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Increasingly medical education and assessment is focusing 
on the clinicians ability to “connect-the-dots” across pieces 
of information (JAMA, 2009;302:1332–1333). Acquiring 
new information requires both verbatim memory and gist 
memory. Verbatim memory includes recollection of facts (for 
example. reversible causes of pericardial effusion) whereas 
gist memory involves interpretation (for example that the 
elevated TSH is due to hypothyroidism and may be the 
cause of a pericardial effusion and bradycardia). Experienced 
clinicians rely on such gist-based reasoning and their clinical 
reasoning is superior because they are able to recognize the 
gist of clinical symptoms. This book has been put together 
keeping this in mind.

They key goals of this book and the accompanying CD 
(containing over 600 questions) is to provide a comprehen-
sive review of core cardiovascular medicine curriculum to 
enhance not only verbatim memory but also improve the 
ability to ‘connect the dots’ and thereby prepare the reader 
for certifi cation and re-certifi cation examinations in cardi-
ology including the American Board of Internal Medicine 
(ABIM) boards in cardiovascular medicine, British Car-
diovascular Society/European Cardiac Society Knowledge 
Based Assessment Exam, Royal College of Physicians and 
Surgeons of Canada (RCPSC) certifi cation examination in 
cardiology, Fellow of Royal College of Australasian Physi-
cians (FRACP) cardiology, Doctor of Medicine (DM) Car-
diology and Diplomate of the National Board of Medicine 
(Cardiology).

This book should also be a valuable reference text for 
ABIM boards in Internal Medicine, Fellow of College of 
Physicians and Surgeons of Canada (FRCPSC) Internal 
Medicine certifi cation exam, MD (General Medicine), 
MRCP (UK), MRCP (Ireland), FRACP internal medicine 
certifi cation, Diplomate of the National Board of Medicine 
(General Medicine) and Postgraduate Diploma in Cardiol-
ogy at various universities in the UK. 

This book should be a valuable reference text for inter-
nists, family physicians, anesthesiologists, critical care physi-
cians and nurses, cardiovascular nurse practitioners, nurses 
and physician assistants and all physician extenders with an 
interest in cardiovascular care.

The book is best used at the bedside soon after or before 
the clinician sees the index patient. This allows correlating 
facts in the book with bedside clinical fi ndings. I encourage 

readers of this book to follow this ‘Book-to-Bedside-to-Book’
approach to maximize their ability to ‘connect the dots’ and 
derive the best out of this book. I encourage readers to start 
using this book at least eighteen months before their board 
exams or ideally the month they start their cardiology fel-
lowship program.

The unique quality of this book is that it includes con-
tributors from several institutions allowing it to have a 
broad perspective. Contributors include faculty from Har-
vard Medical School (Massachusetts General Hospital, 
Beth Israel Deaconess Hospital, Brigham and Women’s 
Hospital), Johns Hopkins, Baylor, Boston University, 
Cleveland Clinic, Columbia, Cornell, Duke, Northwest-
ern, NYU, Stanford, SLU, Tulane, Vanderbilt, Yale, Medi-
cal University of South Carolina (MUSC), University of 
Alabama, University of California Los Angeles (UCLA), 
University of California San Diego (UCSD), University of 
Colorado, University of Maryland, University of Missouri, 
University of New Mexico (UNM), University of North 
Carolina (UNC), University of Pennsylvania (UPenn), 
University of Southern California, University of Texas 
Southwestern Medical Center, University of Washington, 
Seattle and The Ohio State University. The style of this 
book refl ects this diversity of authors and follows an ‘open 
source’ format. The Section Editors role included soliciting 
articles and actively editing the articles to refl ect the key 
goals of this book.

We hope that this book will help the reader to improve 
the ability to ‘connect-the-dots’ between theoretical aspects 
of cardiovascular medicine and the clinical management of 
the patient by the bedside with the ultimate goal of provid-
ing superior patient care.

Sincerely
Ragavendra R. Baliga, MD, MBA, FACP, FACC, FRCP (Edin) 

Editor-in-Chief, Heart Failure Clinics of North America,
Associate Editor, American College of Cardiology 
Cardiosource Review Journal,
Vice-Chief & Assistant Director,
Division of Cardiovascular Medicine,
Professor of Internal Medicine,
The Ohio State University,
Attending Cardiologist, Richard M. Ross Heart Hospital,
Columbus, Ohio

Preface



This page intentionally left blank.



xxv

Acknowledgments

First and foremost I would like to thank each contributor 
and section editor for their patience and untiring efforts as 
this huge project, involving contributors from several orga-
nizations, matured to fruition.

This book was possible because several chiefs of cardi-
ology encouraged their faculty to contribute to this book, 
including G. William Dec Jr, MD, Massachusetts General 
Hospital; Robert Bourge, MD, University of Alabama; James 
N. Weiss, MD, University of California, Los Angeles; Peter 
Buttrick, MD, University of Colorado; William P. Fay, MD, 
University of Missouri, Columbia, Missouri, Mandeep R. 
Mehra, MD, University of Maryland; Joseph Hill, MD, UT 
Southwestern Medical Center; and Douglas B. Sawyer, MD, 
Phd, Vanderbilt University and I also thank Talmadge E. 
King, Jr, MD, Chair of Internal Medicine at University of 
California, San Francisco, and Richard L. Page, MD, Chair 
of Internal Medicine, University of Wisconsin for their sup-
port for this book.

I would like to thank my leadership here at The Ohio 
State University including William T. Abraham, MD, 
Chief of Cardiology, Michael Grever, MD, Chair of Medi-
cine, Thomas J. Ryan, MD, Director of Heart and Vascular 
Center, Catherine R. Lucey, MD, Dean of The Ohio State 
University Medical School, Vice-President for Medical 
 Education,  University of California San Francisco (UCSF) 

and President of American Board of Internal Medicine, 
James N. Allen, MD, Vice-Chair of Medicine, Joel G. 
Lucas, MD, Director of University Hospitals East, Charles 
A. Bush, MD, Director of Ross Heart Hospital Hagop S. Me-
khjian, MD, Chief Medical Offi cer, Ohio State University 
Medical Center and Garrie J Haas, MD, Director of Heart 
Failure and Cardiac Transplant, The Ohio State University 
Medical Center for their support.

Others supporters include Kim A. Eagle, MD, Director 
of University of Michigan, Cardiovascular Center, James B. 
Young, MD, Executive Dean, Lerner School of Medicine at 
Cleveland Clinic, and Jagat Narula, MD, Philip J. and Har-
riet L. Goodhart Chair in Cardiology, Professor of Medicine 
and Associate Dean for Global Health, Mount Sinai School 
of Medicine.

I would like to thank the Editorial Team at McGraw Hill, 
James Shanahan, Editor-in-Chief, Christine Diedrich, Edi-
tor, Regina Y. Brown, Senior Developmental Editor, Barbara 
Holton, Editor for CD, Sherri Souffrance, Laura Libretti for 
their support and Ruth Weinberg, Commissioning Editor 
who persuaded me to take on this project. At Thomson Dig-
ital, Aakriti Kathuria and Sandeep Pannu, Anand Kumar, 
and Roni Mathew patiently copyediting this book.

Finally, I would like to thank Rebecca Abbott for her 
assistance.



SECTION I

General Topics I



This page intentionally left blank.



3

The Cardiovascular History 
and Physical Exam

Jonathan Abrams and Abinash Achrekar

1

• The pain of myocardial ischemia is usually described 
as pressure, burning or indigestion.

• Women have atypical symptoms compared to men.

• Atypical symptoms like dyspnea, diaphoresis, nau-
sea, emesis, dizziness and fatigue are more often 
seen in diabetics, the elderly, and women.

• Location is typically substernal but radiation can 
occur to the shoulders, jaw, neck and interscapular 
and epigastric regions.

• Abnormal jugular venous pulse waves are seen in 
several cardiac conditions: prominent A waves in tri-
cuspid stenosis, pulmonary stenosis, and pulmonary 
hypertension; rapid x and y descent in cardiac tam-
ponade and constrictive pericarditis, respectively; 
and prominent V waves in tricuspid regurgitation. 

• Abnormal carotid pulse patterns include pulsus par-
vus et tardus in aortic stenosis; pulsus bisferiens in 
combined aortic stenosis and regurgitation; pulsus 
paradoxus in cardiac tamponade, and bifid pulse in 
hypertrophic cardiomyopathy.

• A loud S1 is typical of mitral stenosis, though it may 
also be heard with a short P-R interval.

• A single S2 is heard in pulmonic and aortic stenosis.

• Paradoxic splitting of S2 is typical of left bundle 
branch block (LBBB) but can also be heard in aortic 
stenosis, hypertrophic cardiomyopathy, patent duc-
tus, and systemic hypertension.

• Accentuation of P2 is indicative of pulmonary 
hypertension.

• Systolic ejection murmurs may be benign or patho-
logic. The latter are usually grade 3 or louder, associ-
ated with abnormal carotid upstroke, abnormal S2, 
or an ejection click.

• Pansystolic murmurs are usually due to ventricular 
septal defect and mitral or tricuspid regurgitation. 
The latter is augmented by inspiration.

• Diastolic murmurs are almost always pathologic and 
are usually due to mitral or tricuspid stenosis and 
aortic or pulmonary regurgitation.

• Continuous murmurs are usually due to patent duc-
tus arteriosus, coronary or pulmonary arteriovenous 
fistulas, or peripheral pulmonary artery stenosis. 

d PRACTICAL POINTS

INTRODUCTION

Taking a patient’s cardiovascular history and performing a 
physical exam are the oldest and arguably most important 
initial diagnostic tools in the evaluation of heart disease. A 
careful and thorough history and physical exam will screen 

for common cardiovascular diseases, guide further noninva-
sive and invasive testing, and may obviate needless expensive 
exams by pointing supporting a noncardiac diagnosis or a low 
severity of cardiovascular disease. In addition to obtaining de-
tails of the presenting complaint, a good history should include 
a detailed past medical assessment. Such an assessment could 
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suggest vascular disease as well as provide a survey of cardiac 
risk factors, a social history, including recreational drug and 
tobacco use, a family history of heart disease, including sud-
den death, stroke, and current medications. This chapter will 
focus on those common presenting complaints suggestive of 
cardiovascular disease, as well as physical diagnostic findings 
that suggest or confirm underlying cardiac abnormalities.

CHEST PAIN

Chest pain remains the most common cardiac complaint in 
the outpatient clinic or emergency room setting. Chest dis-
comfort encompasses a plethora of diagnoses ranging from 
innocuous to critical. Obtaining a good history is a diagnos-
tic challenge for the clinician. 

Coronary Artery Disease (CAD) 

History
Myocardial ischemia or infarction most commonly presents 
as chest pain or discomfort. From patient history an examiner 
should be able to ascertain the character, location, radiation 
pattern, and associated symptoms of the chest discomfort. 
Emphasis should be placed on provocative and palliative fea-
tures and frequency of the chest pain. The pain of myocardial 
ischemia typically is described as chest tightness, pressure, 
burning, indigestion, or heaviness. The classic description 
of “it feels like someone sitting on my chest,” while com-
monly heard, need not be present. Women often may have 
less typical chest discomfort than men. Anginal discomfort is 
usually deep rather than superficial, located substernally and 

supramammary. The pain may sometimes radiate to the arms, 
shoulders, interscapular region, epigastrum, jaw, and/or neck. 
The diagnostic value of particular characteristics of chest 
discomfort is given in (Table 1-1). Radiation of the discom-
fort is often manifest as numbness and tingling. Associated 
symptoms, or sometimes atypical symptoms (especially in 
diabetics, women, and the elderly), include dyspnea, diapho-
resis, nausea, vomiting, lightheadedness, weakness, lethargy, 
and apprehension. These same associated symptoms may be 
anginal equivalents. Dyspnea caused by elevated left ven-
tricular filling pressures or ischemic mitral regurgitation may 
be prominent. Silent or asymptomatic ischemia may occur 
in 25% or more of patients, most commonly in diabetics, 
women, the elderly, and those in the postoperative state.

Stable angina is often brought on by exertion, emotional 
stress, cold or hot weather, or after a large meal is consumed. 
Anginal discomfort is gradual in onset, lasts minutes rather 
than seconds, and is typically promptly relieved with rest 
and/or sublingual nitroglycerin. Reproducibility of chest pain 
at a given threshold level of activity is a hallmark of chronic 
stable angina. The Canadian Cardiovascular Society (CCS) 
classification of grading the functional severity of angina is 
practical and commonly accepted. (Table 1-2).

Unstable angina (ACS) is usually associated with increase 
in the frequency, intensity, and/or duration of ischemic 
chest discomfort. Chest pain may occur at rest or at a lower 
threshold of activity than previously noted. The discomfort 
of ACS is usually more severe (CCS class III or IV), lasts 
longer (>20 minutes), and is not as readily relieved by rest 
or sublingual nitroglycerin.

Table 1-1 • Value of Specific Components of the Chest Pain History for the Diagnosis 
of Acute Myocardial Infarction (AMI)

Pain Descriptor No. of Patients Positive Likelihood Ratio (95% CI)

Increased likelihood of AMI
Radiation to right arm or shoulder
Radiation to both arms or shoulders
Associated with exertion
Radiation to left arm
Associated with diaphoresis
Associated with nausea or vomiting
Worse than previous angina or similar to previous MI
Described as pressure

770
893
893
278

8426
970

7734
11 504

4.7 (1.9–12)
4.1 (2.5–6.5)
2.4 (1.5–3.8)
2.3 (1.7–3.1)

2.0 (1.9–2.2)
1.9 (1.7–2.3)
1.8 (1.6–2.0)
1.3 (1.2–1.5)

Decreased likelihood of AMI
Described as pleuritic
Described as positional
Described as sharp
Reproducible with palpation
Inframammary location
Not associated with exertion

8822
8330
1088
8822
903
893

0.2 (0.1–0.3)
0.3 (0.2–0.5)
0.3 (0.2–0.5)
0.3 (0.2–0.4)
0.8 (0.7–0.9)
0.8 (0.6–0.9)

Modified from Swap CJ, Nagurney JT. Value and limitations of chest pain history in the evaluation of patients with suspected acute coronary syndromes. 
JAMA. 2005;294(20):2623–2629.
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Acute myocardial infarction (AMI) usually presents with 
symptoms of severe chest pain, with similar but worse char-
acteristics and associated symptoms similar to angina. Chest 
discomfort is more intense, longer lasting, and not relieved 
with rest or sublingual nitroglycerin. Infarction pain is often 
quite unexpected and may occur at rest, not infrequently 
during the morning hours. The discomfort of acute myocar-
dial infarction is often gradual in onset, but quickly reaches 
a severe and unrelenting level, which can last up to several 
hours. The patient may not report “chest pain” but chest 
heaviness, pressure, discomfort, and/or arm and jaw discom-
fort may be the presenting complaints.

A detailed history of prior ischemic events and cardiac 
procedures is essential in the evaluation of a patient with 
symptoms suggestive of cardiac ischemia. Previous ischemic 
events include prior angina, myocardial infarction, cerebral 
vascular accident, or peripheral artery (PA) disease. The lat-
ter two are considered coronary artery disease equivalents; 
those with prior history of cerebral ischemia or peripheral ar-
tery disease have a very high likelihood of having significant 
coronary artery disease. Knowledge of previous coronary ar-
tery anatomy and function, if present, is very helpful in as-
sessment of a patient with symptoms suggestive of ischemia. 

A detailed history of a patient with suggestive symptoms 
of ischemia must include the possible presence of coro-
nary artery disease risk factors, such as tobacco abuse, hy-
pertension, dyslipidemia, diabetes mellitus, obesity, and a 
family history of premature coronary heart disease. The 
metabolic syndrome is a recent candidate for unsuspected 
CAD. The presence of one or more of these risk factors 
increases the likelihood of underlying coronary artery dis-
ease and also provides important targets for subsequent 
risk reduction.

Physical Exam
It would be quite helpful if coronary artery disease (CAD) 
could be diagnosed on a standard physical examination, but 
this is not the case. Most individuals with CAD have a com-
pletely normal cardiovascular examination, even those who 
have had a myocardial infarction (MI). Abnormalities may 
be present in some patients who have had a MI, particularly 
if significant myocardial damage is present. Large or polyin-
farcts often result in left ventricular enlargement, papillary 
muscle dysfunction, significant wall motion abnormalities, 
left ventricular hypertrophy, or mitral regurgitation, which 
may appear in physical findings upon cardiac exam. 

Blind Alleys An earlobe crease or arcus senilus have formerly 
achieved notoriety as being markers of coronary artery 
disease (CAD) and hyperlipidemia. Such observations, never 
proven to be reliable, do not deserve further discussion.

Noncardiac Physical Exam Abnormalities As atherosclerosis 
is a multiorgan problem, evidence of arterial narrowing 
in noncardiac structures can suggest patients who are at 
increased risk for coexisting CV disease, such as carotid 
artery or peripheral artery disease (PAD). Atheromatous 
deposits outside the coronary bed signal patients at high risk 
for CAD. Carotid stenosis or abdominal aneurysm can be 
discovered upon exam, often with little effort. Findings of a 
decreased carotid pulse or peripheral artery arterial upstroke 
suggest coexisting CAD. Abdominal aneurysm should be 
sought in all older subjects, especially those with a history of 
coronary disease, PAD, or a known pre-existing aneurysm. 

Pericarditis—An Unusual 
Cause of Chest Pain

History
Pericarditis can present rapidly or slowly, depending on the 
etiology. Infectious pericarditis, usually viral, manifests with 
severe symptoms, while uremic pericarditis presents quietly 
or even silently. The patient typically describes a variable 
intensity of sharp pleuritic precordial pain radiating to the 
back near the trapezius. The pain can radiate in almost 
any direction with a similar pattern to ischemic pain, how-
ever the quality of pericardial pain is very different. Such 
pain is usually improved by sitting up and leaning forward. 
Gastrointestinal symptoms of odynophagia, dysphagia, nau-
sea, and vomiting are sometime associated with pericarditis. 

Physical Exam
Pericardial Rub The classic pericardial friction rub is well 
known to physicians, but often missed. It typically is a “close 
to the ear” scratchy sound, frequently with murmur-like 
properties. The friction rub may be heard only in systole, but 
a rub in both systole and diastole provides more reassuring 
evidence that the sound in question is truly pericardial and 
not a heart murmur.

Table 1-2 • Canadian Cardiovascular Society (CCS)
Classification of Angina Pectoris

 Class I• : Ordinary physical activity, such as walking or 
climbing stairs, does not cause angina. Angina occurs 
with strenuous, rapid, or prolonged exertion at work or 
recreation.

• Class II: Slight limitation of ordinary activity. Angina occurs 
on walking or climbing stairs rapidly, walking uphill, 
walking or climbing stairs after meals, or in cold, in wind, 
or under emotional stress, or only during the few hours 
after awakening. Angina occurs on walking more than 
2 blocks on the level and climbing more than 1 flight of 
ordinary stairs at a normal pace and in normal condition.
 Class III• : Marked limitations of ordinary physical activity. 
Angina occurs on walking 1 to 2 blocks on the level and 
climbing 1 flight of stairs in normal conditions and at a 
normal pace.
 Class IV• : Inability to perform any physical activity without 
discomfort—anginal symptoms may be present at rest.
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While pericardial rubs are often ephemeral and difficult to 
hear, a change in body position and respiration may alter 
the qualities of the rub. It is taught that diagnosis requires a 
3-component rub, but this may be too rigorous a criterion. 
When a pericardial rub is suspected, the examiner should 
immediately have a colleague listen for the rub to confirm 
the diagnosis. 

Whether or not a rub is truly present may be a matter of 
some debate. A rub associated with right ventricular en-
largement, fluid retention, or edema may suggest pericardial 
effusion; in general, with increasing pericardial fluid, the 
rub softens or disappears, only to reappear after pericardio-
centesis or a decrease in size of the effusion. Jugular vein 
distension is a likely partner to a rub.

DYSPNEA, FATIGUE, AND EDEMA

Patients with symptoms of dyspnea, fatigue, and/or edema 
may be in congestive heart failure (see Table 1-3). The se-
verity and rapidity of onset of symptoms (see Table 1-4) may 
suggest a specific cardiac diagnosis, such as left- and or right-
sided heart failure. The history should focus on likely caus-
ative factors of heart failure (see Table 1-5). Left ventricular 
dysfunction from any cause results in neurohormonal com-
pensatory mechanisms to support cardiac output at the ex-
pense of elevated left ventricular filling pressures. Elevated 
filling pressures consequently lead to increased interstitial 
pulmonary edema. Etiologies of left ventricular dysfunction 
include coronary ischemia, cardiomyopathies, valvular le-
sions, and right heart disease will be discussed below. 

Mitral Regurgiutation

History
The clinical symptoms of a patient with mitral regurgita-
tion will be dependent on the speed of onset and degree 
of hemodynamic disturbance. Acute severe mitral regurgi-
tation, such as from papillary muscle ischemia or rupture, 
may cause the patient to complain of profound dyspnea, 

Table 1-3 • Symptoms of Congestive Heart Failure

Symptom Description

Dyspnea Discomfort with breathing

Peripheral edema Fluid retention seen in lower extremities, 
sacrum, and abdomen; increased 
weight or abdominal girth

Orthopnea Supine dyspnea

Paroxysmal
nocturnal
dyspnea

Dyspnea that occurs several hours after 
sleeping that awakens the patient

Nocturia Multiple awakenings during the night 
to urinate

Fatigability General or muscular weakness 
with activity

Anorexia Loss of appetite

Chest discomfort Angina

Presyncope/
syncope

Near or total loss of consciousness 
lasting seconds to a few minutes 

Palpitations Sensation of extra or rapid heart beats

Table 1-4 • New York Heart Association Functional 
Classification of Heart Failure

 Class I• : Patients with no limitation of activities; they suffer 
no symptoms from ordinary activities. 
 Class II• : Patients with slight, mild limitation of activity; they 
are comfortable with rest or with mild exertion. 
 Class III• : Patients with marked limitation of activity; they 
are comfortable only at rest. 
 Class IV• : Patients who should be at complete rest, confined 
to bed or chair; any physical activity brings on discomfort 
and symptoms occur at rest.

Table 1-5 • The Evaluation of the Cause of Heart 
Failure: The History

History to include inquiry regarding:
Hypertension
Diabetes
Dyslipidemia
Valvular heart disease
Coronary or peripheral vascular disease
Myopathy
Rheumatic fever
Mediastinal irradiation
History or symptoms of sleep-disordered breathing
Exposure to cardiotoxic agents
Current and past alcohol consumption
Smoking
Collagen vascular disease
Exposure to sexually transmitted diseases
Thyroid disorder
Pheochromocytoma
Obesity

Family history to include inquiry regarding:
Predisposition to atherosclerotic disease

(Hx of MIs, strokes, PAD)
Sudden cardiac death
Myopathy
Conduction system disease (need for pacemaker)
Tachyarrhythmias 
Cardiomyopathy (unexplained HF)
Skeletal myopathies

HF indicates heart failure; Hx, history; MI, myocardial infarction; and 
PAD, peripheral arterial disease.
ACC/AHA 2005 Guideline Update for the Diagnosis and Management of Chronic
Heart Failure in the Adult: A Report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines (Writing 
Committee to Update the 2001 Guidelines for the Evaluation and Management 
of Heart Failure) J Am Coll Cardiol. 2005;46:1–82. 
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orthopnea, chest discomfort, and/or systemic signs of shock. 
Conversely, chronic mitral regurgitation from myxomatous 
or rheumatic disease has a more insidious presentation, with 
patients typically complaining of easy fatigability and pro-
gressive dyspnea over months to years.

