
Additionally, the presence of calcification of the MV annulus and
leaflets can help determine whether the valve can be repaired or needs
to be replaced.

CCT can also be used to evaluate tricuspid and pulmonary valve
(PV) pathologies. For evaluation of the PV, CCT may be superior to
echocardiography; adequate visualization of the PV on echocardiog-
raphy is usually difficult.

CCT is an excellent modality for the evaluation of PHVs. It has
the ability to clearly depict the mechanical prosthesis and to detect
any abnormality, including valve thrombosis. This is done by using
retrospective scanning and acquiring the entire cardiac cycle to play
cine loops and visualize the leaflets through systole and diastole. The
mechanical valves that are used currently consist of two disks that open
symmetrically (Fig. 2.14). In one study, the valve function of the two-
disk prosthesis, including opening and closing angles, was evaluated
by CCT and compared with findings from fluoroscopy and echocar-
diography. CCT correlated significantly with both echocardiographic
imaging modalities for these valves.'"® The role of CT in the assessment
of bioprosthetic valves is similar because the metallic artifacts often
preclude adequate assessment by echocardiography.

CCT is excellent for the diagnosis of paravalvular abscesses. The
abscesses appear as paravalvular fluid-filled collections on CCT and
are imaged by acquiring a delayed scan approximately 1 minute after
contrast is administered. The contrast agent is retained within the
abscess even after it washes out of the circulation'’” (Fig. 2.15). A
study comparing MDCT with intraoperative TEE for the detection of
suspected infective endocarditis and abscesses demonstrated excellent
correlation. CCT correctly identified 96% of patients with valvular
vegetations and 100% of patients with abscess. Additionally, CCT per-
formed better than TEE in the characterization of abscesses.'"

CCT, with its excellent spatial and temporal resolution, can also
facilitate an accurate assessment of LV function.'”™*" CCT uses actual
3D volumes to calculate LV systolic function. Retrospective scanning
is used for functional analysis because the entire cardiac cycle (both
systole and diastole) must be acquired. The raw data set is then recon-
structed in cardiac phase intervals of 10%, from 0% (early systole) to
90% (late diastole), to derive functional information. Advanced com-
puter workstations allow cine images to be reconstructed and displayed
in multiple planes. Segmental wall motion analysis can also be per-
formed using the 17-segment model recommended by the American
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