Physical Exam
Precordial Exam The range of precordial motion findings 
in mitral regurgitation is dependent on the severity of the 
regurgitation and the status of left ventricular size and 
function. Hemodynamically significant mitral regurgitation 
in the presence of relatively normal left ventricular function 
will result in a normal or increased prominence of the point 
of maximal (apical) impulse (PMI). Left ventricular systolic 
dysfunction typically results in increased size and strength 
of the PMI. With left ventricular dysfunction and moderate 
to severe mitral regurgitation, elevated pulmonary capillary 
or wedge pressure is typically present. Thus, resulting 
pulmonary hypertension can be mild to severe, possibly 
resulting in right ventricular dysfunction, typically with 
tricuspid regurgitation. A right ventricular lift is common 
in such patients, but often missed because of physician 
failure to search for the impulse, which typically denotes 
right ventricular hypertension or a large right ventricle. To 
allow detection of a right ventricular impulse, the patient 
should be supine and the lower sternum examined using 
firm pressure with the heel of the hand and breath held 
in expiration. The patient also should be examined in the 
left lateral decubitus position, palpating the apical impulse 
(which is typically more prominent in this position). A 
palpable S4 is common, along with an enlarged left ventricle, 
in acute mitral regurgitation. If the patient has depressed 
left ventricular function, the left ventricular apical impulse 
is likely to be quite prominent and displaced leftward. 

Auscultation The murmur of mitral regurgitation or 
insufficiency is highly variable, depending on systemic blood 
pressure, the degree or left ventricular dilation (if any), 
left ventricular function, the timing of the murmur, and 
the regurgitation volume per beat. In mitral regurgitation 
blood returns to the left atrium with each left ventricular 
contraction. The “shape” or length of the systolic murmur 
may be holosystolic, systolic, or even early systolic with 
no murmur vibrations in late systole (Figure 1-1 and 
Figure 1-2). Classic mitral regurgitation results in a 
holosystolic murmur. The classic murmur of mitral valve 
prolapse or papillary muscle dysfunction is a mid to late 
systolic murmur extending to the first heart sound; early 
systole is silent in such cases. 

Mitral Click In mitral valve prolapse, one or more of a series 
of high frequency clicks may be heard (Figure 1-3). These 
appear “close together” and may sound like an unusual 
crackling from multiple clicks, or there may be a single loud 
click. These sounds signify mitral valve prolapse, or less 

likely, papillary muscle dysfunction; both typically manifest 
as a late systolic crescendo murmur only. 

Mitral Stenosis

History
A careful history of a patient with mitral stenosis includes 
discovery of whether rheumatic disease or childhood in a 
rheumatic fever endemic area. Patients with multiple scle-
rosis (MS) typically complain of slow progressive symp-
toms of dyspnea and often heart failure. Dyspnea is the 

S1 S2
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Holosystolic
murmur

ECG

Rapid filling phase
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pressure
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Figure 1-1. Pressure-sound correlations in mitral regurgitation. 
There is a large pressure gradient between the left ventricle and 
the left atrium that begins before the aortic valve opens and ends 
during isovolumic relaxation. This pressure  difference  results 
in a holosystolic murmur with sound vibrations beginning 
with S1 and extending to S2. The murmur classically is even or 
plateaulike in configuration, although many variants exist. An 
S3 frequently is present when there is a significant  degree of 
mitral regurgitation; the S3 reflects the excessive blood volume 
traversing the mitral valve in early diastole. Such voluminous 
left ventricular filling may produce a short mid-diastolic flow 
murmur in patients with severe mitral regurgitation. (From: 
Synopsis of Cardiac Physical Diagnosis. 2nd ed. p. 187, Figure 13-2.) 
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most common symptom of mitral stenosis, followed by or-
thopnea. Atrial fibrillation may accompany signs of heart 
failure in the mitral stenotic patient. The stenotic mitral 
valve leads to left atrial hypertension and dilation resulting 
in atrial fibrillation. 

Physical Exam
Mitral stenosis, uncommon and often missed by physicians, 
has a Plethora of cardiac physical exam findings. Mitral 
stenosis is common in impoverished countries, such as India; 
it is often found in Native Americans and Hispanics as well. 

The cardiac exam in mitral stenosis may change over time 
as valve inflammation and thickening increases, resulting 
in more severe obstruction to mitral inflow. The diastolic 
opening snap of mitral stenosis allows a “make my day” di-
agnosis if it has not been previously discovered.

General Inspection Patient appearance may be normal in 
the absence of severe mitral stenosis. Experts of cardiac 
physical diagnosis in years past have noted “mitral facies” 
in patients with severe mitral stenosis and high right heart 
pressures; mitral facies is a characteristic reddened facial 
skin, often accompanied by a shiny appearance. It would be 
most unusual to see patients with such advanced valvular 
disease in countries with accessible well-trained physicians.

Jugular Venous Pulse Normal in mild valve disease, but 
likely to be elevated in patients with moderate to severe 
mitral stenosis with pulmonary hypertension. The classic 
finding is a dominant V wave, which in severe cases is very 
obvious to most examiners. The holosystolic measure of 
tricuspid insufficiency is common in such patients. One can 
typically see the jugular venous pulsating from the foot of 
the bed in these patients. Inspiration will produce a more 
prominent jugular venous pulse with a taller V wave.

Precordial Exam In mild mitral stenosis usually no abnor-
mality can be found. However, as peripheral artery (PA) 
pressure increases to significant levels, a right ventricular 
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Figure 1-2. Intracardiac pressure and sound relationships in mitral stenosis. Pressure crossover 
 between the left atrium (LA) and left ventricle (LV) always precedes the cardiac sounds generated by 
mitral valve closure (M1).and opening (opening snap), the persistence of a late diastolic gradient between 
the left atrium and left ventricle in combination with the thickened mitral valve apparatus results in an 
accentuated S1. Similarly, the maximal opening excursion of the rigid fibrotic valve generates an opening 
snap (OS), which immediately precedes early diastolic filling of the left ventricle and the resultant 
diastolic murmur (DM). (From: Synopsis of Cardiac Physical Diagnosis. 2nd ed. p. 223, Figure 14-2.) 
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Figure 1-3. Multiple systolic clicks in a patient with mitral valve 
prolapsed. There are at least three dominant clicks, with the 
loudest in late systole. (From: Cheitin, Mel MD, Byrd, RC; Curr
Probl Cardiol. 1984;8:1. p. 249, Figure: 15-2.)
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heave or lift is common, especially if the patient is examined 
in held expiration with firm pressure on the lower sternum, 
with the patient in the left lateral position. 

Cardiac Rhythm Most—but not all—individuals with mi-
tral stenosis ultimately develop atrial fibrillation. This 
arrhythmia, with beat to beat variation of the pulse, is 
common in such patients and is a hallmark of significant 
mitral stenosis, suggesting left atrial enlargement and 
tricuspid regurgitation due to pulmonary hypertension.

Auscultation The classic physical diagnostic exam in 
mitral stenosis is the opening snap (OS) in diastole, 
followed by a low pitched diastolic murmur or rumble 
(Figure 1-2). The OS is often missed by physicians, even 
when patient diagnosis is known. The OS is “close to 
the ear,” variable in distance from S2, and initiates the 
mitral stenosis murmur. The P2-OS interval is a valuable 
clue to the severity of mitral stenosis. While not a perfect 
indicator, in general a short P2-OS interval is associated 
with a significantly diseased mitral valve structure and a 
small mitral valve area, whereas a long interval suggests 
mild disease. It takes skill and patience to learn how to 
use these general principles, but the reward of a proper 
physical finding and diagnosis of mitral stenosis is worth 
the effort. 

The diastolic murmurs of mitral stenosis are usually hard 
to hear unless the heart rate is slow and the P2-OS clicks 
are readily audible. This murmur is typically low frequency 
(e.g., “rumble”) and of variable audibility, especially in the 
presence of coexisting mitral regurgitation. The long sys-
tolic murmur of The long systolic is often audible and sug-
gests both stenosis and regurgitation of the mitral valve.

Furthermore, in advanced disease, right-sided tricuspid re-
gurgitation murmurs are often present, along with an OS, a 
mitral murmur, and a short P2-OS (typically heard), culmi-
nating in a virtual cardiac symphony!

Aortic Sclerosis and Stenosis

History
Aortic sclerosis in isolation is asymptomatic and usually 
found during evaluation for an unrelated complaint. In 
fact, patients with aortic stenosis only become symptomatic 
after valve area is reduced by at least 50%. The hallmark 
symptoms of severe aortic stenosis are angina, presyncope/
syncope, and heart failure. The aortic outflow obstruction 
may be progressive over time; cardiac output is maintained 
by left ventricular hypertrophy. Patents should be care-
fully questioned about the onset of symptoms of dyspnea or 
 exertion-related chest discomfort; reduction of activity from 
symptoms may be almost imperceptible to patients. In severe 
aortic stenosis about two-thirds of patients will complain of 

angina. Presyncope may occur in many patients with fixed 
cardiac output and systemic vasodilatation. Presyncope/syn-
cope may also be a result of atrioventricular block, atrial, 
and/or ventricular arrhythmias. Patients should be ques-
tioned about dyspnea, orthopnea, and dizziness, which, 
unfortunately, are very late and poor prognostic features of 
aortic stenosis.

Physical Exam
Blood Pressure Blood pressure is often elevated, as aortic 
stenosis is a coexisting condition most common in older 
hypertensive individuals. Hypertension itself may result 
in leaflet stiffening and produce a systolic stenosis murmur 
indistinguishable from aortic stenosis. Blood pressure, if 
elevated, is a potential contributor to progression of aortic 
stenosis.

Pulse A classic finding in aortic stenosis is in the carotid 
artery exam, demonstrating a decreased pulse volume and a 
vibratory sensation on direct palpation on top of the carotid 
artery. The classic “parvus and tardus” description of the 
aortic pulse in severe aortic sclerosis remains true, but it is 
recognized only with careful examination. One practical 
problem is that aortic stenosis is common in the elderly, as 
is hypertension. Thus, the carotid artery upstroke may be 
more brisk than expected in a younger subject, considerably 
decreasing the sensitivity of the carotid exam, and falsely 
masking aortic obstruction. 

It is obligatory to include the carotid artery exam in all older 
patients, as a rough or prominent systolic murmur or bruit 
can suggest atherosclerosis, aortic sclerosis, or intrinsic scle-
rosis of aortic artery itself, i.e., significant aortic sclerosis.

Jugular Venous Pulse The venous pulsations are normal in 
aortic stenosis.

Precordial Exam In mild aortic stenosis or aortic sclerosis, 
there is no PMI perturbation as there is in moderate to severe 
aortic stenosis, where the left ventricular apical impulse 
may be prominent due to left ventricular hypertrophy 
(Figure 1-4). In subjects with depressed left ventricular 
systolic function, the PMI may be displaced to the left; the 
apical impulse may be increased in size and strength, all 
findings suspicious for left ventricular failure.

Auscultation The cardinal finding is a harsh systolic murmur 
at or above the right clavicle, which usually radiates to 
the head vessels. Surprisingly, this murmur can be very 
prominent at the cardiac apex; if present, the apical systolic 
murmur of aortic stenosis is less harsh and more musical 
than at the aortic area, and may often be confused with 
mitral regurgitation.

The severity of aortic stenosis may be predictable by auscul-
tation. The length of the murmur increases with the severity 
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of the aortic value obstruction. Thus, in severe aortic steno-
sis the murmur is quite long, extending to S2. Conversely a 
short aortic murmur is less likely to reflect severe obstruc-
tion to left ventricular outflow.

It is important to listen closely for a prominent systolic, often 
rough murmur at the right sternal border and superior chest in 
all patients, particularly the elderly. Such a murmur suggests 
either aortic valvular obstruction or possibly carotid artery ath-
erosclerosis. Both murmurs can be quite harsh or grunting.

Aortic Regurgitation

History
Many patients with moderate or even severe aortic regurgi-
tation have no complaints. The patient with chronic aortic 
regurgitation usually remains asymptomatic until the left 
ventricle dilates. After this occurs, the patient may com-
plain of classic symptoms of congestive heart failure, such as 
exertional dyspnea. Patients should be asked about a pound-
ing sensation or palpitations; this is a reflection of the wide 
pulse pressure that develops with significant aortic regurgita-
tion. Patients are also questioned about symptoms of angina 
that may develop late in the disease process as a result of 

left ventricular hypertrophy and decreased coronary perfu-
sion pressure. Patients with acute aortic regurgitation may 
not exhibit the compensatory mechanisms of left ventricular 
hypertrophy and dilation and, therefore, present with severe 
congestive heart failure and masked physical findings.

Physical Exam
Auscultation Aortic insufficiency or regurgitation is 
commonly seen on 2-D echocardiography as typically trace 
or mild; but these small jets of blood flow returning to the 
left ventricle are infrequently audible. Aortic regurgitation 
murmurs are usually high frequency and soft. Thus, when 
a high pitched diastolic murmur of aortic regurgitation is 
heard, the degree of reflux of blood in to the left ventricle 
is likely to be at least moderate. An aortic regurgitation 
murmur starts with S2 and is usually the only audible 
murmur. An accompanying early systolic murmur can also 
be present, reflecting increased left ventricular blood flow 
and in Left ventricular stroke volume. It is most important 
to listen for aortic regurgitation in a quiet room, using 
firm pressure of the stethoscope on the diaphragm, while 
the patient is leaning forward with breath held. Increasing 
degrees of aortic regurgitation correspond to a murmur that 
becomes lower in frequency, louder, and often accompanied 
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Figure 1-4. Ejection click associated with aortic stenosis due to a congenitally bicuspid valve. Note the 
high-frequency, high-amplitude sound that follows S1 and is coincident with the onset of the ejection 
into the aorta. The aortic ejection sound is formed by sudden cessation of the opening motion of the 
abnormal valve leaflets (doming). Note also the delayed carotid upstroke and long systolic murmur. 
(From: Synopsis of Cardiac Physical Diagnosis. 2nd ed. p. 135, Figure 10-3.) 
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by a systolic ejection murmur. An ejection click in early 
systole may be noted with careful auscultation. 

Right Heart Failure

History
There are a plethora of diseases which lead to right heart dys-
function; however the advanced state of these processes re-
sult in similar symptoms and history. The interviewer should 
ask about easy fatigability, whether leg swelling is present, 
and how the patient’s energy level has changed. Patients may 
report of pulsations in the neck from jugular venous disten-
tion, increased abdominal girth, anorexia, and lower extrem-
ity edema. Presyncope and syncope can occur as result of left 
ventricular compression by the right ventricle. These com-
plaints are ubiquitous in right heart failure and do not point 
toward a precise etiology. A history of angina may suggest 
coronary disease, while complaints of exertional dyspnea but 
not orthopnea may suggest a primary pulmonary process. 

Physical Exam
Tricuspid regurgitation or insufficiency is a very common 
finding on 2-D echo and almost ubiquitous in hearts with 
valvular disease or abnormal left ventricular function. 
Pulmonary hypertension of any cause typically results in tri-
cuspid regurgitation. Most physicians do not make the ap-
propriate diagnosis when tricuspid regurgitation is present. 

Jugular Venous Pulse The jugular venous pulse is highly 
likely to be elevated in subjects with tricuspid regurgitation, 
cardiovascular disease, severe mitral regurgitation, pulmonary 
hypertension, or right ventricular failure. A prominent V 
wave may be noted in the jugular venous pulse (JVP); and 
when tricuspid regurgitation is severe, the neck veins bulge 
conspicuously, reflecting high jugular venous and right 
atrial pressure. The normal, more dominant, A wave often 
is smaller than the V wave of tricuspid regurgitation.

Precordial Exam Pulmonary hypertension is the cause of a 
large jugular wave, often associated with a palpable right 
ventricular heave over or just leftwards of the sternum. This 
is most likely to be present in severe mitral regurgitation, 
mitral stenosis, or COPD.

Auscultation The murmur, if present, is best heard adjacent to 
left sternal border or directly over the midsternal area. Often 
silent, an audible tricuspid regurgitation murmur suggests a 
significant degree of reflux of blood from the right ventricle 
to the right atrium. The classic physical exam findings are of a 
holosystolic, medium-to-high pitched murmur, heard best over 
or adjacent to the sternum, which increases in loudness during 
inspiration (Figure 1-5). The degree of respiratory variation 
may be virtually inaudible or quite prominent. Tricuspid 
regurgitation generally reflects moderate to severe pulmonary 
hypertension. Isolated tricuspid regurgitation can be a result 

of tricuspid valve endocarditis. In general, the louder the 
tricuspid regurgitation murmur, the greater the degree of reflux 
of blood from the right ventricle to the right atrium.

Other Signs of Tricuspid Regurgitation Severe tricuspid 
regurgitation is frequently noted in patients with pulmonary 
hypertension and right heart failure. Thus, an increased 
amount of blood is propelled backward from the right 
ventricle, resulting in mild to vigorous neck vein pulsations, 
as mentioned, but also a pulsatile liver. This is usually missed 
by the exam, but is quite common in biventricular failure and 
severe pulmonary hypertension. Ruptured chordae tendinae 
of the tricuspid valve can produce a hepatic V wave. In 
the proper technique for detecting this often ignored 
phenomenon the patient hold his or her breath while the 
examiner palpates the liver edge that extends distally with 
each cardiac pulsation. The hepatic pulsations are subtly 
noted at the hepatic inferior border and are usually missed. 
The distal fingers should be positioned with the fingers 
coming up from below to feel the hepatic impulse. This 
finding confirms severe elevation of right heart pressure 
and/or volume, and significant tricuspid regurgitation.
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Figure 1-5. Jugular venous pulse in tricuspid regurgitation. 
Alterations of the venous contour in mild tricuspid regurgitation 
are depicted in the middle tracing. The V Wave is augmented 
and the Y descent is more prominent; the X descent is attenu-
ated markedly. With severe tricuspid regurgitation (top tracing), 
there is a plateaulike systolic regurgitant C-V wave, which in part 
represents “ventricularization” of the right atrial and jugular 
venous pulses. Notice the right ventricular S3 coinciding with the 
nadir of the Y descent. A normal venous pulse is depicted in the 
bottom. (From: Synopsis of Cardiac Physical Diagnosis. 2nd ed. 
p. 264, Figure: 16-2.)
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Ethics in Cardiovascular Medicine
James N. Kirkpatrick and Savitri E. Fedson

2

• Increasing relevance of ethics in the practice of car-
diovascular medicine.

• Large number of elderly patients with chronic heart 
failure and end-of-life decision issues.

• Explosion of diagnostic and therapeutic modali-
ties e.g., ICDs, LVADs, raises dilemmas regarding 
informed consent, costs (individual, social) and re-
source utilization.

• Increasing industry financing of research leading to 
conflicts of interest.

• Ethical issues related to preservation of patient con-
fidentiality in an era of electronic medical records.

• Basic principles of bioethics include Autonomy, 
Beneficence, Nonmaleficence and Justice of which 

Autonomy is the most important in American medi-
cal ethics.

• The exercise of autonomy presupposes decision 
making capacity (particularly relevant in informed 
consent) which is determined by medical providers, 
unlike competency which is decided by the courts.

• Important to consider cultural and religious back-
ground when approaching end-of-life issues.

• Ethical considerations are particularly important in 
decisions regarding withdrawal of life sustaining 
therapies like pacemakers, ICDs and LVADs.

• Genetic testing should be done only after informed 
consent and availability of genetic counseling.

d PRACTICAL POINTS

INTRODUCTION

Ethics has always played an important part in medicine, but 
medical ethics as a discipline has received particular atten-
tion only in the last 50 years. Even more recently, ethics 
has been officially recognized as an important component 
of cardiovascular medicine. The 1989 and 1997 American 
College of Cardiology (ACC) Bethesda Conferences were 
devoted entirely to the application of ethical standards to 
the practice of cardiovascular medicine. In 2004, the ACC 
and the American Heart Association (AHA) sponsored 
a conference on Professionalism and Ethics. Nonetheless, 
studies have shown that cardiovascular journals publish few 
articles dealing with ethics topics, such as end-of-life issues, 
in comparison to other medical specialties. 

Several features of modern cardiovascular medicine make 
ethics increasingly important. As the population ages and 
the prevalence of patients with chronic heart failure sky-
rockets, cardiologists will encounter increasing numbers of 
patients facing end-of-life decisions. The explosion of diag-
nostic and therapeutic technologies raises ethical dilemmas 
concerning informed consent, cost (both public and pri-
vate), resource utilization and financial conflicts of interest. 
Frequent media reports about the unethical behavior of 
some cardiovascular specialists emphasize the importance of 
medical professionalism. Ethics and monitoring of clinical 
research will become increasingly important as cardiovas-
cular research continues to move out of academia and into 
private practice (and research itself continues to be heav-
ily financed by industry). The challenge of preservation of 
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patient confidentiality cannot be underestimated with the 
profusion of electronic medical records and genetics-driven 
“personalized medicine.” And, as with every important as-
pect of modern medicine that garners attention from the 
educational establishment, questions concerning ethics will 
be more and more likely to appear on cardiovascular certifi-
cation examinations. 

PRINCIPLES OF MEDICAL ETHICS

The field of medical ethics encompasses a wide range of 
perspectives; most address the essential distinction between 
what “can” be done in medicine and what “should” be done. 
Two of the more recognized general approaches to ethical 
reasoning include principlism and casuistry. Advocates of 
principlism look to time-honored, immutable principles to 
help them decide what to do in a given situation. Various 
sets of principles have been proposed, but the most well 
known include autonomy, beneficence, nonmaleficence, 
and justice (see Table 2-1). Of the four, autonomy is gener-
ally regarded as the most important principle in American 
medical ethics, although beneficence and nonmaleficence 
can be found in the writings of Hippocrates, and justice in 
the earliest known religious writings. Casuistry involves 
drawing parallels between a present case and similar cases of 
the past. By referring to the outcomes of prior cases and the 
reasoning used in those cases, casuistic analysis derives guid-
ance for decision about one should do, using precedents. In 
the practice of clinical ethics, both approaches are often 
employed.

A well-known formula for resolving ethical dilemmas, spe-
cifically in the clinical setting, is the “four box model.”(see 
Table 2-2) The four box model uniquely recognizes the im-
portance of the medical facts of the case in ethical analysis. 
These “medical indications” include diagnosis, prognosis, 
treatment options, and recommendations based on medical 
knowledge and judgment. Patient preference is very similar 
to autonomy, but the ability of patients to make autonomous 
choices is based on what they know about the medical in-
dications (hence, it is the second box, not the first). Below 
the line, “quality of life” refers to an external observer’s as-
sessment of the patient’s quality of life, not how the patient 

assesses her or his own quality of life. “Contextual features” 
include considerations of cost, research or educational in-
terests, and issues related to the patient’s familial, social, 
religious, cultural or ethnic group. The two top boxes are 
considered more important than the bottom boxes, because 
there is more controversy about how much of a role quality 
of life and, especially issues of cost, should play in making 
decisions. However, in the absence of clear medical indi-
cations or patient preferences, the bottom two boxes may 
become the essential factors by which an ethical dilemma 
is resolved. 

DECISION-MAKING CAPACITY, 
INFORMED CONSENT, AND 
SURROGATES

The exercise of autonomy presupposes decision-making 
capacity (DMC). DMC must be distinguished from com-
petency, which can only be determined by the law courts. 
Medical providers cannot declare a patient incompetent, 
but must determine whether a patient has the DMC to be 
able to make his or her own medical decisions. Patients may 
have transiently impaired DMC (as in cardiac arrest) or 
be permanently impaired (end-stage dementia). Although 
no universally accepted definition for DMC exists, most 
definitions include ability to understand relevant informa-
tion and appreciate the consequences of decisions or lack 
of decision (see Table 2-3). Patients may have adequate 
decision-making capacity for making certain decisions but 
not for others, based on their relative ability to understand 
relevant information. Decisions should not be influenced 
by medical conditions such as delirium, organic brain con-
ditions, or other medical conditions affecting brain func-
tion. Even with regard to patients with intact DMC, both 

Table 2-1 • Principles of Bioethics

Autonomy Respecting the right of patients to 
decide what is done to them

Beneficence Acting to do what is best for the 
patients

Nonmaleficence Avoiding what is harmful for the patient

Justice Ensuring equal and fair distribution of 
medical resources

Table 2-3 • Elements of Decision-Making Capacity

Patients must be able to:
 Express a choice•
 Understand information relevant to decisions about •
treatment
 Appreciate the significance of the situation and the •
information disclosed
 Reason about information in a way that allows one to •
make comparisons and weigh options

Grisso T, Appelbaum PS. Comparison of standards for assessing patients’ capacities 
to make treatment decisions. Am J Psych. 1995;152(7):1033–1037.

Table 2-2 • The Four Box Model

Medical indications Patient preferences

Quality of life Contextual features
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intentional and unintentional coercion, recognized or un-
recognized by the patient, may influence decisions. 

Children (people under age 18 years) are presumed to lack 
DMC, but those in the legal category of emancipated minor 
can make their own medical decisions (see Table 2-4). 

Determination of DMC (and freedom from coercion) must 
be made on a case-by-case basis, sometimes with the assis-
tance of psychiatrists, lawyers, and ethicists. Some ethicists 
believe there is an appropriate double standard in clinical 
practice: A higher level of DMC is required of a patient to 
be able to refuse medically indicated therapies, while it is 
often assumed that a patient has appropriate DMC when in 
agreement with his or her doctor. However, disagreement 
with doctors is not a sign of lack of DMC. 

INFORMED CONSENT

DMC is particularly relevant in informed consent. 
(Table 2-5) In brief, “informed consent = proper informa-
tion + voluntary decision.” Proper information is sometimes 
hard to define, but generally uses the “reasonable person 
standard” (defined by what a reasonable person in the same 
situation would want to know in order to make a decision). 
As such, informed consent does not include an exhaustive 
list of all possible outcomes but does require a discussion of 
the more probable outcomes. Informed consent is not nec-
essary for standard procedures involving minimal risk (e.g., 
although it is possible that placing an IV might cause a cata-
strophic infection resulting in limb loss, the risk is extremely 
low). Importantly, informed consent does not consist of ca-
joling a patient into signing a form (“getting consent”) but, 
rather, of an ongoing dialogue and exchange of informa-
tion that allows the patient to make an educated decision. 
The informed consent form provides a means to record this 

process in the medical record; it is not a waiver of rights or 
a document that absolves clinicians from legal action. Even 
though minors cannot provide informed consent, clinicians 
should seek assent, or agreement, from them. 

SURROGATES

Patient who lack DMC require a surrogate decision-maker 
to provide informed consent. In general, surrogates should 
make substituted judgments, essentially, the decisions that 
the patient would have made if he or she had DMC. The sur-
rogate is not to make decisions based on his or her own val-
ues and wishes. Emphasizing this fact not only may prevent 
surrogates from making inappropriate decisions but may also 
relieve them from some of the emotional stress of making 
life and death decisions for another person. A patient may 
have mentioned what he or she would want done in a cer-
tain situation or may have expressed values or beliefs which 
can guide the surrogate’s decisions. In the absence of a court-
appointed guardian or person appointed in a durable power 
of attorney for healthcare document (DPAHC), many states 
authorize a hierarchy of family members and friends to be 
surrogates, generally following next of kin order. Such an 
order reflects presumed familiarity with the patients’ values, 
beliefs, and wishes. A surrogate in the hierarchy may defer to 
those below him or her. Problems can arise, as in the case of 
estranged family members (e.g., separated but not divorced 
spouses), close friends who are more familiar with a patient’s 
values than are family members, and disagreement with an 
even split between surrogates at the same level (e.g., four 
adult children, two on each side). Furthermore, studies have 
repeatedly demonstrated a relatively high rate of values dis-
cordance between patients and their potential surrogates. 

If no one knows what the patient would have wanted, if 
there is suspicion that surrogates are not properly convey-
ing the patient’s wishes, or if a suitable surrogate cannot 
be found, substituted judgment gives way to best interests. 
Preservation of life and alleviation of suffering are presumed 
to be in a patient’s best interests. If a clinician believes that 
a surrogate is not acting in the patient’s best interests or in 
cases when a surrogate is necessary but not available, a judge 
can assign a court-appointed guardian who generally uses 
a best interests standard to make medical decisions. A best 
interests standard must be employed for patients who never 
had DMC (e.g., children and adults with severe mental re-
tardation from childhood). Although parents or guardians 
usually make medical decisions for children, some states 
allow minors to receive medical care for sexually transmit-
ted diseases, pregnancy and mental illness without parental 
consent. Such statutes presume that parental notification 
for these conditions may dissuade some minors from seeking 
medical care (which is in their best interest). In the provi-
sion of emergency care, patients without DMC or surrogates 

Table 2-5 • Elements of Informed Consent

Description of the procedure or intervention•
 Description of any reasonable foreseeable risks •
or discomforts
Description of any benefits to the patient•
 Disclosure of appropriate alternative procedures •
or courses of treatment
Documentation of the process of informed consent•

Table 2-4 • Emancipated Minors

Married

Joined military

Obtained court order

Had a child (in some states)
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are treated under implied consent—the assumption that 
a reasonable person would chose to undergo medical in-
terventions to reduce the chance of serious morbidity or 
mortality. 

CULTURAL AND RELIGIOUS ISSUES

End-of-life care must take into account different cultural 
and religious beliefs. Autonomy is not as important as an 
ethical principle in some non-Western cultures, and phy-
sicians should allow patients to defer to family members 
to make decisions and even receive diagnoses and prog-
noses. Many Jehovah’s Witnesses (JW) will not accept 
blood products or derivatives (such as clotting factors) on 
religious grounds. Many Christian Scientists avoid mod-
ern medicine and instead rely on faith healing. The legal 
system recognizes the rights of competent adults to follow 
such cultural and religious beliefs, even if death ensues. 
The issue is more complicated with regard to children—
pitting parental autonomy against the government’s inter-
est in protecting children. The courts have reasoned that 
children have not yet made an adult decision to refuse 
care on religious grounds and therefore should be given 
necessary life-sustaining care, even over the objections 
of the parents. Exceptions have been made for mature 
minors with sincere religious beliefs. It can be helpful to 
involve religious leaders in discussions with patients. On 
the other hand, some patients may not hold strongly to 
specific beliefs. It is advisable, at some point, to discuss 
patients’ specific beliefs without other members of the 
culture or religion present, in order to prevent possible 
coercion.

ADVANCE DIRECTIVES

In 1990, the U.S. Congress passed the Patient Self 
Determination Act (PSDA). This act required health care 
practitioners to provide adult patients with information 
about their rights to:

• Participate in one’s health care decisions
• To accept or refuse medical or surgical treatment
• To prepare an advanced directive

Advance directive documents include living wills (LW) 
and durable powers of attorney for healthcare (DPAHC). 
Simply stated, a LW outlines what a patient would want 
done, and a DPAHC specifies a person who should make 
medical decisions in an end-of-life situation in which the 
patients lacks DMC. Individual states have specific regula-
tions concerning these documents. Patients must have had 
DMC when they made the decisions in the documents, and 
the advance directives become operational when patients 
lose DMC (and are faced with an end-of-life situation). 

Advance directives are valid across state lines and do not 
require a lawyer to draft. Some states require that they be 
notarized, but most simply require one or two witnesses. 

Official guidelines now recommend advance directives 
for patients with end-stage heart failure. Some centers re-
quire advance directives before the implantation of ven-
tricular assist devices. In practice, few cardiology patients 
have advance directives, even patients with established, 
life-threatening cardiovascular problems.

Another form of advance directive is a do not resuscitate 
(DNR) order. It differs from an LW in that it is written by 
a physician and does not state the wishes of the patient; 
the wishes expressed in an LW or by a DPAHC may be ap-
plied through a DNR order. Unfortunately, patient wishes 
concerning resuscitation are frequently not followed. The 
SUPPORT investigation studied whether a nurse educator 
could facilitate communication and improve adherence to 
the resuscitation preferences of end-stage patients, but it 
showed no benefit. There was also no difference in cost and 
other utilization outcomes. Complicating the issue: A sig-
nificant proportion of patients changed their minds during 
the study period. End-stage cardiomyopathy patients were 
more likely than other patients to do so. 

Advance directives (ADs) are a part of advance care plan-
ning (ACP), which involves preparations for end-of-life 
care and death, including financial preparations, plans 
about extended care facilities and hospice, funeral prepara-
tions, and special communications to family members and 
friends.

It is increasingly evident that there is a growing population 
of patients with heart failure who would benefit from ACP. 
Many, if not most, of these patients or their surrogates will 
face hard choices about aggressive medical support, heart 
transplantation and/or device implantation. Some will 
suffer complications from these interventions, potentially 
leaving them with severely reduced quality of life. Improved 
longevity from recent advances in cardiac care will ensure 
that many cardiac patients survive long enough to contract 
cancer and other diseases. Others will progress to end-stage 
heart failure symptoms, which are hard to treat.  

Cardiologists are not as diligent about discussing end-of-
life issues with patients as are other specialists. Sensitive 
discussion with the patient, surrogates and other physici-
ans is vital in end-of-life care. Studies suggest that spe-
cialists believe it is the role of primary care physicians to 
disc uss end-of-life issues, but primary care physicians be-
lieve the same about specialists. For patients with serious 
cardiovascular problems, it seems logical for a cardiovas-
cular specialist at least to be involved in, if not lead, such 
discussions. For instance, cardiologists can provide the 
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best input about medical futility in settings such as un-
revascularizable coronary artery disease and heart failure 
with vasodilatory shock.

Withdrawing and Withholding 
of Life-sustaining Therapies

We chose to avoid the standard term “withdrawal of care” 
because of the greater recognition in recent years that pa-
tients for whom life-sustaining interventions are no longer 
appropriate still require aggressive palliation of symptoms 
and intensive psychological, social, and religious interven-
tions. There is general ethical consensus that no meaning-
ful difference exists between withdrawing and withholding 
life-sustaining interventions. The right to withdraw life-
sustaining therapies is well established as an application of 
autonomy by multiple legal cases. Withdrawal of therapies 
such as hemodialysis and mechanical ventilation is well 
established. Although more controversial, there are legal 
precedents to support the decision specifically to with-
draw hydration and nutrition. Brain death or a persistent/
permanent vegetative state is not a necessary criterion 
for withdrawing or withholding life-sustaining therapy. 
Medical and surgical interventions can be specifically 
evaluated in light of the patient’s overall goals of care. 
The ability of surrogate decision-makers is limited in some 
states unless the desires of the patient are clearly apparent, 
such as in a living will. When appropriate, these decisions 
can be made with the input of legal counsel or an ethics 
consultant. 

Withdrawing life support has unique considerations within 
cardiology, specifically in reference to deactivation of spe-
cialized implantable devices. This issue is complicated by 
the specific effects of each device and the likely results of 
deactivation. Depending on a patient’s underlying condi-
tion, deactivation of a pacemaker may not prevent death 
but rather make the patient suffer from light-headedness, 
fatigue, or dyspnea. Maintaining pacemaker function, 
therefore, is generally consistent with the goals of pallia-
tive care. Implantable cardioverter defibrillators (ICD), 
however, can impede the natural dying process through 
the delivery of shocks for malignant arrhythmias. The 
backup pacing function of ICDs should not be deacti-
vated. Deactivation of ICDs is similar to withholding ex-
ternal defibrillation. Death from ventricular fibrillation is 
generally a quick and painless process, though often un-
expected. Depending on patient goals, this type of death 
may be preferable to lingering with stage IV congestive 
heart failure. Others may want to stay alive as long as 
possible (e.g., until a grandchild is married). In palliative 
care, active defibrillators can cause suffering, as electro-
lyte and other metabolic disturbances can lead to arrhyth-
mias that ICDs will detect and try to treat. There have 

been multiple media reports of patients in hospice writh-
ing from repeated ICD shocks, to the horror of onlooking 
family members. 

CRT devices may extend life as well as relieve symptoms, 
so they generally should not be deactivated in the pal-
liative care setting (unless they are causing diaphragmatic 
stimulation).

With ventricular assist devices (VADs) the decision to 
withdraw support is more ethically challenging. Although 
some operations can be palliative to relieve symptoms, 
performing an operation to remove a VAD in order to dis-
continue life-sustaining treatment may induce suffering. 
Turning off a VAD is usually a terminal event because it 
can cause stasis and backpressure in the VAD circuit, im-
peding residual heart function. In essence, rather than “let-
ting nature take its course,” discontinuing VADs actually 
hastens death. VAD discontinuation, therefore, requires 
detailed discussion with patients or surrogates and probably 
should be anticipated in AD discussions before destination 
VADs are inserted. In general, the complexities involved 
in withdrawal of implanted cardiac devices argue for mul-
tidisciplinary input from primary care physicians, general 
and specialized cardiovascular clinicians, and palliative care 
specialists. 

Physician-assisted Suicide and Euthanasia

There may be concern that the withdrawal of pacing, de-
fibrillation, or VADs constitute physician-assisted suicide 
(PAS), euthanasia or murder. The key distinction in this 
matter is that the death of the patient is a natural conse-
quence of their underlying disease process. The devices are, 
in a sense, an “unnatural” way of prolonging life. 

In PAS, a physician enables a patient to end his or her own 
life (as in providing a prescription for a lethal combina-
tion of medications). In voluntary euthanasia, a physician 
directly ends the patient’s life at the patient’s request (in 
involuntary euthanasia, there is no request by the patient). 
The ethical justification for both involves extension of the 
principle of autonomy to cover decisions about time and 
manner of death. Euthanasia is legal in the Netherlands. In 
1997, the U.S. Supreme Court established that there is no 
constitutional right to physician-assisted suicide, but it did 
not specifically prohibit the practice. It outlined a clear dis-
tinction between allowing a patient to die and intentionally 
hastening death by an intervention, stating that patients 
have a right to withdrawal of medical interventions. Oregon 
legalized PAS in the same year, and the Supreme Court 
upheld the Oregon law in 2005. The issue remains hotly 
debated on moral, legal, and medical grounds. The ACC/
AHA did not advocate or support PAS in its 29th Bethesda 
Conference document.



18 SECTION I /  General Topics I

Cost Considerations at the End-of-life

It is increasingly recognized that part of a physician’s re-
sponsibility is to involve cost consciousness in end-of-life 
decisions. There should be a reasonable expectation of 
good outcome and/or knowledge gain from any diagnostic 
test or therapy. In the care of terminally and critically ill 
patients, the ACC/AHA has outlined a goal of “ensuring 
that patients do not receive care that is both expensive 
and unwanted.” Patients should also not receive care that 
is expensive and futile. However, care must also be taken 
to insure patients receive medically indicated care, includ-
ing palliation. Decisions against interventions should not be 
made covertly, but, rather, they should involve full discus-
sion with the patient or surrogate. 

Futility

A physician does not have an obligation to provide a spe-
cific treatment if it is not in agreement with his or her medi-
cal judgment. Some patients or surrogates may insist on 
interventions that have no or little chance of providing any 
benefit. Examples include request for an angiogram for non-
cardiac chest pain after a normal thallium stress test or for a 
VAD in refractory shock if there is irreversible multisystem 
organ failure. Some hospitals have instituted policies that 
permit “unilateral” withholding of therapies in futile cases, 
in which a DNR order is placed despite objections by the 
patient or surrogate. Such policies often require ethics or 
legal consultation, and some require that transfer of care to 
another institution be offered. 

There are important caveats to determining futility. 
Prognosis plays an important role, yet is extremely difficult. 
Studies suggest that family members tend to be overly opti-
mistic, but physicians are overly pessimistic, compared with 
actual outcomes. Furthermore, the definition of futility is 
inherently subjective. Should an intervention be considered 
futile if the chance of a favorable outcome is 1%? 5%? 10%? 
20%? How should a favorable outcome be defined?

There are many underlying reasons for potential conflict 
between patients/surrogates and physicians over futility. 
Physicians should acknowledge concerns and feelings and 
provide education in a sensitive manner. Fears of aban-
donment should be addressed. Emphasizing “aggressive” 
palliative care is almost always appropriate. Sometimes a 
time-limited trial to see if patients improve before a certain 
date can give families or patients the necessary time to come 
to grips with a medically futile situation. 

Palliation and Hospice

Aggressive palliative care and appropriate and informed dis-
cussions of hospice referral may prevent some of the problems 
that spawn requests for PAS and conflicts over futile care. 

There are important issues related to cardiovascular patients 
and hospice. Despite accurate prognostication models in 
acute decompensated heart failure, it remains challenging 
for a physician to predict whether end-stage patients will 
live beyond 6 months (Table 2-6). Differentiating between 
life-sustaining and palliative therapies can also be difficult 
(e.g., oral heart failure medications, CRT devices, and desti-
nation left ventricular assist devices (LVADs) prolong life and 
improve symptoms). Inotropes are sometimes very important 
parts of palliative regimens in heart failure. But they are ex-
pensive and may only be covered by larger hospices, since 
the Medicare hospice benefit consists of a per diem, capi-
tated payment. There should be clear directives concerning 
devices (e.g., deactivate shock therapy in ICDs while main-
taining backup pacemaker function). While end-stage heart 
failure patients predominantly suffer from dyspnea, a signifi-
cant percentage report severe pain, severe weakness, anxiety, 
and depression. An important concept in palliative care is 
the principle of double effect. It is not physician-assisted sui-
cide or euthanasia to administer a medical intervention that 
relieves suffering, but which also has the unintended con-
sequence of hastening death. The second effect (death) is 
not the primary goal of the intervention. As in the decision 
to deactivate implanted devices, optimal palliative care of 
cardiovascular patients often requires multidisciplinary input 
from primary care physicians, general and specialized cardio-
vascular clinicians, and palliative care specialists.

ORGAN TRANSPLANTATION

Ethics of organ transplantation center on definitions of 
death and altruism. Medical, philosophical and ethical dis-
cussions of the definition of death date back thousands of 
years. Not until recent legislation codified definitions, such 
as in the Uniform Death Act, has organ transplantation 
begun to flourish without fear of legal prosecution for mur-
der. Controversies surrounding definition of death, altruism, 
and true voluntary consent to donation persist. The issues in 
transplantation can be divided into deceased donor, living 
donor, and recipient categories.

Deceased Donor 

Before the invention of mechanical ventilation and other means 
of life support, irreversible loss of cardiorespiratory function 

Table 2-6 • Medicare/Medicaid Hospice Benefit 
Eligibility Requirements

6 months or less prognosis certified by 2 physicians

Patient agreement not to pursue life-sustaining or 
curative therapies

Enroll in Medicare-certified hospice
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was considered the main criterion that death had occurred. 
But, since the widespread use of life support, and in postcardio-
pulmonary resuscitation patients, brain death criteria (Table 
2-7) have played a more significant role in this regard. There 
is general consensus that irreversible loss of brainstem function 
constitutes death, even if external means are able to support 
vital organs. Irreversible loss of higher cortical function with 
an intact brain stem constitutes persistent vegetative state 
(Table 2-8) and does not meet most definitions of death. 

Most donations come from brain dead individuals, but there 
has been a return to cardiopulmonary definitions of death 
in the practice of donation after cardiac death (DCD). 
Although rare, hearts can be procured in this way. In DCD, 
life support measures are withdrawn from patients who do 
not meet brain death criteria, allowing them to die a cardiac 
death.  The patient is taken to the operating room and sup-
port is withdrawn.  After 2–5 minutes of asystole (depending 
on the local protocol), the patient is pronounced dead, and 
the organs are harvested. If the patient does not die within 
30–60 minutes (depending on the organ), the procurement is 
aborted. Heparin is often administered to prevent thrombotic 
damage to organs, and large-bore catheters are sometimes in-
serted to infuse organ-preserving solutions after death. These 
measures generate questions about potential harm to donors 
(risks of heparin and discomfort of catheters). Protocols pro-
hibit transplant teams from participating in the removal of 
life support or declaration of death. Table 2-9 gives an over-
view of potential donor physiologic function.

Prior authorization to donate organs is becoming an increas-
ingly contentious issue. Many states allow driver’s license 

holders to state that they wish to be organ donors, but 
many also allow families to override this decision. Several 
European countries and a number of states have passed laws 
related to universal implied consent to donation. Although 
specifics vary, the general idea is that everyone who dies is 
assumed to be an organ donor unless otherwise specified. 
Some legislation authorizes physicians to override advance 
directives to keep patients alive and organs functional until 
harvested. 

Living Donor

The living donor highlights a set of ethical concerns that 
center on coercion and secondary gain. Coercion can exist 
between blood relatives, loved ones, or even business rela-
tions. Transplant centers have developed donor advocacy 
groups and established that the health care providers for re-
cipient should be different from those of the donor to mini-
mize coercion from the medical establishment. In China, 
publicity about the sale and use of organs from executed pris-
oners brought worldwide attention to the wider and more 
grievous possibilities of coercion. 

Transplant tourism and paid organ donation have compli-
cated the concept of altruism, historically the main moti-
vation of transplantation. Many transplant advocates and 
ethicists see paid donation as a “win-win” situation for donor 
and recipient and highlight its great potential to increase 
the number of organs for transplant while lifting donors out 
of poverty. A recent study of living donors in the developing 
world, however, uncovered a significant incidence of coer-
cion and found that few donors actually derived any sub-
stantial financial benefit. The World Health Organization 
states that the donation of organs, tissues, and cells should 
ideally remain an unpaid practice.

Recipient

Selection of organ recipient is based largely on medical cri-
teria. However, considerations such as patient compliance, 
habits such as smoking or alcohol use, use of illicit substances, 
social support, and finances are considered in the determin-
ation of candidacy for organ transplantation. It may be argued 
that prospective recipients have an ethical duty to care for 
the organ as a scarce resource, since it might otherwise go to 
someone else. Along similar lines, transplant programs have 
an ethical duty to ensure that organs do not go to patients 
who will not comply with medical regimens. Using social cri-
teria, however, always runs the risk of social bias. The com-
mittees deciding who would receive hemodialysis when it was 
first available tended to discriminate in favor of patients from 
same socio-economic strata of the committee members. More 
blatantly, recent well-publicized cases involve physicians 
helping celebrities and wealthy persons to “jump the line” to 
receive organs ahead of more medically deserving candidates. 

Table 2-7 • Criteria for Brain Death

Presence of coma, with known cause

Absence of confounders—including drugs, hypothermia, 
electrolyte, endocrine disorders

No brainstem reflexes

No motor responses

Apnea

From American Academy of Neurology.

Table 2-8 • Criteria for Vegetative State

No evidence of awareness of self/environment

Inability to interact with others/environment

No sustained, reproducible, or purposeful responses to stimuli

Preservation of sleep/wake cycle

Preserved brainstem and midbrain autonomic functioning

Variable response of cranial and spinal reflexes

Guidelines of the U.S. Multi-Society Task Force on Persistent Vegetative State, 1994.
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PROFESSIONALISM

Principles for behavior for medical professionals are based 
on the idea that medicine is set apart from other professions 
in several ways: There exists an inherent power differential 
between physicians and patients, which physicians are obli-
gated not to exploit for personal gain; physicians are endowed 
with a significant amount of trust by society; there is a social 
contract between physicians and society, by which physi-
cians are given a degree of autonomy by which they govern 
themselves; and physicians receive generally high salaries 
and a certain measure of prestige in exchange for acting in 
accordance with professional standards. The text box lists 
one set of professional standards (Table 2-10). Other sets 
of standards explicitly describe a physician’s commitment to 
put the needs of the patient above his or her own.

Fraud is inconsistent with professional behavior and can 
take many forms, including lying to patients to avoid a law-
suit (e.g., intentionally failing to disclose medical errors), 
billing for work not performed (e.g., coding for a higher 
level office visit than justified by the history and physical 
examination performed), falsely claiming to have supervised 
a trainee, or misrepresenting a diagnosis in order to justify 
performing a procedure.

Patient confidentiality springs directly from autonomy but 
also involves nonmaleficence, as disclosure of sensitive health 

information can have consequences for a patient’s employ-
ment, insurance status, or social relationships. Patient con-
fidentiality has received special attention since the passage 
of the Health Insurance Portability and Accountability Act 
of 1996 (HIPAA). The HIPAA privacy rule safeguards “in-
dividually identifiable health information,” which includes 
medical information that might be used to identify patients, 
along with common identifiers such as name, social secu-
rity number, birth date, and address. When any information 
is disclosed, it should be the “minimum necessary” to meet 
the purposes of the disclosure. Information may be used 
and disclosed with a patient’s authorization, or in a limited 
number of circumstances (Table 2-11). The most common 
permitted uses of information fall into HIPPA’s “Treatment, 
Payment, and Health Care Operations” category: Treating 
a patient, determining payment, insurance underwrit-
ing, and performing quality improvement are specifically 
permitted.

CONFLICTS OF INTEREST

A conflict of interest (COI) involves a clash between any 
two or more competing interests; it does not have to in-
volve financial conflicts. The concern over COI relates to 
compromise of important and valuable interests, such as 
the good of the patient, medical objectivity or academic 

Table 2-9 • Physiologic Function in Potential Donor States

“Alive” Patients Vegetative State Brain Death Cardiac Death

Heart beating Yes Yes Yes No

Spontaneous breathing Yes Yes Usually assisted No

Vital organ function intact Yes Yes Yes No

Consciousness Yes No No No

Table 2-10 • Charter on Medical Professionalism

Physicians should have a commitment to:
 professional competence•
 honesty with patients•
 patient confidentiality•
 maintaining appropriate relations with patients•
 improving quality of care•
 improving access to care•
 a just distribution of finite resources•
 scientific knowledge•
 maintaining trust by managing conflicts of interest•
 professional responsibilities•

Charter on Medical Professionalism, Medical Professionalism Project. ABIM 
Foundation, the ACP–ASIM Foundation, and the European Federation of Internal 
Medicine. Medical professionalism in the new millennium: a physician charter. 
Ann Int Med. 2002;136(3):243–246.

Table 2-11 • HIPAA-permitted Categories 
of Disclosure

1.  To the individual patient
2.  Treatment, payment, and health care operations
3.  To give the patient the opportunity to agree or object 

to what is written in the medical records
4.  Incident to an otherwise permitted use and disclosure
5.  Public interest and benefit activities (legal requirements, 

authorized public health uses/organizations, situations 
of abuse and neglect, health oversight activities, judicial 
or administrative proceedings, law enforcement, funeral 
directors/coroners, cadaveric organ donation, serious 
threat to health and safety, essential government 
functions, workers compensation)

6.  Limited data set for the purposes of research, public 
health or health care operations

Code of Federal Regulation 45 164.502(a)(1).



CHAPTER 2 /  Ethics in Cardiovascular Medicine 21   

integrity (Table 2-12). The existence of a conflict of inter-
est does not necessarily mean that bias or compromise exists, 
however. The ACCF/AHA categorically places the good of 
the patient above personal financial, scientific, or academic 
gain, but ways to resolve conflicts between patient needs 
and the interests of a patients’ family or personal health are 
less clear cut. 

Ways to manage COI are hotly debated. COI cannot be 
avoided, but specific potential influences can be elimi-
nated, limited, and/or disclosed. (Table 2-13) Disclosure 
is the primary method of managing COI in publications, 
committee work, and presentations, under the theory that, 
when informed of the disclosures, readers and observers 
can decide for themselves whether bias exists. The ACCF/

AHA publishes specific categories of financial disclosures 
for all guideline committee members. Major cardiovascular 
journal editors have recently agreed on a set of criteria for 
author disclosures. Disclosure is also required in research 
(see below). Some academic institutions and the National 
Institutes of Health, Association of American Medical 
Colleges, and some journals (with regard to reviewers) have 
gone farther to set a limit on the dollar amount (generally 
$10,000) of an individual’s investment in a company. Some 
medical schools and clinics have banned industry repre-
sentatives from providing free meals or gifts. The ACCF/
AHA recommends that special care be taken to avoid bias 
in industry-sponsored educational seminars. Although 
American Medical Association guidelines have mentioned 
<$100 as an amount that defines an appropriate gift, recent 
industry trends are moving away from providing any gifts to 
physicians. 

Disclosure has received little attention in regards to the 
physician–patient encounter as it has in that of physician–
institution. In considering whether to consent to a proce-
dure, however, a “reasonable person” may want to know 
that her private cardiologist is invested in the company 
that makes the device she intends to use. Outside of indus-
try influences, managed care and fee-for-service introduce 
financial conflicts with the good of the patient. Under 
capitated payments, medical providers (physicians, but 
also hospitals) are given a fixed sum of money to cover the 
costs of patient care. Whatever is not spent on the patient 
is potentially kept by the provider. There is an inherent and 
unavoidable financial incentive to provide less care. Under 
fee-for-service systems of payment, the provider is paid on 
the basis of what is done for patients. In this case, there is 
an inherent and unavoidable financial incentive to perform 
more procedures. It has been argued that disclosure of such 
payment incentives should be made to patients and/or that 
physicians should be shielded from knowing which system 
applies to which patient. 

Decisions on patient referrals should be made on the basis of 
medical judgment. “Kickback” and self-referral schemes to 
pay for referrals are both unethical and, in many instances, 
illegal (banned by the federal Stark laws). These schemes 

Table 2-12 • Types of Conflicting Interests

Industry
 Stock ownership (by physician or family members)•
 Gifts, meals•
 Research grants•
 Grants for trainees•
 Speaker’s bureau•
 Paid consultant•
 Unpaid consultant•
 Board of directors•
 Medication samples•

Personal/Family Time

Career
 Promotion•
 Publications•
 Research success•
 Reputation•
 Grant funding•
 Invitations to present at meetings•

Obligations to Organization/Employer
 Financial•
 Reputation•

Avoiding Lawsuits
 “Defensive medicine” (ordering inappropriate tests)•
 Alteration of medical records•

Good of Society
 Cost containment•
 Protection of public health•
 Fair and equitable distribution of resources•
 Use of scarce resources•

Good of the Patient
 Longevity•
 Quality of life•
 Finances•
 Personal freedom•

Clinical Objectivity

Sense of Personal/Professional Fulfillment

Intellectual Curiosity

Academic Integrity

Table 2-13 • COI Example

A cardiologist with investments in a pharmaceutical 
company that makes antihypertensive medications may 
be asked to serve on a committee writing hypertension 
therapy guidelines. She has several options: 

 decline the invitation,•
 divest in the company,•
 cut back her investments to a certain dollar amount,•
 publicly disclose her investments.•
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may include discounted office space and salaries for posi-
tions that have no associated duties or duties not commen-
surate with the salary (e.g., medical director) in exchange 
for patient referrals.

The increasing cost of healthcare highlights the conflict 
between the needs of individual patients and the good of so-
ciety. There is tremendous debate over rationing of medical 
resources and whether it is ever appropriate for physicians 
to make bedside choices to withhold medically indicated 
interventions for cost reasons. Patients should at least be 
informed when such situations exist. Outside of cost con-
cerns, public interests can conflict with patient interests in 
the areas of transplantation, vaccination, and quarantine 
for disease outbreaks.

RESEARCH ETHICS

A number of codes address violations of ethical principles 
in research. The 1947 Nuremberg Code was developed 
in response to Nazi experiments performed on concentra-
tion camp prisoners. It established the essential nature of 
voluntary informed consent in human experimentation. 
The Belmont Report of 1979 was, in part, a reaction to 
the Tuskegee experiment (1932–1974), in which African 
American patients with latent syphilis were prevented 
from receiving appropriate treatment in order to follow 
the natural course of disease. The Belmont Report laid 
the foundation for the “Common Rule” of 1991, which 
defined requirements for informed consent (Table 2-14) 

and protection of vulnerable populations (Table 2-15). 
The Common Rule established the primary responsibility 
of local institutional review boards (IRBs) to ensure and 
regulate human research subject protection. Federal of-
fices, including the Food and Drug Administration, also 
participate in the regulation of research. Recognition of 
the importance of research in the emergency setting (such 
as resuscitation from cardiac arrest) and the difficulty in 
obtaining informed consent in such situations led the FDA 
to issue the “Final Rule” in 1996. It permitted the waiving 
of informed consent for emergency research under certain 
conditions (Table 2-16). 

There is increasing recognition of researcher duty in the 
researcher–subject relationship and of the social contract, 
wherein society funds and participates in research and ex-
pects ethical behavior on the part of those who perform it. 
The first responsibility of the researcher is not to his or her 
research work but to the welfare of the subject. In addition, 
the ACCF/AHA recommends that clinicians who are also 
researchers the special obligation they have to patients 

Table 2-16 • Elements of Common Rule and Final 
Rule Requirements for Exception of Consent in 
Emergency Research

 Life-threatening situation, available treatments •
unproven or unsatisfactory
 Research cannot be done without exception•
 Medical condition and timing of intervention prevent •
obtaining consent and proxy consent
 Efforts made to contact proxy•
 Risk–benefit ratio reasonable in relation: •

 to anticipated benefits if any to subjects; and
 to importance of knowledge that may reasonably 

be expected to result
 Risks minimized•
 Selection of subjects equitable•
 Vulnerable patients protected•
 Community consultation•
 Public notification/disclosure of the research•
 FDA notification/separate approval by the FDA•
 Data-safety monitoring board in place•

Code of Federal Regulations Title 45, part 46.111(a)(1), (2), (3). Protection 
of Human Subjects, 1991, revised 2005. FDA Final Rule: 21CFR Part 50.24, 
adapted from FDA information sheet, November 7, 1996.

Table 2-14 • Basic Elements of Informed Consent 
in Research

 Statement that study involves research•
 Explanation of the purposes of the research•
 Expected duration of the subject’s participation•
 Description of the procedures to be followed•
 Identification of any procedures which are experimental•
 Description of any reasonable foreseeable risks or •
discomforts to the subject
 Description of any benefits to the subject or to others •
 Disclosure of appropriate alternative procedures or •
courses of treatment
 Statement describing how confidentiality of records •
will be maintained
 Explanation of any compensation and medical •
treatments available if injury occurs 
 Explanation of whom to contact with questions•
 Statement that participation is voluntary, refusal to •
participate will involve no penalty, and the subject may 
discontinue participation at any time without penalty
 Documentation of informed consent•

Code of Federal Regulations Title 45, part 46.116.a.(1–8), 46.117. Protection of 
Human Subjects, 1991, revised 2005.

Table 2-15 • Vulnerable Populations

 Children•
 Prisoners, pregnant women•
 Mentally disabled persons•
 Economically or educationally disadvantaged persons•

Code of Federal Regulations Title 45, part 46.111.b. Protection of Human Subjects, 
1991, revised 2005. 
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they are attempting to enroll in a study by fully disclos-
ing their participation in research. The ACCF/AHA of-
ficially supports limitations on the amount of money that 
researchers can have invested in a product they are in-
vestigating. Rigorous disclosure of all potential financial 
conflicts of interest, independent oversight of trial con-
duct and of publication, and publication/public disclosure 
of all trial results (including negative results) are other 
key ACCF/AHA recommendations for conduct in clini-
cal research. Such disclosure is also now the standard at 
scientific meetings to ensure transparency of any potential 
conflict of interests.

Data safety monitoring boards (DSMB) are the standard 
means of ensuring independent oversight of trial conduct. 
The National Heart, Lung and Blood Institute set forth 
criteria for DSMBs, which include the monitoring of study 
data and operations to ensure patient safety and quality 
performance. DSMBs may recommend protocol modifi-
cations or early termination of a study based on attain-
ment of study objectives, safety concerns, or inadequate 
performance. Given the potential for biased oversight, 
conflicts of interest among DSMB members represent a 
signifi cant issue.

ETHICAL CONSIDERATIONS 
OF GENETIC TESTING

There are a number of applications for genetic testing, and 
there is much enthusiasm for the future development of 
“personalized medicine”—tailoring therapies based on ge-
netic profiles. Traditional uses of genetic testing include 
the establishing of a genetic characterization of a disease, 
which may determine prognosis or therapies; prenatal 
screening for devastating diseases; screening family mem-
bers of affected probands; and testing at birth or during 
childhood for disorders which may appear later in life and 
which can be modified. More recently, pharmacogenomic 
testing has garnered attention; studies have demonstrated 
varying genetic susceptibilities to certain medications. An 
important distinction exists between testing for genetic di-
agnosis and testing for genetic susceptibility. The former 
may define a specific disease state or provide a genetic basis 
for certain phenotypes, such as familial hyperlipidemic 
states or hypertrophic cardiomyopathies. The latter sug-
gests an increased risk profile, even if the patient lacks any 
manifestation of disease and may never develop the disease 
(as in some familial arrhythmias). The heterogenicity of 
genetic mutations, variable penetrance, polygenic basis of 
most disease states, and environmental–genetic interac-
tions all significantly complicate genetic risk assessment in 
cardiovascular medicine. Health insurance coverage, life 
insurance coverage, and employment have been refused 
or limited for patients with “positive genes,” i.e., either 

a genetic profile diagnostic of a disease state or, merely, 
genetically defined increased susceptibility. The Genetic 
Information Nondiscrimination Act of 2005 addressed 
health insurance and employment, but not disability in-
surance, and the debate continues over who has the right 
to information about genetic susceptibility. While genetic 
diagnosis and screening challenge the safeguarding of pa-
tient autonomy and the balancing of risks and benefits, 
pharmacogenomics is beginning to raise questions about 
racial and genetic profiling.

Researchers fear reduced participation in genetic studies be-
cause of these controversies. Insurers, argue that barring the 
use of genetic information undermines the fundamental basis 
for risk assessments. Furthermore, many genetic tests are ex-
tremely expensive and may not be covered by insurance. 
With regard to genetic markers, which impart increased risk 
but which cannot be modified, individual patients must de-
cide whether “knowing is better than not knowing.” But, 
society must also debate whether the increased knowledge is 
worth its substantial cost. In general, genetic testing should 
be performed only with appropriate informed consent and 
the availability of genetic counseling.
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• Troponin is a sensitive but not specific marker of 
myocardial injury.

• Elevated troponin with a characteristic rise and fall in 
the appropriate setting is the current gold standard 
for the diagnosis of acute myocardial infarction.

• Serial measurements of troponin are essential since 
in only a minority of patients will the initial value be 
abnormal.

• In patients with ACS, elevated troponins constitute 
a marker of 30-day mortality and infarction and iden-
tify those who would benefit from an early invasive 
strategy.

• CK-MB is most useful in the diagnosis of re 
infarction.

• Myoglobin is the earliest detectable biomarker of myo-
cardial injury and has a high negative predictive value.

• A multimarker strategy may be superior in the early 
diagnosis, detection of recurrence, and prognosis 
after myocardial injury.

• BNP and NT proBNP (NP) are increased in volume 
and pressure overload states and are superior to clin-
ical judgment in the initial evaluation of patients with 
dyspnea.

• Elevated BNP is not pathognomonic of heart failure. 
Age, gender, BMI, and renal function can all affect  
NP levels.

• Low level elevation of CRP is associated with pres-
ence of atherosclerotic disease and is an indicator of 
elevated risk of MI, stroke and death in patients with 
stable angina, ACS, post CABG, and post PCI.

d PRACTICAL POINTS

INTRODUCTION

Biomarkers—a variety of enzymes, hormones and other 
biomolecules that can be measured and evaluated as indi-
cators of disease presence and activity—have emerged as 
essential tools in clinical decision-making, particularly in 
cardiovascular diseases. They can provide valuable diagnos-
tic and prognostic information above and beyond existing 
modalities, such as physical exam, radiographic data, and 
routine laboratory studies. In some cases, they have even 
proven superior to the clinical judgments formed in their 

absence. Some biomarkers are intimately involved in the 
disease process itself, and thereby can provide insight into 
pathogenesis, offer new treatment targets, and guide the use 
of potent medications. 

For each biomarker, multiple unique factors affect their 
serum or plasma concentration, and multiple biologic pro-
cesses, both normal and pathologic, may lead to their el-
evation. As such, proper interpretation of a biomarker level 
requires a comprehensive understanding of the many com-
plex factors that govern their levels.
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BIOMARKERS OF 
MYOCARDIAL NECROSIS

The biomarkers of myocardial necrosis include troponin I 
and T, creatinine kinase (CK) and its myocardium-specific 
isoenzyme creatine kinase-muscle and brain (CK-MB), and 
myoglobin. Elevated concentrations of these biomarkers 
have become the cornerstone of diagnosis in acute coronary 
syndrome (ACS), offering powerful prognostic information 
and guiding treatment in many critical scenarios. Each of 
these markers has unique physiology, metabolism, strengths, 
and limitations. In light of their differences, concurrent mea-
surement of these biomarkers and a multimarker strategy is 
currently optimal in the management of patients with ACS.

Troponin I and T

Physiology
The troponins (Tn) along with tropomyosin form the 
thin filament component of the contractile apparatus of 

striated muscle. Three troponin subtypes, TnT, TnI, and 
TnC, each serve a unique function in facilitating the 
interaction between actin and myosin, including Ca2+ 
binding (TnC), inhibition (TnI), and tropomysin bind-
ing (TnT). Cardiac-specific isoforms of TnT and TnI are 
released in myocardial necrosis, rendering these proteins 
both highly sensitive and specific tools in the detection 
of cardiac injury. Elevated levels of these biomarkers are 
now considered the gold standard in diagnosis of myocar-
dial infarction. 

Troponin elevations above upper reference ranges are typi-
cally detectable 4-6 hours after injury, though with mod-
ern high-sensitivity assays, elevations can be detected as 
early as 2-3 hours after the onset of symptoms (Figure 3-1). 
Levels peak within 24 hours, though this time course may 
be shorter with successful reperfusion. Troponin is cleared 
by the kidney and levels remain elevated for 10-14 days after 
myocardial injury, allowing for diagnosis even in cases of de-
layed presentation (Figure 3-2).

Timing after onset of chest pain
Strengths Weaknesses

Initial elevation Peak Duration

Troponin I & T

CK/CKMB

6 hours

4–6 hours

24 hours

18–24 hours

10–14 days

1. High sensitivity and
    specificity
2. Gold standard for
    diagnosis of MI
3. Most important
    prognosticator
4. Guides adjunctive
    treatment

1. Delay in elevation
2. Long half decreases
    utility of serial
    monitoring once 
    diagnosis of MI is
    made
3. May be chronically
    elevated in cerain
    cinditions i.e CKD,
    and heart failure

1. Detectable around
    the same time
    as troponin, but
    inferior in terms of
    sensitivity & specificity
2. May be elevated in
    muscle injury

1. Non-specific marker.
2. Undulating pattern of
    release makes trends
    difficult to interpret

1. Useful in the diagnosis
    of reinfarction and
    reperfusion

1. High negative predictive
    value.
2. Useful in the diagnosis
    of reinfarcation and
    reperfusion

36–48 hours

24 hours6 hours1 hourMyoglobin

Figure 3-1. Kinetics, strengths and weakness of the biomarkers of myocardial necrosis. 
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Diagnosis of Acute Myocardial Infarction (MI)
In 2000, a consensus group between the European Society 
of Cardiology (ESC) and American College of Cardiology 
(ACC) provided recommendations that redefined the diag-
nosis of myocardial infarction, making an elevated troponin 
the cornerstone of diagnosis. A rise and fall in troponin 
above the diagnostic cutpoint in the setting of clinical 
symptoms (chest pain, shortness of breath, etc.), pathologic 
electrocardiograph (ECG) changes, or imaging evidence of 
ischemia fulfill ESC/ACC criteria for acute MI. In order to 
optimize sensitivity, the 99th percentile of an asymptomatic 
reference control population is typically used as the diag-
nostic cutoff for an elevated troponin, and recommended 
serial measurements beginning at presentation followed by 
measurements at 6 to 9 hours, and again at 12 to 24 hours if 
earlier markers are negative and clinical suspicion remains 
high. Based on these recommendations, serial markers 6 
hours apart after onset of chest pain have become a typi-
cal protocol in many emergency rooms and coronary care 
units. This strategy is validated by data from the Global Use 
of Strategies to Open occluded coronary arteries (GUSTO) 
IIa study, in which serial assays provided incremental diag-
nostic and prognostic information. In that study, only 45% 
of patients with an elevated troponin on serial examination 
had a troponin elevation on initial presentation. Further, 
patients with negative troponin on serial testing had a 0% 
30-day mortality. Using newer assays with higher sensitivity 

and lower cutoff values, recent evidence suggests that up to 
80% of patients with acute MI will have a positive troponin 
within 2-3 hours from the onset of symptoms. However, 
these assays remain in the research stage and have not yet 
been incorporated into the recommended diagnostic pro-
tocol. In patients with chronically elevated troponin, such 
as those with end-stage renal disease (ESRD) or structural 
heart disease, the presence of a rising pattern over time may 
be necessary for diagnosis.

Risk Stratification in Acute MI
Elevated troponin levels risk-stratify patient presenting with 
ACS. Multiple studies have demonstrated that patients pre-
senting with an ACS and found to have an elevated troponin 
are at greater risk of short-term cardiac events and death 
(Figure 3-3), and that this risk is proportional to the degree 
of troponin elevation at presentation (Figure 3-4). In one 
meta-analysis, surveying 21 studies with a total of 18,982 
patients with ACS, an elevated troponin was associated 
with an increased risk of 30-day mortality or MI (odds ratio 
2.86, 95% confidence interval [CI] 2.35-3.47). This associa-
tion was even more robust in patients presenting with ST-
elevation MI (odds ratio 4.93, 95% CI 3.77- 6.45). Initially, 
the value of troponin in risk stratification of patients with 
renal dysfunction was in doubt based on troponin’s renal 
clearance. However, in a subset analysis of the GUSTO-IV 
trial, troponin elevation remained predictive of short-term 

Figure 3-2. Time course after symptom onset for various biochemical markers of myocardial 
necrosis. Abbreviation: CK-MB, creatine kinase-MB isoenzyme. (From Newby LK. Markers of cardiac 
ischemia, injury, and inflammation. Prog Cardiovasc Dis. 2004 Mar-Apr;46(5):404–416.)
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MI and death, regardless of creatinine clearance, thereby 
validating its use in patients with renal failure.

Management of Acute MI
Elevated troponin helps identify those patients who will 
benefit from use of particular therapeutics and thereby 
guides management in ACS. The Fragmin during Instability 
in Coronary Artery Disease (FRISC) trial and a substudy 
of the Thrombolysis in Myocardial Infarction (TIMI) 11b 
study demonstrated that among patients with non-ST-
elevation ACS, use of a low molecular-weight heparin 
(LMWH) therapy in those with elevated troponin resulted 
in significantly lower rates of short-term MI and mortal-
ity. Patients without troponin elevations did not benefit 

from LMWH. Studies of glycoprotein IIb/IIIa inhibitors 
have had similar results (Figure 3-5). The Chimeric 7E3 
Antiplatelet Therapy in Unstable Angina Refractory to 
Standard Treatment (CAPTURE), Platelet-Receptor 
Inhibition for Ischemic Syndrome Management (PRISM), 
and Delaying and Preventing Ischemic Evens in Patients 
with Acute Coronary Syndromes Using the Platelet GP 
IIb/IIIa Inhibitor Lamifban (PARAGON B) studies dem-
onstrated that among patients with an ACS, only those 
with elevated troponins benefit from use of LMWH with 
reduced short-term rates of recurrent MI or death.

Troponin-elevation may be used to guide the decision to 
pursue an early-invasive catheterization strategy in ACS pa-
tients. In the Treat Angina with Aggrastat and Determine 
Cost of Therapy with an Invasive or Conservative Strategy 
(TACTICS)–TIMI 18 trial, patients with ACS and an 
elevated baseline troponin T > 0.1 ng/mL were found to 
be at increased risk for recurrent ischemia and mortality 
at 30 days and 6 months post-event as compared to those 
without a troponin elevation. Among patients with a tro-
ponin elevation, those randomized to receive an early inva-
sive strategy had a reduced event rate. In fact, patients who 
had a troponin elevation and underwent early intervention 
faced near-equivalent risk for recurrent MI and death as 
those who did not have an initial elevation troponin. No 
treatment benefit was observed in patients without a tro-
ponin elevation at presentation. The Fragmin and Fast 
Revascularization During Instability in Coronary Artery 
Disease (FRISC II) study had similar findings, demonstrat-
ing decreased incidence of recurrent ischemia and death at 
1 year in troponin T-positive patients who underwent an 
early-invasive strategy, while those with a negative troponin 
did not benefit from this therapy (Figure 3-5).

Differential Diagnosis of Elevated Troponin
Proper interpretation of an elevated troponin requires recog-
nition that it is a biomarker of myocardial injury, which has 
many etiologies aside from ischemia. Therefore, an elevated 
level must always be interpreted in the clinical context with 
respect to this principle (Table 3-1).

Creatinine Kinase and CK-MB

Creatinine kinase (CK) facilitates the transport of high-
energy phosphates across the mitochondrial membrane in 
multiple cell types including striated muscle. Different isoen-
zymes of CK have been identified and are distinguished by 
their constituent protein subunits. Though CK is present in 
both skeletal and cardiac muscle, the CK-MB isoform is found 
in highest concentrations in myocardium and thereby has im-
proved specificity for myocardial necrosis. However, CK-MB 
still constitutes 1-3% of CK in skeletal muscle. Further, in 
response to skeletal muscle damage or chronic inflamma-
tion, there can be re-expression of proteins synthesized during 
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Figure 3-3. Kaplan–Meier estimates of survival during first 
30 days for baseline cTnT-positive (dashed line) and -negative 
(solid line) patients. Troponin-positive patients have a worse 
prognosis. (From Newby LK, et. Al. Value of serial troponin T 
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diac troponin T levels for risk stratification in acute myocardial 
ischemia. N Engl J Med. 1996;335:1333–1342. Copyright © [year of 
publication] Massachusetts Medical Society. All rights reserved.)



CHAPTER 3 / Biomarkers in Cardiovascular Disease 29

Figure 3-5. Probability of Death or MI in ACS Patients Through 6 Months of Follow-up, Stratified 
by Treatment Strategy. Only patients with an elevated troponin benefited from an early-invasive 
treatment strategy.
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ontogeny including the MB isoform, thereby limiting its spec-
ificity particularly when cardiac and skeletal injury coexist. 

CK and CK-MB begins to rise as early as 4-6 hours after 
myocardial injury, though levels may not be elevated until 
as long as 12 hours. These levels peak within 18-24 hours, 
and return to baseline within 36-48 hours (Figure 3-2). 
Prior to the routine use of troponin, CK-MB was the bio-
marker of choice in the diagnosis of acute MI. A rise in CK 
to twice the maximum of normal range with a concurrent 
increase in CK-MB fulfills typical diagnostic criteria. Some 
have suggested utilizing a ratio of CK-MB to CK to improve 
specificity, but this approach has not been well evaluated 
and is not part of formal diagnostic criteria. 

Still, it is notable that patients with an elevated CK-MB but 
a normal CK have been shown to be more at risk for MI and 
mortality. In a meta-analysis of the 25,960 patients with non-
ST elevation MI examined in four large-scale clinical trials, 
patients with an elevated CK-MB were at increased risk. In 
that analysis an elevated CK-MB was defined as above the 
upper limit of normal as determined by each participating 
sites clinical laboratory. Patients with a CK within normal 
range but elevated CK-MB, carried an increased relative 
risk of 55% for 180-day death or recurrent MI.

CK and CK-MB find additional utility in the detection of 
successful reperfusion after thrombolysis and in the diagno-
sis of reinfarction. After successful reperfusion, the rate of 
CK release from myocardium transiently increases, likely a 
result of improved blood flow to damaged myocardium and 
“washout” of released CK and CK-MB. This phenomenon 
leads to higher and earlier peak values. A time to peak CK 
of less than 4 hours indicates successful reperfusion with 
achievement of TIMI 2- or 3-grade flow. Another model 
using the ratio of CK-MB one hour after thrombolysis and 
baseline CK-MB demonstrated that a ratio greater than 
3.3 was predictive of TIMI 2 or 3 flow, with sensitivity 
and specificity of 70% and 63%, respectively. Other mod-
els utilize the slope of CK-MB rise with additional clini-
cal variables to improve predictive capability. Importantly 
though, models using CK or CK-MB have not been shown 
to be predictive of TIMI-3 flow alone, which is the only 
level of reperfusion associated with improved survival after 
thrombolysis. 

In regards to reinfarction, the short half-life of CK and 
CK-MB and their relatively quick release into serum allow 
these markers to be useful in diagnosis. Similarly, a decline 
in CK or CK-MB even in the face of continually rising 
troponin still suggests completion of an infarct. The 2004 
ACC/AHA task force made specific recommendations for 
diagnosis of reinfarction after acute ST-elevation MI using 
CK-MB. Within the first 18 hours post-infarct, symptoms 
of ischemia along with a recurrent elevation in CK-MB to 
above three times the upper limit of normal range or 50% 
greater than the previous value meets criteria.

Myoglobin

Myoglobin is a ubiquitous heme protein that is present in 
cardiac muscle. It is released rapidly from damaged tissue, 
and with existing assays it can potentially be the earliest 
detectable biomarker of cardiac injury. Concentrations in 
serum may begin to rise as soon as 1 hour after myocardial 
injury. They peak within 6 hours, and return to baseline 
within about 24 hours. However, as myoglobin is present in 
high concentration in multiple other tissues and abundantly 
in skeletal muscle, elevations are not specific to cardiac in-
jury and limit its utility. Further, owing to its rapid release 
and metabolism (half-life in serum of 8-10 minutes), serial 
myoglobin levels may demonstrate an undulating pattern 
that can prove difficult to interpret. Assessments of sensi-
tivity have ranged widely, varying between 60 and 100% 
in different studies. Its principal utility is found in its nega-
tive predictive value, which has been found to be as high as 
97.4%. Myoglobin also provides prognostic data indepen-
dent of that provided by other biomarkers. In an analysis of 
data collected in TIMI 11B and TACTICS-TIMI 18, myo-
globin elevations >100 mg/L, independent of other markers 
of cardiac damage or ST-changes, have been found to be 

Table 3-1 • Nonthrombotic Causes of an Elevated 
Troponin Level

Nonthrombotic myocardial ischemia
 Coronary vasospasm
 Intracranial hemorrhage or stroke
 Ingestion of sympathomimetic agents

Direct myocardial damage
 Cardiac contusion
 Direct current cardioversion
 Cardiac infiltrative disorders
 Chemotherapy
 Myocarditis
 Pericarditis
 Cardiac transplanation

Demand ischemia
 Sepsis/systemic inflammatory response syndrome
 Hypotension
 Hypovolemia
 Supraventricular tachycardia/atrial fibrillation
 Left ventricular hypertrophy

Myocardial strain
 Congestive heart failure
 Pulmonary embolism
 Pulmonary hypertension or obstructive disease
 Strenuous exercise

Chronic kidney disease

Adapted from Jeremias A, Gibson CM. Narrative review: alternative causes for 
elevated cardiac troponin levels when acute coronary syndromes are excluded. 
Ann Intern Med. 2005,May 3; 142(9):786–791.
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prognostic in patients with ACS, predicting the presence of 
an occluded culprit artery, visible thrombus, and absence of 
TIMI-3 flow. Further, myoglobin elevations are associated 
with increased mortality 6 months post-event. 

Multimarker Strategy in ACS

Given the complex interaction between the timing of pa-
tient presentation to the emergency department for evalua-
tion of ischemic symptoms and the varying timing of release, 
metabolism, sensitivity, and specificity of the biomarkers 
of myocardial necrosis, a multimarker strategy combining 
early-appearing markers with high negative predictive value 
with more specific but late-appearing markers provides a 
better evaluation tool than any individual biomarker alone. 
This approach was validated in the Chest Pain Evaluation 
by CK-MB, Myoglobin and Troponin I (CHECKMATE) 
study, in which 1005 patients with chest pain were evalu-
ated with a panel of markers including myoglobin, CK-MB, 
and troponin. This multimarker strategy detected more 
marker-positive patients and did so earlier in the evaluation 
process. Similarly, another study found that the sensitivity 
and negative predictive value for point-of-care combination 
of myoglobin and troponin I was 96.9% and 99.6%, respec-
tively, within 90 minutes of presentation. This was supe-
rior to the results provided by either marker individually. 
Further, once the diagnosis of MI is made with a positive 
troponin, CK-MB and myoglobin with their shorter half-
lives become the superior markers for monitoring the evo-
lution and termination of an infarct, as well as monitoring 
for recurrent ischemia. Thus, the information provided by 
individual markers is synergistic and complementary in the 
evaluation of patients with ischemic symptoms and in sub-
sequent monitoring for resolution of MI and reinfarction. 

BIOMARKERS OF 
CARDIOVASCULAR STRESS

Biomarkers of cardiovascular stress are released in volume or 
pressure overload states. They have become valuable tools 
in the diagnosis, monitoring, and treatment of patients with 
congestive heart failure. Further, they provide powerful 
prognostic data not only in acute and chronic heart failure, 
but in a variety of cardiovascular conditions. 

Natriuretic Peptides: BNP & NT-proBNP

Physiology
Several natriuretic peptides (NPs) have been identified, all 
with similar chemical structure and physiologic function. 
However, currently only B-type natriuretic peptide (BNP) 
and NT-proBNP are routinely used clinically. BNP is syn-
thesized and secreted primarily from the ventricular myo-
cardium in response to wall stress from volume expansion or 
pressure overload. NPs serve to counteract the physiologic 
abnormalities of heart failure by causing vasodilation, na-
triuresis, and diuresis, thereby exerting protective effect in 
volume or pressure overload states. The clearance of BNP is 
thought to be primarily via binding to a membrane-bound 
natriuretic receptor, with some contribution of active renal 
secretion and passive excretion as well. NT-proBNP, on the 
other hand, is thought to be cleared principally by the kid-
neys (Figure 3-6).

Diagnosis of Acute Dyspnea 
The clinical utility of BNP and NT-proBNP is best estab-
lished in the diagnosis of acute dyspnea. In the Breathing 
Not Properly Multinational Study, 1587 patients presenting 
to the emergency department (ED) with acute dyspnea were 

Half-life (minutes)

Clearance
 Primary mechanism
 Hemodialysis

Recommended fluctuation for
diagnosing acute on chronic HF

Cut point for diagnosing heart
failure in acute dyspnea

Correlation with GFR
Clinical range (pg/mL)

BNP

25% increase from
baseline

Strong
0–35000

NT-proBNP

60–120

Renal

No

300 pg/mL to "rule out"
900 pg/mL to "rule in" or
age-adjusted cutpoints

(see text)

Neutral endopeptidase

No

100 pg/mL

50–70% increase from
baseline

Moderate
0–5000

22

Figure 3-6. Comparison of BNP and NT-proBNP. (Adapted from Daniels LB, Maisel AS. Natriuretic 
peptides. J Am Coll Cardiol. 2007 Dec 18;50(25):2357–2368.)
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respectively, improved the positive predictive value to 88% 
(Figure 3-8). In patients with prior history of HF, an in-
crease of greater than 25% over baseline “dry” NT-proBNP 
is recommended for diagnosis of acute exacerbation.

Prognosis in Heart Failure 
Several studies have shown that NP levels predict out-
comes in both acute and chronic heart failure. A systematic 
review of studies assessing BNP for prognosis in patients 
with heart failure or asymptomatic patients found that each 
100 pg/mL increase in BNP was associated with a 35% in 
the relative risk of death. In the prospective Rapid ED 
Heart Failure Outpatient Trial (REDHOT), patients pre-
senting to the ED with acute shortness of breath and found 
to have a BNP > 200 mg/mL had a higher rate of CHF-
related events and mortality (9% vs. 29% p = 0.006). In 
chronic heart failure, BNP also provides powerful prognos-
tic information. In data collected in the Valsartan Heart 
Failure Trial (Val-HeFT), in which 4300 patients were fol-
lowed for 3 years following a measurement of baseline BNP, 
patients with an initial BNP greater than the median value 
of 97 pg/mL were at higher risk (RR 2.1, 95% CI 1.79-2.42) 
for morality and first morbid event. Further, BNP showed 

evaluated by an ED physician and bedside BNP assay. BNP 
on arrival was shown to be superior to clinical judgment 
in the diagnosis of acute heart failure, with an area under 
the receiver-operator curve (AUC) of 0.91 (Figure 3-7). A 
BNP of 100 pg/mL was 90% sensitive and 76% specific in 
diagnosing dyspnea due to acute heart failure. Studies of the 
physiologic variability of BNP levels in stable heart failure 
patients suggest that an increase in BNP by about 50-70% 
from baseline or “dry” BNP accompanied with symptoms is 
most useful in the in the diagnosis of HF exacerbation in 
known chronic HF.

The strongest evidence for utility of NT-proBNP is provided 
by the ProBNP Investigation of Dyspnea in the Emergency 
Department (PRIDE) and International Collaborative of 
NT-proBNP (ICON) studies. In the PRIDE study, NT-
proBNP levels measured on arrival in 599 patients present-
ing with acute dyspnea was found to be superior to clinical 
judgment, with an AUC of 0.94. Rather than a single cut-
point as identified for utilization of BNP, the PRIDE in-
vestigators found a dual cutpoint strategy optimal in the 
interpretation of NT-proBNP levels. A cutpoint of 300 
ng/L had a 99% negative predictive value in excluding a di-
agnosis of acute HF. A cutpoint of 900 ng/L for NT-proBNP 
was found to be comparable to the BNP cutpoint of 100 
pg/mL with a positive predictive value of 79%. The ICON 
study examined 1256 patients and was designed to evalu-
ate the need for age-dependent cutoffs for optimal utiliza-
tion of NT-proBNP. That analysis verified the findings of 
PRIDE, and demonstrated value of an age-adjusted cutpoint 
strategy. Using cutpoints of 450 ng/L, 900 ng/L, and 1800 
ng/L for ages less than 50, 50 to 75, and greater than 75, 
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publication] Massachusetts Medical Society. All rights reserved.)

Figure 3-7. Receiver-operating characteristic curve for various 
cutoff levels of B-type natriuretic peptide (BNP) in differen-
tiating between dyspnea due to congestive heart failure and 
dyspnea due to other causes. (From Maisel AS, et al. Rapid 
measurement of B-type natriuretic peptide in the emergency 
diagnosis of heart failure. N Engl J Med. 2002;347:161–167. 
Copyright © [year of publication] Massachusetts Medical 
Society. All rights reserved.)
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a significant, quartile-depending increase in mortality and 
first morbid event. 

Monitoring Therapy in Heart Failure 
As the natriuretic peptides have been shown to correlate 
with clinical status including heart failure stage and offer 
prognostic information in heart failure patients, some have 
hypothesized that they may be useful in guiding treatment. 
Evidence in support of this approach comes in a study in 
which 72 patients admitted for exacerbation of HF were 
monitored with daily BNP assessments and followed for 
events. Patients found to have a fall in BNP levels were 
less likely to have a subsequent readmission or cardiac 
death within the 30-day follow-up period. Further, BNP 
levels at discharge have been shown to predict recurrent 
events. In that particular study, a BNP < 430 pg/mL had a 
strong negative predictive value for recurrent hospitaliza-
tion. Another study demonstrated that predischarge BNP 
was the most powerful predictor of readmission for CHF 
and mortality at 6 months, with a discharge BNP 350 pg/
mL suggesting good prognosis. In light of these findings, 
some have suggested that in the treatment of acute heart 
failure exacerbation BNP assessment at admission, shortly 
thereafter to ensure response to treatment, and just prior 
to discharge can guide treatment and optimize follow-up 
planning. The optimal utilization of NPs in the manage-
ment of acute and chronic heart failure remains under 
investigation. 

Other Applications of NPs 
Evolving data indicate that NP levels carry substantial prog-
nostic information in a variety of acute and chronic cardio-
vascular disease aside from heart failure. Elevations in both 
BNP and NT-proBNP predict increased risk of cardiovascu-
lar events in patients across the spectrum of coronary artery 
disease, including stable angina and ACS. NPs have been 
shown to predict sudden cardiac death and predict response 
to cardiac resynchronization therapy in CHF patients. In 
aortic stenosis, NP levels rise with the severity of disease, 
predict symptom onset, and may predict surgical outcomes. 
How the additional information provided by NPs in these 
clinical scenarios will guide clinical decision-making re-
mains an evolving area of research. 

Differential Diagnosis of Elevated NPs
In the interpretation of elevated natriuretic peptide levels, 
it is essential one keep in mind these levels are not pathog-
nomonic for heart failure. BNP is secreted in response to 
multiple conditions that result in increased ventricular wall 
stress. Common acute causes, particularly pertinent to the 
differential diagnosis of breathlessness, include chronic but 
stable heart failure, valvular heart disease including aortic 
stenosis and regurgitation, acute coronary syndromes, pul-
monary diseases including chronic obstructive disease, pri-
mary and secondary pulmonary hypertension, pulmonary 

embolism, and atrial fibrillation. Several analyses from the 
Breathing Not Properly study have suggested that patients 
with these diagnoses do not have as marked elevations in 
their BNP levels (less than 500 pg/mL) as those with acute 
HF. Still, appreciation of the broad differential of an elevated 
NP level is critical to proper interpretation (Table 3-2).

Other Factors Affecting NP levels
Factors aside from these pathologic conditions also affect 
baseline NP levels, though there effects are often more sub-
tle (Table 3-3). Advanced age is associated with higher lev-
els of BNP and NT-proBNP. The cause of this is unclear but 
may be related to evolving diastolic dysfunction or reduced 
metabolism and clearance. Female gender is also associated 

Table 3-2 • Differential Diagnosis of Elevations in 
Natriuretic Peptides

Acute and chronic heart failure

Acute coronary syndromes

Valvular disease
 Aortic stenosis
 Mitral stenosis

Atrial fibrillation

Myocardial diseases
 Hypertrophic cardiomyopathy
 Infiltrative cardiomyopathies
 Apical ballooning syndrome
  Inflammatory disease, including myocarditis and

 chemotherapy

High-output sates: 
 Sepsis
 Burns
 Hyperthyroidism
 Cirrhosis

Pulmonary heart disease/right heart dysfunction
 Pulmonary embolism
 Pulmonary hypertension
 Obstructive sleep apnea

Primary pulmonary disease
 COPD
 Asthma
 ARDS

Congenital heart disease

Stroke

Table 3-3 • Factors Influencing Baseline NP Levels

Factors increasing baseline NPs

Advancing age
Female gender
Chronic kidney disease

Factors decreasing baseline NP

Obesity
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with higher NP levels, possibly as a consequence of higher 
levels of estrogen. 

Renal dysfunction is an important and frequent con-
founder in the patients with elevated NPs, though the 
underlying mechanisms of this interaction are unclear. 
Patients with chronic kidney disease often have higher 
atrial and systemic blood pressure, and consequent in-
creases in ventricular mass, all of which could contribute 
to higher NP levels as an appropriate compensatory mech-
anism. However, these patients may also have decreased 
renal filtration and decreased clearance by NP-receptors 
and end peptidases within renal tissue. Several studies 
have demonstrated that BNP levels increase with esti-
mated glomerular filtration rate below 60 mL/min/1.7 m2. 
Data from these trials suggest that higher cutpoints are 
not unreasonable for patients with renal function below 
this threshold. An exact cutpoint has not been well de-
fined for BNP. Data from the PRIDE study indicate that 
the optimal cutpoint for NT-proBNP in renal dysfunc-
tion is 1200 ng/L. However, when using the age-stratified 
cutpoints, one need not make further adjustment aside 
from that for the unusually young patients with poor renal 
function. 

Obesity, on the other hand, has been associated with 
decreased BNP and NTpro-BNP levels, likely due to in-
creased clearance by NP receptors on adipocytes. Still, 
BNP likely has equivalent diagnostic value in this group 
of patients, albeit with lower cutpoints. A subgroup analy-
sis of data from the Breathing Not Properly study dem-
onstrated that, with lower cutpoint values determined 
by BMI, BNP retained both sensitivity and specificity in 
diagnosis of acute HF. Similarly, an analysis of data ob-
tained in the ICON study showed that NT-proBNP con-
centration is lower in patients with higher BMI, but it 
retains its diagnostic and prognostic capacity across all 
BMI categories. 

BIOMARKERS OF INFLAMMATION

Atherosclerosis is now well recognized as a disease of in-
flammation. Biomarkers assessing inflammation may be 
markers of disease process and, in some cases, have been 
implicated in pathogenesis. As the information provided by 
these markers becomes better understood, the markers may 
offer new therapeutic targets for patients with cardiovascu-
lar disease.

C-Reactive Protein (CRP)

CRP is an acute phase protein produced largely by hepa-
tocytes in response to inflammatory cytokines. It is a non-
specific marker of inflammation that is synthesized most 
abundantly in acute infectious or inflammatory processes. 

Despite this lack of specificity, multiple studies have dem-
onstrated that low-level elevations of CRP are associated 
with the presence of atherosclerotic disease and predict car-
diovascular events. Further, CRP may be an independent 
predictor, making it a potential tool to identify patients 
without traditional risk factors that remain at-risk for car-
diovascular disease. 

CRP has demonstrated predictive value in a broad spec-
trum of cardiovascular disease. Data from the Prevention 
of Events with Angiotensin-Converting Enzyme Inhibition 
(PEACE) trial showed prospectively that, in patients with 
stable coronary artery disease, those with CRP > 1.0 mg/L 
were at increased risk of MI, stroke, and cardiovascu-
lar disease, independent of more established risk factors. 
Elevated CRP has been demonstrated to be prognostic in 
patients with non-ST-elevation ACS and ST-elevation 
MI, predicting short-term mortality and recurrent ischemic 
events. Smaller studies have demonstrated predictive ca-
pability in many other clinical scenarios, including heart 
failure and patient’s post-coronary artery bypass grafting or 
post-percutaneous intervention. Perhaps most importantly, 
in patients without prior cardiovascular disease, CRP is as-
sociated with increased risk.

Elevations in CRP are associated with many recognized 
cardiovascular disease risk factors, including hypertension, 
smoking, age, diabetes, and HDL levels, an observation that 
raises doubt that CRP can provide additional information 
over existing tools. Multiple studies have examined this 
issue and provide conflicting results. 

Several existing therapies for cardiovascular disease such 
as aspirin and statins also have anti-inflammatory effect 
and reduce CRP. Further, there is evidence that the 
anti-inflammatory effects contribute to the benefit of these 
medications. In the Pravastatin or Atorvastatin Evaluation 
and Infection Therapy (PROVE-IT) study, independent of 
cholesterol reduction on statin therapy, those with lower 
CRP levels had better outcomes than those with higher 
levels (Figure 3-9). Furthermore, in the Cholesterol and 
Recurrent Events (CARE) trial, patients with a higher base-
line CRP prior to initiation of statin therapy experienced 
greater reduction in recurrent events. Studies that will pro-
spectively evaluate the efficacy of targeting treatment to-
wards reducing CRP in patients with normal LDL levels are 
ongoing.  

Based on these and other data, the Center for Disease 
Control (CDC) and American Heart Association (AHA) 
issued guidelines regarding the use of serum CRP in deter-
mining cardiovascular risk in 2003. CRP should be mea-
sured twice, two weeks apart, with the values averaged. Low, 
intermediate, and high risk values were defined as <1 mg/L, 
1-3 mg/L, and >3 mg/L, respectively. A level greater than 
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10 mg/L should be repeated and the patient should be evalu-
ated for an acute infectious or inflammatory process. In pa-
tients with intermediate risk for cardiovascular disease by 
Framingham risk score (10-20% at 10 years), an elevated 
CRP may, at the discretion of the treating physician, be 
treated as an additional risk factor when determining thera-
peutic targets for primary prevention such as blood pressure 
and LDL goals.

SELECTED EMERGING BIOMARKERS

Biomarkers of Oxidative Stress 

Oxidative stress is thought to be a potential link between 
cardiovascular risk factors and inflammation in the de-
velopment of cardiovascular disease. Powerful oxidants 
are routinely produced by endogenous enzymes such as 
MPO, and these agents play important roles in inflam-
matory processes and defense against infection. However, 
excessive oxidative stress results in modification of various 
fatty acids, lipoproteins, and amino acids into proinflam-
matory and atherogenic particles. Further, oxidative stress 
may directly damage cellular proteins and cause myocyte 
apoptosis. MPO is a heme enzyme present in the granules of 
inflammatory cells, and is released in response to infectious 
and inflammatory stimuli. MPO has been detected within 

atherosclerotic lesions, and MPO mass has been shown to 
have independent predictive value in predicting the pres-
ence of angiographically defined coronary artery disease 
and cardiovascular events.

Biomarkers of Ischemia

Biomarkers that reliably detect myocardial ischemia in the 
absence of necrosis would be extremely useful, particularly 
in the identification of patients with unstable angina and in 
differentiating patients with chest pain due to causes aside 
from cardiac ischemia. Further, if ischemia could be detected 
prior to myocardial necrosis, it may be possible to intervene 
earlier and prevent myocardial damage. Several such mark-
ers of ischemia are under investigation and include unbound 
free fatty acids (FFAu), heart-type fatty acid-binding pro-
tein, and ischemia-modified albumin (IMA). Ischemia is 
also associated with the release of free fatty acids (FFA) from 
muscle tissue. The majority of these fatty acids are bound 
to albumin, however, a fraction of unbound free fatty acids 
(FFAu) may be measured. In post-percutaneous coronary 
angioplasty (PCTA) patients, post-PCTA concentrations 
of FFAu were found to be several fold higher than baseline 
level, and the highest FFAu concentrations were observed 
in patients who exhibited periprocedural ST-elevations. 
Further, FFAu elevations are associated with additional risk 
of ventricular dysrhythmia and death in patients with acute 
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MI. Although far from definitive, current evidence suggests 
that, amongst patients presenting with symptoms of isch-
emia, FFAu levels may provide early evidence of ischemia 
prior to myocardial necrosis.

CONCLUSION

Biomarkers have proven themselves invaluable tools in 
modern cardiovascular medicine. However, they are cur-
rently best validated in the diagnosis and management of 
myocardial necrosis, pressure overload, and remodeling—
cardiovascular disease in its endgame. As recently identi-
fied biomarkers are better understood and new biomarkers 
are discovered, it will very likely be possible to detect car-
diovascular disease in earlier, preclinical stages. As this in-
credible potential of biomarkers is realized, physicians will 
be increasingly better equipped to prevent the progression 

and consequent morbidity and mortality of cardiovascular 
diseases. 
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EPIDEMIOLOGY

The prevalence of cardiovascular disease increases progres-
sively with age (Figure 4-1), as a result of which persons 65 
years of age or older account for more than 60% of hospi-
talizations for cardiovascular disease, including over 60% of 
admissions for acute myocardial infarction (MI) and over 
75% of admissions for decompensated heart failure. In addi-
tion, over 50% of percutaneous and surgical coronary revas-
cularization procedures, 55% of defibrillator implantations, 
80% of arterial endarterectomies, and 85% of permanent 
pacemaker insertions occur in this age group. Importantly, 
with increasing age women comprise a progressively greater 
proportion of patients hospitalized with cardiovascular 
disorders as well as patients undergoing cardiovascular 
procedures.

EFFECTS OF AGING ON THE 
CARDIOVASCULAR SYSTEM

The principal effects of aging on the cardiovascular sys-
tem are summarized in Table 4-1.1 The net effect of these 
changes is a marked reduction in cardiovascular reserve. As 
a result, increasing age is associated with an inexorable de-
cline in maximum exercise capacity in healthy individuals 
(Figure 4-2). Older patients are also less able to maintain 
cardiac performance in response to a wide range of stressors, 
including ischemia, brady- and tachyarrhythmias, infections 
(e.g., pneumonia, sepsis), anemia, and metabolic disorders 
(e.g., thyroid disease). In turn, the impaired capacity to re-
spond to stress accounts for the exponential increase in the 
incidence of heart failure with advancing age, as well as the 
markedly worse prognosis associated with acute and chronic 
cardiovascular disorders in older patients.

• Cardiovascular reserve is decreased with aging due 
to increased vascular stiffness, impaired LV diastolic 
function, decreased beta-receptor responsiveness, 
endothelial dysfunction, and other factors.

• Systolic hypertension is the strongest risk factor for 
cardiovascular events in patients over the age of 
65 years.

• Atypical presentation of ACS is common, resulting in 
delayed diagnosis and worse prognosis.

• Physical signs of aortic stenosis may be masked in 
the elderly.

• Percutaneous aortic valve replacement is an exciting 
new development particularly suitable for the older 
patient.

• HF is the leading cause of hospitalization in the 
elderly. 

• Atypical presentation of HF is common and hence 
the diagnosis is more challenging.

• BNP less specific due to elevated levels with age.

• Treatment is more challenging because of increased 
incidence of concomitant renal and hepatic dysfunc-
tion and polypharmacy resulting in adverse drug 
reactions.

• Prevalence of atrial fibrillation is approximately 
10% in octogenarians. The elderly have significantly 
increased risk of stroke as well as bleeding with 
 anticoagulation though the benefits of warfarin gen-
erally outweigh the risks. 

d PRACTICAL POINTS
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EFFECTS OF AGING ON 
OTHER ORGAN SYSTEMS

Age-related alterations in other organ systems also impact 
the clinical presentation, response to therapy, and prognosis 
of cardiovascular diseases in elderly patients (Table 4-2). 
Impaired renal function predisposes older patients to elec-
trolyte disturbances and intravascular volume overload, as 
well as to increased toxicity from renally excreted medica-
tions. Similarly, age-related changes in hepatic and gastro-
intestinal function further increase the risk of adverse drug 
effects, especially in patients receiving multiple medica-
tions. The ability of the central nervous system to maintain 
cerebral perfusion over a range of arterial blood pressures 
also declines with age, predisposing older patients to light-
headedness, falls, syncope, and impaired cognition in re-
sponse to medications, alterations in position, and changes 
in cardiac output.

CARDIOVASCULAR RISK FACTORS 

As in younger patients, hypertension, dyslipidemia, diabetes 
mellitus, smoking, and possibly physical inactivity remain 
the most important modifiable risk factors for the develop-
ment of cardiovascular disease in the elderly, and current 
guidelines advocate a generally similar approach to man-
aging these risk factors irrespective of age. However, the 
combination of age-related cardiovascular changes in con-
junction with a tendency to have more risk factors and a lon-
ger duration of exposure to these factors results in a greater 
number of incident cardiovascular events in older compared 
to younger individuals; i.e., the number of events “attribut-
able” to prevalent risk factors is higher in the elderly.

Hypertension

Systolic blood pressure tends to increase gradually with 
age, while diastolic blood pressure peaks in late middle-age 

Table 4-1 • Principal Effects of Aging on the 
Cardiovascular System

Rest
Increased arterial stiffness
Decreased myocardial relaxation and compliance
Impaired responsiveness to beta-adrenergic stimulation
Decreased sinus node function
Impaired endothelium-dependent vasodilation
Decreased baroreceptor responsiveness

Exercise
Progressive decline in maximum heart rate
Progressive decline in maximum cardiac output
Decreased peak coronary blood flow
Decreased peripheral vasodilation

Net effect: marked reduction in cardiovascular reserve

Figure 4-1. Prevalence of cardiovascular disease in the U.S. by age and sex. 
(Source: CDC/NCHS and NHLBI. These data include coronary heart disease, 
heart failure, stroke and hypertension.)
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pressure is also the most potent risk factor for cardiac disease 
and stroke in older individuals. Pulse pressure, a marker for 
age-related arterial stiffness, increases with age and has been 
shown to be an independent predictor of cardiovascular dis-
ease in some but not all studies.

Several prospective randomized clinical trials have shown 
that treatment of both systolic and diastolic hypertension 
is associated with a reduction in cardiovascular events in 
older patients, including octogenarians (Table 4-3).2 In the 
recently published Hypertension in the Very Elderly Trial 
(HYVET), octogenarians with stage II systolic hypertension 
(systolic blood pressure ≥160 mm Hg) who were random-
ized to diuretic-based therapy with indapemide experienced 
a 30% reduction in stroke, 21% decline in total mortality, 
and 64% lower incidence of heart failure compared with pa-
tients randomized to placebo.

In the absence of a compelling indication for a specific anti-
hypertensive drug class, the choice of a first-line agent for 
treatment of hypertension in the elderly remains controver-
sial. In the ALLHAT trial, the diuretic chlorthalidone was 
at least as effective as the calcium antagonist amlodipine, 
the angiotensin-converting enzyme lisinopril, and the 
alpha-blocker doxazosin in reducing the risk of cardiovas-
cular events. In addition, almost all large randomized trials 
that included patients over 80 years of age used a diuretic 

and declines modestly thereafter (Figure 4-3). As a result, 
isolated systolic hypertension is the dominant form of hy-
pertension in the elderly, accounting for over 90% of hy-
pertension in patients over 70 years of age. Systolic blood 

Table 4-2 • Age-related Changes in Other 
Organ Systems

Kidneys
Decreased glomerular filtration rate
Diminished concentrating and diluting capacity
Impaired electrolyte homeostasis

Lungs
Decreased vital capacity
Increased ventilation-perfusion mismatching

Central Nervous System
Decreased autoregulatory capacity
Altered reflex responsiveness
Impaired thirst mechanism

Musculoskeletal System
Osteopenia
Sarcopenia

Hematologic System
Altered balance between thrombosis and fibrinolysis

Gastrointestinal System
Altered absorption and elimination of drugs
Altered hepatic drug metabolism
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as initial therapy. Therefore, until additional data become 
available, initiation of treatment with a diuretic is appropri-
ate in most patients.

Dyslipidemia

Average total serum cholesterol and low-density lipoprotein 
(LDL) cholesterol levels increase in men until approximately 
age 70 and then level off. In women, total serum cholesterol 
and LDL-cholesterol levels rise sharply after menopause and 
average 15–20 mg/dL higher than in men after age 60. High-
density lipoprotein (HDL) cholesterol levels average about 
10 mg/dL higher in women than in men throughout adult 
life. Although the strength of association of cholesterol lev-
els with cardiovascular disease declines with age, in part due 
to the confounding effects of comorbid conditions and nu-
tritional factors, low HDL-cholesterol levels and high total 
cholesterol to HDL-cholesterol ratios remain independent 
predictors of coronary events in older persons, including those 
over 80 years of age. In addition, observational studies and 
clinical trials indicate that statin therapy is associated with a 
reduction in cardiovascular events in moderate to high risk 
patients up to age 85.3 In the PROSPER trial, for example, 
which randomized 5804 patients 70-82 years of age to pravas-
tatin or placebo, those receiving pravastatin experienced a 
15% reduction in the primary outcome of coronary death, 
nonfatal myocardial infarction, or nonfatal or fatal stroke 
during a mean follow-up period of 3.2 years. Conversely, lim-
ited data are available on statin therapy in lower risk patients 
and in patients over 85 years of age. Treatment of these sub-
groups must therefore be individualized based on an overall 
assessment of potential benefits and risks.

Diabetes Mellitus

The prevalence of diabetes mellitus increases with age, and 
approximately half of all patients with diabetes in the U.S. 
are 65 years of age or older. As in younger individuals, the 
impact of diabetes on cardiovascular risk is greater in older 
women than in older men. Although very limited data are 

available on the effect of diabetes control on clinical out-
comes in elderly patients, current guidelines recommend 
that functional, cognitively intact individuals with good 
life expectancy be managed in similar fashion to younger 
adults. In particular, hypertension and dyslipidemia should 
be treated in accordance with existing guidelines, as therapy 
for these conditions has been shown to reduce the risk of 
cardiovascular complications in older diabetics.

Smoking

The prevalence of smoking declines with age, in part due 
to premature deaths attributable to smoking and in part due 
to successful smoking cessation. In 2006, 12.6% of men and 
8.3% of women over 65 years of age in the U.S. were active 
smokers, declining to less than 5% among persons over age 
85. In most studies, smoking is a strong risk factor for fatal 
and nonfatal cardiovascular events in older individuals, and 
several large observational studies indicate that smoking 
cessation is associated with substantial reductions in risk. 
Therefore, all older people who smoke should be strongly 
advised to quit, and appropriate resources should be pro-
vided to patients who express a desire to stop smoking.

Physical Inactivity

Low levels of daily physical activity have been associated 
with increased risk for cardiovascular and all-cause mortality 
in patients of all ages, including the elderly, and initiation of 
a regular exercise program has been associated with a reduc-
tion in risk across the age spectrum. Additional benefits of 
regular aerobic exercise include improved functional capacity 
and quality of life, improved control of other risk factors (i.e., 
hypertension, diabetes, dyslipidemia, and obesity), and favor-
able effects on depressive symptoms. Strength and balance 
training have also been associated with a reduced risk for falls 
and fractures in older patients. In the absence of contraindi-
cations, older patients with or without cardiovascular disease 
should be encouraged to engage in a regular exercise program 
that includes both aerobic and strengthening activities.

Table 4-3 • Selected Trials of Antihypertensive Treatment in the Elderly

Risk Reduction

Trial N Age, yrs CVA CAD HF All CVD

STOP-HTN 1627 70-84 47% 13% 51% 40%

SHEP 4736 ≥60 33% 27% 55% 32%

Syst-Eur 4695 ≥60 42% 26% 36% 31%

STONE 1632 60-79 57% 6% 68% 60%

Syst-China 2394 ≥60 38% 33% 38% 37%

HYVET 3845 ≥80 30% 28% 64% 34%

HYVET: Hypertension in the Very Elderly Trial; SHEP: Systolic Hypertension in the Elderly Program; STONE: Shanghai Trial of Nifedipine in the Elderly; 
STOP-HTN: Swedish Trial in Old Patients with Hypertension; Syst-China: Systolic Hypertension in China Trial; Syst-Eur: Systolic Hypertension in Europe Trial.
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persons age 65 or older account for approximately two-thirds 
of hospitalizations for acute myocardial infarction (MI) and 
80% of MI deaths in the U.S. Moreover, over 40% of MIs 
and up to 60% of MI deaths occur in the 6% of the popu-
lation age 75 or older. In addition, the proportion of MIs 
occurring in women increases from 26% in the 45-64 year 
age group, to 35% in persons 65-74 years of age, and 55% in 
those 75 years or older.

Acute Coronary Syndromes 

Older patients with acute coronary syndromes (ACS) are 
less likely than younger patients to present with typical 
ischemic chest pain and more likely to present with altered 
mental status, confusion, dizziness, or syncope. Time from 
symptom onset to presentation also tends to be longer in 
older patients, and the initial electrocardiogram (ECG) is 
more likely to be nondiagnostic of ACS due to pre-existing 
conduction abnormalities, paced rhythm, left ventricular 
hypertrophy, prior MI, and higher prevalence of non-ST-
elevation ACS. As a result of these factors, the diagnosis 
of acute MI in older adults is often delayed, resulting in a 
shorter “window of opportunity” for interventions aimed 
at reducing infarct size, thereby contributing to the worse 
prognosis of older patients with ACS.

Therapy
In general, treatment of ACS in older and younger patients 
is similar.4,5 Because mortality rates from acute MI increase 
exponentially with age, the potential benefits of pharma-
cological and mechanical interventions increase with age. 
Conversely, older patients are at increased risk for compli-
cations from both medications and invasive procedures. 
Therefore, treatment of older patients must be individual-
ized based on a careful assessment of the benefits and risks.

Aspirin should be administered to all patients with suspected 
ACS, regardless of age. Hemodynamically stable patients 
should receive an oral beta-blocker, but these agents should 

Other Risk Factors

Obesity is associated with increased cardiovascular risk in 
young and middle-aged people, but the importance of obe-
sity as a risk factor in the elderly, especially persons over 
80 years of age, is less clear. Among older patients with 
coronary artery disease, heart failure, or renal insufficiency, 
being overweight or mildly obese (body mass index [BMI] 
25-35 kg/m2) has been associated with a more favorable 
prognosis than a BMI of 20–25 kg/m2, and individuals with a 
BMI < 20 kg/m2 have the highest mortality. There is also no 
evidence that weight reduction improves outcomes in older 
patients. Thus, although modest weight reduction may be 
desirable in elderly patients with moderate or severe obesity 
(BMI ≥ 35 kg/m2), significant weight loss in patients with 
lower BMIs should be undertaken cautiously or not at all.

Several biomarkers, including C-reactive protein, fibrinogen, 
and D-dimer, have been associated with increased cardio-
vascular risk in older adults, but the clinical utility of these 
markers in guiding management is unproven. Coronary artery 
calcium content assessed by computer tomography increases 
with age but the correlation of calcium scores with the sever-
ity of coronary artery stenoses declines with age. Nonetheless, 
higher calcium scores are associated with increased risk for 
incident coronary events in older adults. At present, routine 
quantitation of coronary artery calcium to screen for coro-
nary artery disease (CAD) is not recommended.

CORONARY ARTERY DISEASE

Epidemiology

The incidence and prevalence of CAD increase with age, and 
autopsy studies indicate that up to 70% of persons 70 years 
of age or older have 50% or greater narrowing of one or more 
coronary arteries. The prevalence of clinical CAD also in-
creases with age in both men and women (Figure 4-4), and 
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be given cautiously (if at all) in patients with systolic blood 
pressure <120 mm Hg, heart rate ≥110/minute, or Killip 
class III or IV heart failure, as these findings have been asso-
ciated with increased risk for cardiogenic shock and death, 
especially in patients 70 years of age or older. An angio-
tensin-converting enzyme (ACE) inhibitor or angiotensin 
receptor blocker (ARB) should be initiated in hemody-
namically stable patients with adequate renal function (est. 
creatinine clearance ≥30 cc/min), especially those with left 
ventricular (LV) systolic dysfunction. Early administration 
of high-dose statin therapy is also reasonable, although data 
are limited in patients over 75-80 years of age.

The role of adjunctive antithrombotic therapy in patients 
with ACS continues to evolve. The COMMIT study, which 
included 11,934 patients ≥70 years of age with suspected 
MI, showed that compared to aspirin alone, the addition of 
clopidogrel 75 mg to aspirin 162 mg was associated with a 
statistically significant 9% reduction in death, reinfarction, 
or stroke during a mean follow-up of 15 days; results were 
similar in younger and older patients. Unfractionated hepa-
rin or low molecular weight heparin (LMWH) is indicated in 
most patients with ACS, but older patients are at increased 
risk for bleeding, and dosage adjustment of LMWH is es-
sential in patients with an estimated creatinine clearance of 
less than 30 cc/min. Bivalirudin and fondaparinux may be 
associated with improved outcomes relative to heparin, but 
data in the very elderly are limited, and dosage adjustment 
based on estimated creatinine clearance is required for both 
of these agents. Glycoprotein IIb/IIIa inhibitors are indi-
cated in selected patients with ACS, particularly those un-
dergoing percutaneous coronary intervention (PCI), but the 
risk of bleeding complications in older patients is increased, 
and limited efficacy data are available in patients over 75-80 
years of age; eptifibatide and tirofiban also require dosage 
adjustment for renal impairment.

Reperfusion therapy is recommended for patients with ST-
elevation MI (including MI associated with new left bundle 
branch block), and PCI is preferable to fibrinolytic therapy 
provided that the procedure can be performed within 90-120 
minutes of the patient’s arrival at the hospital. Compared to 
fibrinolytic therapy, PCI has been associated with improved 
outcomes in patients up to 85 years of age, but data are lim-
ited in patients over age 85. The value of PCI in patients 
over age 75 with cardiogenic shock remains controversial. 
The risk of intracranial hemorrhage among patients treated 
with a fibrinolytic agent increases significantly after age 
75, and is also greater with the more potent, fibrin-specific 
agents (e.g., alteplase, reteplase) than with streptokinase.

Early PCI has been associated with improved outcomes in 
high-risk patients with non-ST-elevation MI, including 
the elderly, especially those with ongoing ischemia, ex-
tensive ECG changes, decreased LV systolic function, or 

hemodynamic instability. In elderly patients who are hemo-
dynamically stable without evidence for extensive or ongo-
ing ischemia, an initial strategy of optimal medical therapy 
is appropriate.

Chronic CAD

Older patients with CAD are less likely than younger pa-
tients to present with typical angina pectoris, but more likely 
to complain of exertional fatigue or shortness of breath. 
Since the incidence and prevalence of CAD increase with 
age in both men and women, it is important to maintain a 
high index of suspicion in older patients who report new or 
worsening exercise intolerance.

Management of chronic CAD is similar in older and younger 
patients, including appropriate management of prevalent 
risk factors in accordance with guideline recommenda-
tions. Aspirin 75-162.5 mg daily is indicated in the absence 
of aspirin intolerance, and statin therapy is recommended 
for all patients with CAD, including the elderly and those 
with untreated low density lipoprotein cholesterol (LDL-C) 
levels within the desirable range. Although altered hepatic 
metabolism and the use of multiple medications may place 
older patients at risk for statin-related side effects, studies 
have not consistently shown an increased risk for statin tox-
icity in older individuals.

All patients with prior MI or symptomatic LV systolic dys-
function should be treated with a beta-blocker, and beta-
blockers are also first line therapy for ischemia in patients 
with chronic CAD. Calcium channel blockers and long-
acting nitrates can be used alone or in combination with 
other anti-ischemic agents. In addition, ranolazine has re-
cently gained approval as a first line agent for treatment of 
angina pectoris in patients with chronic CAD.

In patients with inadequate symptom control despite com-
bination anti-anginal therapy, revascularization with PCI 
or coronary artery bypass grafting (CABG) is appropriate, 
and both procedures have been associated with a reduction 
in symptoms and improved quality of life in older patients. 
However, procedural complication rates, including death, in-
crease with age, especially after age 80. Compared to CABG, 
PCI is associated with fewer major complications, shorter 
length of hospital stay, lower cost, and more rapid recovery, 
but with somewhat lower efficacy with respect to symptom 
control and with a higher likelihood of repeat revasculariza-
tion procedures. Long-term survival is similar after PCI or 
CABG. Importantly, up to 50% of older patients undergo-
ing CABG experience some degree of cognitive dysfunction 
post-operatively, which may result in increased length of 
stay and delayed recovery. In most cases, cognitive function 
returns to baseline within 3 to 6 months, but a small propor-
tion shows persistent cognitive impairment.
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by non-rheumatic calcification of the mitral valve annulus 
leading to a narrowed orifice and decreased excursion of the 
valve leaflets. Whether rheumatic or non-rheumatic, MS 
in older adults tends to progress very gradually, and conser-
vative management is appropriate in most patients in the 
absence of debilitating symptoms.6 Patients with MS who 
develop atrial fibrillation are at high risk for thromboembo-
lism; therefore, anticoagulation with warfarin to maintain 
the international normalized ratio (INR) in the range of 
2.0-3.0 is indicated in almost all cases.

Patients with severe symptomatic rheumatic MS should be 
considered for interventional therapy. Percutaneous bal-
loon mitral valvuloplasty is safe and effective, but the ma-
jority of older patients are not suitable candidates for this 
procedure due to extensive calcification and commissural 
fusion or concomitant moderate or severe mitral regurgi-
tation. Therefore, most patients will require mitral valve 
replacement with a bioprosthesis. In experienced centers, 
mitral valve replacement is associated with a 5-10% peri-
operative mortality in older patients, but mortality may ex-
ceed 15% in low volume centers. In patients with severe 
calcific non-rheumatic MS, operative mortality rates and 
long-term outcomes following surgery tend to be less favor-
able than in those undergoing valve replacement for rheu-
matic disease.

Mitral Regurgitation 

Mitral regurgitation (MR) of at least mild severity is pres-
ent in up to one-third of older adults, but only a small pro-
portion require surgical intervention. Management of acute 
and chronic MR is generally similar in older and younger 
adults, except that medical therapy may be preferable to 
surgery in older patients with severe chronic MR and mild 
symptoms due to shorter life expectancy and higher peri-
operative mortality.6 If surgery is indicated, mitral valve 
repair is preferable to valve replacement in patients of all 
ages because it is associated with preservation of ventricu-
lar integrity, improved functional outcomes, and lack of 
requirement for long-term anticoagulation. When valve 
replacement is necessary, bioprosthetic valves are prefer-
able to mechanical valves for most patients over 65 years 
of age. As noted above, mortality rates from mitral valve 
surgery in older adults range from about 5% to more than 
15% depending on the experience of the surgeon and the 
hospital’s surgical volume.

Infective Endocarditis 

The incidence of infective endocarditis (IE) increases with 
age due to the increased prevalence of valvular abnormali-
ties in conjunction with the increased risk for bacteremia 
related to poor dentition, urinary tract and pulmonary in-
fections, and invasive procedures. The organisms associated 

VALVULAR HEART DISEASE

Aortic Stenosis 

The prevalence of aortic stenosis (AS) increases with age, ap-
proaching 15% in octogenarians. As in younger patients, the 
symptoms of AS in older adults include exertional shortness 
of breath progressing to overt heart failure, angina pectoris, 
light-headedness, and syncope. However, symptom onset is 
often delayed due to sedentary lifestyle. Physical findings as-
sociated with severe calcific AS include a loud, harsh, late-
peaking systolic ejection murmur radiating to the carotids, 
diminished A2 component of the second heart sound, an 
S4 gallop, and an LV heave. In contrast to younger patients, 
the carotid upstrokes are often brisk in elderly patients with 
severe AS as a result of increased arterial stiffness.

At the present time, aortic valve replacement remains the 
treatment of choice in elderly patients with severe AS.6 
Operative mortality in octogenarians is less than 5% in ex-
perienced centers, and long-term outcomes are excellent. 
Bioprosthetic valves have excellent durability in this age 
group and obviate the need for long-term anticoagulation.

Percutaneous balloon aortic valvuloplasty is associated with 
relatively high complication rates and poor long-term out-
comes and is therefore not a suitable alternative to valve 
replacement. Recently, percutaneous approaches to aortic 
valve replacement have been developed and preliminary re-
ports have been favorable. Ongoing studies will help clarify 
the role of percutaneous valve replacement in elderly pa-
tients with severe AS.

Aortic Regurgitation

The prevalence of chronic aortic regurgitation (AR) in-
creases with age, and up to 30% of older adults have at least 
mild AR by echocardiography. In most cases, chronic AR 
is mild or moderate in severity, and only rarely is it severe 
enough to require surgical intervention.

The incidence of acute AR also increases with age, and the 
most common causes include type A aortic dissection, infec-
tive endocarditis, malfunction of a prosthetic aortic valve, 
and chest trauma. Management of acute AR is similar in 
older and younger patients,6 but operative mortality is gen-
erally higher in the elderly, especially those with multiple 
co-existing medical illnesses.

Mitral Stenosis 

Rheumatic mitral stenosis (MS) is relatively uncommon in 
older adults in the U.S., but occasionally patients in their 
70s or 80s will present with symptoms attributable to rheu-
matic MS. More commonly, MS in older adults is caused 
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with IE are similar in older and younger patients, but up 
to 10% of older patients with IE are culture-negative, 
most commonly due to prior treatment with antibiotics. 
The clinical manifestations of IE are similar in older and 
younger patients, except that peripheral manifestations, 
such as petechiae and embolic phenomena, tend to occur 
less frequently in the elderly. Management of IE, including 
indications for surgical intervention, is unaffected by age, 
but the prognosis is worse in older patients. Guidelines for 
IE prophylaxis have recently been revised (Table 4-4), and 
prophylaxis is no longer recommended for gastrointestinal 

or genitourinary tract procedures, including endoscopy, cys-
toscopy, and biopsies, or for routine dental work, even in 
patients with valvular heart disease.

HEART FAILURE

Epidemiology

In the U.S., the prevalence of heart failure (HF) increases 
exponentially with age, roughly doubling with each decade 
after age 45, and reaching about 10% among octogenarians 
(Figure 4-5). HF is the leading cause of hospitalization in 
the Medicare age group and it is also the most costly medical 
illness among older adults. The median age of HF patients 
in the U.S. is 75 years, and two-thirds of HF deaths occur 
in patients 75 years of age or older. The incidence of HF is 
higher in men than in women at all ages, but women com-
prise slightly more than half of all HF patients due to their 
longer life expectancy. In older women, HF is most often at-
tributable to hypertension, whereas in older men, CAD and 
hypertension contribute equally to the development of HF. 
Among HF patients 65 years of age or older, approximately 
50% have preserved LV systolic function, including about 
two-thirds of women and up to 40% of men.

Clinical Features

Compared to younger patients, older HF patients are less 
likely to present with exertional dyspnea and lower ex-
tremity edema but more likely to exhibit atypical symp-
toms such as decreased mental acuity, confusion, lethargy, 
anorexia, or altered bowel function. In addition, due to 
the higher prevalence of preserved LV systolic function, 
older HF patients are less likely to manifest an S3 gallop 
or signs of right heart failure, including increased jugular 
venous pressure, hepatomegaly, and pitting edema. B-type 

Table 4-4 • Summary of Revised Recommendations 
for Endocarditis Prophylaxis

Cardiac conditions warranting endocarditis prophylaxis
Prosthetic cardiac valve or prosthetic material used for 

cardiac valve repair
Cardiac transplantation associated with valvulopathy
Previous documented infective endocarditis
Selected forms of congenital heart disease:

Unrepaired cyanotic congenital heart disease•
 Repaired congenital heart defect with prosthetic material •
or device for 6 months after the procedure
 Repaired congenital heart disease with residual defects •
at the site of prosthetic material

Procedures for which endocarditis prophylaxis 
is recommended*

 All dental procedures that involve manipulation of •
gingival tissue or the periapical region of teeth or 
perforation of the oral mucosa
 Respiratory tract procedures•
 Procedures involving infected skin, skin structures, •
or musculoskeletal tissue

*i.e., in patients with the cardiac conditions listed above 
Source: Wilson W, Taubert KA, Gewitz M, et al. Prevention of infective 
endocarditis: guidelines from the American Heart Association. Circulation. 
2007;116(15):1736–1754.
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natriuretic peptide (BNP) levels increase with age, espe-
cially in women, resulting in reduced specificity and posi-
tive predictive value of elevated BNP levels for diagnosing 
HF in older adults.

Management

Despite the fact that HF is predominantly a disorder of the 
elderly, most clinical trials have excluded patients over 75 
to 80 years of age as well as patients with multiple comorbid 
conditions, as are typically present in older HF patients. In 
addition, older patients are at increased risk for significant 
medication side effects due to polypharmacy and diminished 
renal and hepatic function. As a result, management of HF 
in older adults must be individualized, and older patients 
with advanced HF in the context of multiple coexisting ill-
nesses or significant socioeconomic issues may benefit from 
participation in a structured HF management program, as 
such programs have been associated with a reduction in HF 
hospitalizations and improved quality of life.7

Pharmacotherapy of Systolic HF
Despite the paucity of data from clinical trials, drug ther-
apy of systolic HF is generally similar in older and younger 
patients.7 In the absence of contraindications or limiting 
side effects, an angiotensin converting enzyme (ACE) 
inhibitor or angiotensin receptor blocker (ARB) in com-
bination with a beta-blocker is indicated in most cases. 
In patients with severe renal dysfunction (est. creatinine 
clearance <30 cc/min), hydralazine/isosorbide dinitrate 
provides a reasonable alternative to an ACE inhibitor or 
ARB. The addition of spironolactone should be considered 
in patients with severe LV systolic dysfunction (ejection 
fraction <30%), persistent New York Heart Association 
class III-IV symptoms, and adequate renal function (est. 
creatinine clearance >30-45 cc/min), but close monitor-
ing is required in older patients due to an increased risk for 
worsening renal function and hyperkalemia. Judicious use 
of diuretics to maintain euvolemia is appropriate, but over-
diuresis should be avoided and renal function and serum 
electrolytes should be assessed periodically. Digoxin has no 
effect on mortality in HF patients but reduces HF hospital-
izations and should be considered as adjunctive therapy in 
patients who fail to respond adequately to the above mea-
sures. Based on recently published data, the optimal serum 
digoxin concentration appears to be in the range 0.5-0.9 
ng/mL, and levels above this range should be avoided.

Pharmacotherapy of Diastolic HF
To date, no interventions have been shown to reduce 
mortality in HF patients with preserved LV systolic func-
tion, and management of this condition remains empiric. 
Hypertension, CAD, atrial fibrillation, and other comorbid 
conditions should be treated in accordance with current 
guidelines.7 Recent studies suggest that the ARB candesartan, 

the ACE inhibitor perindopril, and the beta-blocker nebiv-
olol may be associated with fewer hospitalizations and/or im-
proved quality of life in older patients with HF and preserved 
LV systolic function. Conversely, in the recently completed 
I-PRESERVE trial, the ARB irbesartan failed to improve 
clinical outcomes in patients with diastolic HF.

Device Therapy 
The implantable cardioverter-defibrillator (ICD) has been 
shown to reduce mortality from sudden cardiac death in pa-
tients with an LV ejection fraction ≤35% and New York 
Heart Association class II or III HF symptoms. 8 Although 
few older patients were enrolled in the ICD trials, observa-
tional studies indicate that the benefits of ICDs are similar 
in older and younger patients, and in the U.S. 40-45% of 
ICD implantations are in patients 70 years of age or older. 
ICDs have not been shown to improve outcomes in patients 
with class I or IV HF symptoms, and there is no survival ben-
efit within the first 12-18 months after ICD implantation. 
In addition, older HF patients are at relatively higher risk 
than younger patients to die from other illnesses, thereby 
reducing the potential benefit of an ICD. Furthermore, ICD 
shocks are associated with diminished quality of life, and 
up to 20% of shocks are inappropriate, i.e., occurring in the 
absence of a life-threatening tachyarrhythmia. In light of 
these factors, elderly patients with reduced life expectancy 
(<18 months) should not receive an ICD, and ICD im-
plantation in older patients who fulfill criteria for a device 
should be undertaken only after thorough discussion of the 
potential benefits and risks.

Cardiac resynchronization therapy (CRT) improves symp-
toms, exercise tolerance, quality of life, and survival in 
selected patients with advanced HF and evidence for LV 
dyssynchrony.8 Although few older patients have been en-
rolled in CRT trials, observational studies suggest that older 
patients, including octogenarians, derive significant benefit 
from CRT. Therefore, CRT is a reasonable option in ap-
propriately selected elderly patients who remain markedly 
symptomatic despite optimal medical therapy. 

Prognosis and End-of-life Care

The median survival of older patients with HF is 2-3 years, 
with similar survival rates in patients with systolic or diastolic 
HF. Factors adversely affecting prognosis include older age 
(esp. ≥85 years), male gender, more severe symptoms (e.g., 
higher New York Heart Association class), lower systolic 
blood pressure, prevalent CAD, diabetes (esp. in women), 
peripheral arterial or cerebrovascular disease, cognitive dys-
function, renal insufficiency, anemia, hyponatremia, low BMI 
(esp. <20 kg/m2), and persistently elevated BNP levels.

The prognosis of HF is worse than for most forms of cancer. 
Therefore, it is appropriate to discuss end-of-life care early in 
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of infranodal conduction system disorders, including bundle 
branch block and left anterior fascicular block, increases 
with age. Consequently, over 75% of permanent pacemak-
ers are implanted in patients 65 years of age or older, and 
approximately half are in patients age 75 or older.

Atrial Fibrillation 
The incidence and prevalence of atrial fibrillation (AF) in-
crease exponentially with age, and the prevalence of AF in 
octogenarians is approximately 10% (Figure 4-6). As a result, 
over 50% of patients with AF are 75 years of age or older. The 
proportion of strokes attributable to AF also increases with 
age, from <2% in patients less than 60 years, to over 20% in 
octogenarians. In addition, women with AF are at increased 
risk for stroke relative to men, especially after age 75.

In patients with asymptomatic or minimally symptomatic 
paroxysmal or persistent AF, multiple clinical trials have 
demonstrated that a strategy directed at rate control with 
AV-nodal blocking agents (i.e., beta-blockers, diltiazem, 
verapamil, digoxin) in conjunction with anticoagulation 
to maintain the INR in the range of 2.0-3.0 is associated 
with fewer hospitalizations and favorable trends in stroke 
and mortality rates relative to a strategy aimed at maintain-
ing sinus rhythm with antiarrhythmic drugs.9 Conversely, 
patients who experience significant shortness of breath, fa-
tigue, or exercise intolerance attributable to AF may benefit 
from restoration and preservation of sinus rhythm, either 
with antiarrhythmic drugs or, in select cases, with catheter 
ablation of AF or the surgical Maze procedure. For patients 
who remain in sinus rhythm for a minimum of 6-12 months 
following catheter ablation or surgery for AF, it may be safe 
to discontinue anticoagulation, but older patients treated 
with medications alone to maintain sinus rhythm should 
continue to receive warfarin to achieve a therapeutic INR.

the course of treatment and to readdress preferences as clini-
cal circumstances evolve. Patients should be advised to de-
velop an advance directive, designate an individual to serve 
as power of attorney, and explicitly indicate what interven-
tions they would or would not wish to undergo in the event 
that death seemed imminent. In patients with ICDs, there 
should also be a discussion about disabling the device near 
the end of life in order to avoid repetitive painful shocks. In 
patients with a life expectancy of less than 6 months, transi-
tion to palliative care and hospice should be offered.

CARDIAC ARRHYTHMIAS

Epidemiology

The incidence and prevalence of both supraventricular and 
ventricular tachyarrhythmias increase progressively with age. 
In the Baltimore Longitudinal Study on Aging, over 90% of 
men and women 65 years of age or older demonstrated su-
praventricular ectopy and over 75% demonstrated ventricular 
ectopy on a 24-hour ambulatory electrocardiogram (ECG). In 
addition, almost 50% of men and women exhibited short runs 
of supraventricular tachycardia, but less than 0.5% had 5 or 
more beats of ventricular tachycardia. With the exception of 
atrial fibrillation, in the absence of structural heart disease the 
presence of supraventricular and ventricular arrhythmias on 
ambulatory ECG does not predict cardiac events or mortality.

Age-related changes involving the sinoatrial and atrioven-
tricular (AV) nodes result in an increase in bradyarrhyth-
mias with age. Although resting heart rate is unaffected by 
age in healthy individuals, the prevalence of sinus node 
dysfunction (“sick sinus syndrome”) and AV-nodal block 
increase progressively with age. In addition, the prevalence 

Figure 4-6. Prevalence of atrial fibrillation in the U.S. by age and sex.
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Although age over 75 is a strong independent risk factor 
for stroke in patients with AF, patients in this age group are 
also at increased risk for bleeding complications with long-
term anticoagulation. In most cases, the benefits of warfa-
rin, i.e., 60-70% reduction in the risk of stroke and other 
embolic events, outweigh the risk of major bleeding, includ-
ing intracranial hemorrhage.9 Among patients at high risk 
for major bleeding with warfarin, aspirin 75-325 mg/day is 
a reasonable alternative, but aspirin is much less effective 
than warfarin and only reduces stroke risk by 20-25%.

Bradyarrhythmias

In the absence of symptoms, most sinus bradyarrhythmias 
and AV-nodal conduction disorders do not require pace-
maker implantation.8 However, patients with severe brady-
cardia (heart rate <40 bpm) or asystolic pauses of 3 seconds 
or longer while awake, as well as patients with significant 
symptoms clearly associated with bradycardia (e.g., marked 
light-headedness, syncope, angina, or exercise intolerance) 
that can not be attributed to medications, hypothyroidism, 
or other causes, should be considered for pacemaker ther-
apy.8 Pacing is also indicated in patients with high degree 
infranodal block, whether or not symptoms are present.

In patients with sinus rhythm and preserved AV conduc-
tion (i.e., normal PR interval and narrow QRS) who re-
quire permanent pacing, atrial pacing is the preferred mode. 
Conversely, patients with sinus rhythm and impaired AV 
conduction are often best served by dual chamber pacing 
(i.e., atrial and ventricular), whereas patients with AF 
should receive a ventricular pacemaker. Compared to sin-
gle-chamber ventricular pacemakers, dual chamber devices 
do not decrease the risk of stroke or improve survival, but 
reductions in the incidence of AF and hospitalization for 
HF have been demonstrated.

Tachy-brady Syndrome

Tachy-brady syndrome is a common variant of “sick sinus 
syndrome” in which patients manifest both supraventricular 
tachyarrhythmias and bradyarrhythmias, either or both of 
which may be symptomatic. Treatment of the tachyarrhyth-
mias with medications often exacerbates symptoms related 
to bradycardia, as a result of which pacemaker implantation 
may be required.

Peripheral Arterial Disease

The prevalence of peripheral arterial disease (PAD), includ-
ing disorders of the abdominal aorta and its branches, in-
creases with age and is higher in men than in women. In 
one study, the prevalence of PAD increased from 5.6% in 
persons 38-59 years of age, to 15.9% in persons 60-69 years 
of age, and to 33.8% among those 70-82 years of age.

Current guidelines recommend a formal history and physi-
cal examination to screen for PAD in patients 50-69 years 
of age with risk factors for atherosclerosis, and in all patients 
70 years of age or older.10 In addition, men 60 years of age 
or older with a family history of abdominal aortic aneu-
rysm (AAA) and men 65-75 years of age who have ever 
smoked should undergo an abdominal ultrasound to screen 
for AAA.10

Patients with symptoms or signs suggestive of PAD should 
undergo assessment of the ankle-brachial index (ABI), 
the ratio of the systolic blood pressure obtained below the 
knee to that obtained over the ipsilateral brachial artery. 
A normal ABI is 0.9-1.3, and an ABI < 0.9 has over 90% 
sensitivity and specificity for diagnosing lower extremity 
PAD. However, older patients with stiff arteries may have 
artifactually high systolic blood pressure readings resulting 
in a falsely normal or even elevated ABI. An ABI < 0.40 is 
usually associated with severe PAD and impaired perfusion 
of the distal limb.

PAD is a coronary risk-equivalent, and most deaths in 
pati ents with PAD are related to concomitant CAD. 
Management of PAD therefore includes aggressive treat-
ment of cardiovascular risk factors, including aspirin 75-
325 mg/day and a statin to maintain the LDL-cholesterol 
level below 100 mg/dL.10 Walking for at least 30-45 minutes 
at least 3 times a week for a minimum of 3-6 months has 
been associated with significant improvement in patients 
with symptomatic PAD. Cilostazol, a type III phosphodi-
esterase inhibitor, has been shown to improve maximum 
walking distance by 40-60% in patients with significant 
claudication; however, cilostazol is not recommended for 
patients with HF.

Revascularization is indicated for patients with severe 
symptoms that have not responded to conservative ther-
apy and for patients with critical limb ischemia, defined 
as rest pain, ulceration, or gangrene.10 The choice of 
revascularization procedure, i.e., percutaneous translumi-
nal angioplasty with or without stenting versus surgery, is 
dependent on lesion location and severity, likelihood of 
success, risk of major complications, and the experience 
and technical expertise of the interventionalist and sur-
geon. Indications for AAA repair include development of 
symptoms, aneurysmal dilatation ≥1 cm in 1 year, and an-
eurysms ≥5.5 cm in diameter. Patients with asymptomatic 
AAAs 4.0-5.4 cm in diameter should undergo serial evalu-
ations at 6-12 month intervals. For patients who require 
AAA repair, surgery is the preferred treatment for both 
suprarenal and infrarenal lesions, but endovascular repair 
is a reasonable option for patients with infrarenal AAA 
who are at high risk for complications from an open proce-
dure. Additional indications for endovascular repair await 
the results of ongoing studies.
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INTRODUCTION

Performance measures are designed to accurately gauge and 
improve the current standard of health care delivery based 
on current updated guidelines. Such measures provide a 
means to quantify how well an individual provider, group of 
providers, hospital, or hospital system is delivering what is 
considered to be current optimal care. Several organizations 
have developed performance measures, including National 
Committee for Quality Assurance (NCQA), Health 
Plan Employer Data and Information Set (HEDIS), Joint 
Commission on Accreditation of Healthcare Organizations 
(JCAHO) through its initiative ORYX, the Centers for 
Medicare & Medicaid Services (formerly HCFA) through 
the Peer Review Organization 6th Scope of Work. The 
American Medical Association’s (AMA’s) Division of 
Clinical Quality Improvement has created a Physician 
Consortium for Performance to identify, define, and develop 
performance measures targeting the practicing physician, 
and to create tools for quality improvement. This chapter 

• Performance measures are designed to quantita-
tively assess adherence to current guidelines by 
individual providers, group of providers, hospi-
tals, and hospital systems with the aim of improv-
ing the standard of health care delivered.

• ACC/AHA Task Force has developed physician 
level performance measures for stable angina, 
acute MI, atrial fibrillation, heart failure and car-
diac rehabilitation. 

d PRACTICAL POINTS
will focus on the physician level performance measures de-
veloped jointly by the American Heart Association and 
American College of Cardiology (ACC/AHA Task Force 
on Performance Measures), as well as those proposed jointly 
by the AMA/PCPI/ACC/AHA and that are National 
Quality forum(NQF)-endorsed. Current available national 
performance guidelines for both inpatients and outpatients 
include stable angina, acute myocardial infarction, atrial fi-
brillation, heart failure, and cardiac rehabilitation.

PERFORMANCE MEASURES: 
METHODOLOGY AND SPECIAL 
CONSIDERATIONS

Performance measures are distinct from guidelines in that 
they are a limited set of criteria that one must be able to 
measure, and they are items that may be reported. They 
promote both health quality improvement and cost-
 effective care. Only the clearest, most important and ac-
cepted  evidence-based guidelines are included, and these 
must be flexible to allow the exercise of a physician’s pro-
fessional judgment in individual clinical scenarios. The 
measures must allow for variations in access to care and 
resources and assess patient satisfaction, access, and out-
come. In addition the difficulty of added data collection 
needs to be balanced with the potential gain of additional 
measures. 

The ACC/AHA Task Force has summarized the methodol-
ogy used for creating and selecting performance measures 
that quantify the quality of care given to cardiovascular 
patients as defined by adherence to specific well-founded 
guidelines. This will lead to improvement in quality through 
a better measured understanding of current deficiencies. 
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Performance measures are not designed to be used as a 
quality instrument for either rewarding or punishing lack 
of adherence, since such a use may impact open reporting 
of adherence to these measures. Three phases are outlined 
in the development and implementation of performance 
measures: 

 I. Initial definition of the performance measure set 
 II. Evaluation of reliability and feasibility of data collection
 III. Actual measurement of performance of the provider, 

hospital, or hospital system.

The details of these phases are outlined in Table 5-1.

CRITERIA FOR 
PERFORMANCE MEASURES

In addition to its defining methodology, the ACC/AHA 
Task Force also has developed criteria for those attributes 
which a satisfactory performance measure should have. 
These are summarized in Table 5-2. Essentially, the criteria 
require performance measures to be evidence-based, inter-
pretable, actionable, well-constructed, and feasible. 

The basis for any performance measure is found in national 
guidelines. In cardiology, the guideline process is robust and 

Table 5-1 • Summary of Performance Measure Development

Task 
Description Measurement Sets

Phase I: Constructing

Task 1: Defining the target 
population and observational 
period

Develop a clear, concise, and implementable definition of the sample (e.g., adults 
>29 yrs of age, discharged alive with a principal diagnosis of heart failure (ICD-9: 
398.91, 402.01, 402.11, 402.91, 428.0, 428.1, 428.9), with a length of stay of ≥1 day, 
excluding patients with an AMI in the previous month continuously enrolled for 6 
months after discharge.

Task 2: Identifying dimensions 
of care 

Explicitly define each aspect of care that should be quantified to ensure a valid assessment 
of the most meaningful aspects of care. Potential dimensions include diagnosis, risk 
stratification and patient education, treatment, self-management, and reassessment of 
patient’s health status.

Task 3: Synthesizing 
and reviewing the literature

Review published literature (including guidelines and other performance measurement 
systems) with a team of clinicians and researchers with expertise in meta-analysis.

Task 4: Defining and 
operationalizing potential 
measures

For each measure, determine which data sources are available and define the data 
elements needed to construct it (including period of care).

Task 5: Selecting measures for 
inclusion in the performance 
measures set

Present information based on tasks 1–3 to writing group and other relevant individuals, 
and put in place a formal mechanism to decide upon the measures that will be selected 
for inclusion.

Phase II: Determining Measure Feasibility

Definition of sample Calculate sensitivity and specificity of selection criteria whenever possible. Document 
sources of case attrition (e.g., medical record never sent, not continually enrolled, died 
during period of care). Develop an algorithm to assign patients to providers (e.g., primary 
care provider, specialist) and validate the accuracy of the algorithm.

Feasibility of measures Report validity, reliability, and completeness of collected data. If chart abstraction is used, 
then interabstractor reliability needs to be measured; if patient survey is used, then item and 
unit nonresponse must be measured. Data lags in identifying and surveying patients need to 
be assessed.

Phase III: Measuring Performance

Determining reporting unit Determine at what level information will be reported (e.g., physician-level data will typically 
require longer accrual period, even if only for internal monitoring).

Determining number 
and range of measures

Cost constraints may dictate how many measures can be measured. For quality 
improvement, how many measures will be evaluated and/or whether a combined measure is 
necessary will need to be determined.

Evaluating performance Caution: To determine whether a provider has “improved” care over time or whether a 
provider is sufficiently different from others, a sample size calculation that incorporates the 
relevant statistical features of the “test” (within- and between-provider variability, size of test, 
significance of test) should be undertaken.

ICD, International Classification of Diseases; AMI, acute myocardial infarction
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exacting. All the performance measures discussed below are 
based on guidelines previously developed for treatment of a 
specific disease. These guidelines are ranked based on an-
ticipated benefit as compared to risk (Class I, IIa, IIb, III), 
as well as anticipated certainty of treatment effect (Level-A, 
B, and C); they are summarized in Figure 5-1. The majority 
of performance measures support the performance of Class 
I indications and the avoidance of Class III indications. 
Table 5-3 outlines the current status of available and devel-
oping performance measure sets for cardiology. 

PERFORMANCE MEASURES 
BY DISEASE STATE

Chronic Stable Coronary Artery Disease

The leading cause of death, that which accounts for almost 
20% of mortality in the United States, is chronic stable 
coronary artery disease (CAD). The incidence of CAD as 
measured by short-stay hospital discharges has increased by 
18% in the past 20 years. Recurrent CAD is significant and 
the cost is over $130 billion a year. Although there is much 
information regarding how to treat and prevent CAD, there 
are still high rates of patient receipt of suboptimal care. For 
example, using Medicare database information, only half of 
patients at hospital discharge for an acute myocardial in-
farction have been counseled to stop smoking, only 79% 
are prescribed beta-blocker, and only 74% are prescribed 
an angiotensin-converting enzyme inhibitor. Performance 

measures for chronic stable CAD are based on recommenda-
tions from the American College of Cardiology, American 
Heart Association, American College of Physicians—
American Society of Internal Medicine, American College 
of Endocrinology, American Diabetes Association, and the 
National Heart, Lung and Blood Institute. The following 
performance measures are designed for an office-based prac-
tice and the physician who longitudinally manages a patient 
with chronic stable CAD. Table 5-4 is a summary of the es-
tablished performance measures for chronic stable coronary 
artery disease. 

Acute Myocardial Infarction

Coronary artery disease is the number one killer of men 
and women in the United States, accounting for 652,091 
deaths in 2005. Of patients with an acute myocardial in-
farction (AMI) many will not make a full recovery, and 
about 30% of women and 20% of men will die during the 
first year of the first MI. Although there has been decline 
in mortality through better utilization of the current guide-
lines, ongoing improvements in performance are antici-
pated to translate into even greater reductions in mortality 
and morbidity. AMI is defined by the ICD-9 codes used in 
Table 5-5. 

The guidelines given in Table 5-6 were reviewed to de-
velop the performance measures: 1999 ACC/AHA 
Guidelines for the Management of Patients with Acute 
Myocardial Infarction (AMI guideline), the ACC/AHA 
2002 Guideline Update for Management of Patients 
with Unstable Angina and Non–ST-Segment Elevation 
Myocardial Infarction (UA/NSTEMI guideline), and 
the 2004 ACC/AHA Guidelines for the Management of 
Patients with ST-Elevation Myocardial Infarction (STEMI 
guideline), as well as sets previously developed by CMS 
and JCAHO. Measures made involving the initial hospi-
talization are typically made over the length of the hospi-
talization unless otherwise noted. Typically only guidelines 
with Class I evidence are used; however it was decided to 
incorporate the ARB guideline into the performance mea-
sure for ACE-I, although it is Class IIa because of the an-
ticipated value of including this alternate therapy in the 
overall performance assessment. Measures involving the 
time it takes to reperfusion (primary PCI or fibrinolysis) 
are expressed as a median as opposed to mean in order to 
avoid the skewing of data by measures at the extremes. 
Previously, time to PCI first balloon inflation was ≤120 
minutes; this has been changed to reflect the updated 
guidelines to ≤90 minutes. The reperfusion measure that 
combines primary PCI and fibrinolysis is expected to clar-
ify performance issues relating to optimal identification 
and treatment of all patients that are eligible for reperfu-
sion. Use of clopidogrel and ACE-I in patients with LVEF 
>40% have not been incorporated as yet. Data- to-decision 

Table 5-2 • ACC/AHA Attributes for Satisfactory 
Performance Measures

ACC/AHA Attributes for Satisfactory Performance Measures

Useful in improving patient outcomes
 1. Evidence-based
 2. Interpretable
 3. Actionable

Measure design
 1. Denominator precisely defined
 2. Numerator precisely defined
 3. Validity
   a. Face validity
   b. Content validity
   c. Construct validity
 4. Reliability

Measure implementation
 1. Feasibility
   a. Reasonable effort
   b. Reasonable cost
   c. Reasonable time period for collection

Overall assessment
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Table 5-3 • ACC/AHA Performance Measure Sets

Topic Publication Date Partnering Organizations

Chronic heart failure 2005 ACC/AHA—Inpatient measures

ACC/AHA/PCPI—Outpatient measures

Chronic stable coronary artery disease 2005 ACC/AHA/PCPI

Hypertension 2005 ACC/AHA/PCPI

ST-elevation and non-ST-elevation 
Myocardial infarction

2006* ACC/AHA

Atrial fibrillation 2008 ACC/AHA/PCPI

Primary prevention of cardiovascular disease Pending ACC/AHA

Peripheral arterial disease Pending ACC/AHA/ACR/SCAI/SIR/SVM/SVN/SVS 

*At time of publication, undergoing update
PCPI, American Medical Association—Physician Consortium for Performance Improvement; ACR, American College of Radiology; SCAI, Society for 
Cardiac Angiography and Interventions; SIR, Society for Interventional Radiology; SVM, Society for Vascular Medicine; SVN, Society for Vascular Nursing; 
SVS, Society for Vascular Surgery

Benefit >>>Risk Benefit >>>Risk
Additional studies with
focused objectives needed

Procedure/treatment
SHOULD be performed/
administered

IT IS REASONABLE to
perform procedure/
administer treatment

Procedure/treatment MAY
BE CONSIDERED

Benefit ê Risk
Additional studies with
broad objectives needed;
additional registry data
would be helpful

Procedure/treatment should
NOT be performed/
administered SINCE IT IS
NOT HELPFUL AND MAY
BE HARMFUL

Risk ê Benefit
No additional studies
needed

• Recommendation that
 procedure or treatment is
 useful/effective
• Sufficient evidence from
 multiple randomized trials
 or meta-analyses

• Recommendation in favor
 of treatment or procedure
 being useful/effective
• Some conflicting evidence
 from multiple randomized
 trials or meta-analyses

• Recommendation’s
 usefulness/efficacy less
 well established
• Greater conflicting
 evidence from multiple
 randomized trials or meta-
 analyses

• Recommendation that
 procedure or treatment
  not useful/effective and
  may be harmful
• Sufficient evidence from
 multiple randomized
 trials or meta-analyses

• Recommendation that
 procedure or treatment is
 useful/effective
• Limited evidence from 
 single randomized trial or
 nonrandomized studies

• Recommendation in favor
 of treatment or procedure
 being useful/effective
• Some conflicting evidence
 from single randomized
  trial or nonrandomized
  studies

• Recommendation’s
 usefulness/efficacy less
 well established
• Greater conflicting
 evidence from single
 randomized trial or non-
 randomized studies

• Recommendation that
 procedure treatment not
 useful/effective and may
 be harmful
• Limited evidence from
 single randomized trial
 nonrandomized studies

• Recommendation that
 procedure or treatment is
 useful/effective
• Only expert opinion case
 studies, or standard-of-care

• Recommendation in favor
 of treatment or procedure
 being useful/effective
• Only diverging expert
 opinion, case studies,
 or standard-of-care

• Recommendation’s
 usefulness/efficacy less
 well established
• Only diverging expert
 opinion, case studies,
 or standard-of-care

• Recommendation that
 procedure or treatment
 not useful/effective and
 may be harmful
• Only expert opinion, case
 studies, or standard-of-care

Should
Is recommended
Is indicated
Is useful/effective/beneficial

Is reasonable
Can be
useful/effective/beneficial
Is probably recommended
or indicated

May/might be considered
May/might be reasonable
Usefulness/effectiveness is
unknown/unclear/uncertain
or not well established

Is not recommended
Is not indicated
Should not
Is not useful/effective/beneficial
May be harmful

Suggested phrases
for writing
recommendations

Level A

Multiple (3–5) population
risk strata evaluated ∗

General consistency of
direction and magnitude
of effect

Level B

Limited (2–3) population
risk strata evaluated ∗

Level C

Very limited (1–2)
population risk strata
evaluated

Class II Class IIb Class IIIClass I

Figure 5-1. Estimate of certainty (precision) of treatment effect.
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Table 5-4 • Performance Measure Summary for Chronic Stable Coronary Artery Disease CAD

Performance Measures Based on Known Risk Factors for CAD

Hypertension Class I, Level-A

Blood pressure readings recommended every visit with target 
blood pressure of: 

<130/85 mm Hg (CAD and DM, renal or HF)

<140/90 mm Hg (CAD and no DM, renal or HF)

% patients with blood pressure taken 
at last office visit

Lipid profile Class I, Level-C 

Lipid profile performed and include total cholesterol, 
high-density (HDL-C), low-density lipoprotein cholesterol 
(LDL-C), and triglycerides 

% patients with >1 lipid profile

Smoking cessation Class I, Level-C 

Smoking history and intervention including counseling and therapy 
with goal of cessation implemented 

% patients asked >1 time about smoking 
at office visit

% patients who smoke and had an 
intervention to stop smoking 

Symptom and activity assessment Class I, Level-C

Periodic review of activity level & anginal symptoms % patients with determination of anginal 
symptoms & activity level at >1 office visit

Diabetes screening Class I, Level-A 

All high risk CAD patients screened for diabetes % patients screened for diabetes

Performance Measures Based on Medical Therapy for CAD to Reduce Risk

Antiplatelet Class I, Level-A

Antiplatelet therapy with aspirin is recommended for CAD 
patients without contraindications

If contraindication specific to aspirin substitution with other 
antiplatelet medications suggested

% patients prescribed antiplatelet therapy

% patients prescribed antiplatelet therapy, 
without documented medical reason for 
not prescribing

Elevated LDL-C Class I, Level-A

LDL-C treatment target is <100 mg/dL in patients with chronic 
stable CAD

If baseline LDL-C ≥130 mg/dL, cholesterol-lowering drug should 
be prescribed 

All stable CAD patients have lifestyle modification and nonlipid risk 
factors addressed

% patients prescribed lipid-lowering therapy

% patients prescribed lipid-lowering therapy, 
without contraindications (e.g., documented 
medical or patient reason for not treating is 
to achieve lower lipid level targets)

Beta-blocker Class I , Level-A 

Recommended that patients with prior MI receive beta-blocker 
therapy in absence of contraindications 

% patients with prior MI prescribed beta-blocker 
therapy

% patients with prior MI prescribed beta-blocker 
therapy, without documented medical or patient 
reason for not taking

ACE-I or ARB A) Class I, Level-A 

B) Class IIa, Level-B 

A)  All CAD patients with either left ventricular systolic dysfunction (LVSD) 
and/or diabetes should be prescribed ACE-I (angiotensin converting 
enzyme inhibitor). 

B)  CAD patients or other vascular disease receive ACE-I treatment.

If patient intolerant or unable to take ACE-I then angiotensin receptor 
blocker (ARB) in STEMI patients with either clinical or radiological signs 
CHF or measured LVEF <40%

% patients with LVSD and/or diabetes 
prescribed ACE-I or ARB therapy

% patients with LVSD and/or diabetes 
prescribed ACE-I or ARB therapy, without 
medical contraindications or patient reasons 
for not taking either medication
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time and decision-to-delivery time as yet have no specific 
ACC/AHA guidelines, and therefore have no specific per-
formance measures. 

Table 5-6 summarizes the performance measure set for acute 
myocardial infarction-ST elevation myocardial infarction 
(AMI-STEMI) and non-ST elevation myocardial infarc-
tion (NSTEMI).

Atrial Fibrillation

Atrial fibrillation (AF) is defined as an arrhythmia that 
is the result of uncoordinated atrial activity causing a su-
praventricular tachyarrhythmia that later leads to further 
deterioration of mechanical function of the atria. The di-
agnosis of atrial fibrillation is made by ECG criteria of evi-
dence of disorganized atrial activity with the loss of P waves 
and the presence of fibrillatory waves that vary in ampli-
tude, timing, and duration, as well as an irregular ventricu-
lar response. For the performance measures, atrial flutter is 
included with atrial fibrillation in terms of thromboembolic 
risk. Only people 18 years of age or older with atrial fibril-
lation or atrial flutter of nonvalvular cause are included in 
the guidelines. 

Over 2.2 million Americans have been diagnosed with 
AF, and approximately 9% of people in their eighties have 
it. There has been a marked increase in incidence over the 
past two decades as the population ages. Atrial fibrillation 

is associated with a high risk of morbidity (heart failure 
and stroke) and mortality. Its deleterious effects are more 
pronounced in women. The high and increasing inci-
dence, morbidity, and mortality of AF make it an excel-
lent choice upon which to develop performance measures, 
per the guidelines for performance measures discussed 
above. 

Atrial fibrillation can be isolated, recurrent (≥2 epi-
sodes), persistent or paroxysmal (self-terminates without 
cardioversion or pharmacologic treatment), longstanding 
(>1 year) or permanent (episodes last for >30 seconds at 
a time). The set of performance measures given here was 
developed for AF that lasts for >30 seconds an episode 
and is not the result of a reversible cause (such as hyper-
thyroidism, pneumonia, pulmonary embolism, other acute 
pulmonary disease, acute myocardial infarction, myocardi-
tis, pericarditis, cardiac surgery, or other acute illness). 
For the purposes of the performance measures patients are 
≥18 years of age. 

The performance measurement set established for atrial fi-
brillation and atrial flutter, are summarized in Table 5-7.

Table 5-7 shows three key areas: 

 1. Assessment of thromboembolic risk factors for non-
valvular atrial fibrillation.

 2. Chronic anticoagulation therapy with warfarin for 
patients with >1 moderate risk factors or any high 
risk factors. Risk factors for systemic embolism or 
ischemic stroke were determined from 5 primary 
prevention randomized trials with untreated control 
groups. Moderate risk factors are: a history of hy-
pertension (relative risk RR = 1.6), heart failure of 
reduced LVF (<35%) (RR = 1.4), age >75 (RR = 
1.4; risk increases by decade, but so does risk of bleed-
ing related to anticoagulation), and diabetes mellitus 
(RR = 1.7). A history of CVA or TIA (relative risk, 
RR = 2.5) or systemic embolism is considered at high 
risk for recurrence. (Table 5-8 summarizes these per-
formance measures.)

 3. Monthly international normalized ratio (INR) mea-
surement quality of anticoagulation such as time 
maintained within goal INR is not included. 

Table 5-9 summarizes the recommendations for antithrom-
botic therapy for nonvalvular AF patients based on the 
guidelines published by the 2006 ACC/AHA/ESC. Weaker 
or less validated risk factors such as female gender, age 65-
74, coronary artery disease (RR = 1.5), and thyrotoxicosis 
are not considered in the performance measures. A moder-
ate risk translates into a stroke rate of 3-5% a year, high 
risk is >5%. Performance measures were not established for 
cardioversion at this time. Performance measures are to be 
reported for a period of one year. 

Table 5-5 • Relevant ICD-9-CM Diagnosis Codes 
for STEMI/NSTEMI

ICD-9-CM Description

410.01  Anterolateral wall, acute myocardial 
infarction—initial episode

410.11  Other anterior wall, acute myocardial 
infarction—initial episode

410.21  Inferolateral wall, acute myocardial 
infarction—initial episode

410.31  Inferoposterior wall, acute myocardial 
infarction—initial episode

410.41  Other inferior wall, acute myocardial 
infarction—initial episode

410.51  Other lateral wall, acute myocardial 
infarction—initial episode

410.61  True posterior wall, acute myocardial 
infarction—initial episode

410.71  Subendocardial, acute myocardial 
infarction—initial episode

410.81  Other specified sites, acute myocardial 
infarction—initial episode

410.91  Unspecified site, acute myocardial 
infarction—initial episode
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Table 5-6 • Summary of AMI-STEMI and NSTEMI

Aspirin on arrival Class I, Level-A 162 mg STEMI
Class I, Level-C 325 mg STEMI
Class I, Level-A USA/NSTEMI

Aspirin ≤24 h before or after 
hospital arrival for AMI-STEMI and 
NSTEMI patients without aspirin 
contraindications

% of AMI-STEMI or NSTEMI patients treated with aspirin ≤24h before or after 
hospitalization. The following patients are excluded: transfers to or form another hospital 
or emergency room during assessment period, patients left, discharged or expired ≤24 h, 
contraindication to aspirin therapy (allergy, active bleeding ≤24 h, warfarin use on arrival), 
or other medical reason documented

Aspirin at discharge Class I, Level-A 

Patients at discharge for AMI-
STEMI and NSTEMI prescribed 
aspirin without aspirin 
contraindications

% of AMI-STEMI or NSTEMI patients prescribed aspirin at hospital discharge with 
the following exclusions: transfers to or form another hospital or emergency room 
during assessment period, patients left, discharged to hospice or expired ≤24 hours, 
contraindication to aspirin therapy (allergy, active bleeding ≤24 h, warfarin use on arrival, 
or other medical reason documented)

Beta-blocker on arrival Class I, Level-A STEMI
Class I, Level-B USA/NSTEMI

Beta-blocker ≤24 hours before or 
after hospital arrival for AMI-STEMI 
and NSTEMI patients without beta-
blocker contraindications 

% of AMI-STEMI or NSTEMI patients prescribed beta-blocker ≤24 h of hospitalization for 
AMI with the following exclusions: transfers to or form another hospital or emergency room 
≤ first 24 h, patients left, discharged or expired ≤24 h, contraindication to beta-blocker 
therapy: allergy, heart rate ≤60 bpm second or third degree heart block on ECG (without 
pacemaker), shock or CHF ≤24 h or other documented medical reasons

Beta-blocker on discharge Class I, Level-A (except low risk post-STEMI)
Class IIa, Level-A (low risk post-STEMI)

Patients at discharge for AMI-
STEMI & NSTEMI prescribed beta-
blocker without contraindications 
for beta-blocker

% of AMI-STEMI or NSTEMI patients prescribed beta-blocker at hospital discharge with 
the following exclusions: transfers to or from another hospital, patients left, discharged to 
hospice or expired, contraindication to beta-blocker therapy: allergy, heart rate ≤60 bpm 
second or third degree heart block on ECG (without pacemaker), or other documented 
medical reasons

LDL-C assessment Class I, Level-C (STEMI only)

Patients with AMI-STEMI & 
NSTEMI recommended to 
have LDL-C assessment during 
hospitalization or documented as 
planned after discharge

% of AMI-STEMI or NSTEMI patients with LDL-C measured during hospitalization or planned 
post-discharge with following exclusions: transfers to or form another hospital, patients 
left, discharged to hospice or expired, use of lipid-lowering medication on admission or 
documented medical reason

Lipid-lowering therapy at discharge Class I, Level-A (LDL-C in STEMI >100 mg/dL and USA/NSTEMI >130 mg/dL)
Class I, Level-B (LDL-C USA/NSTEMI >100 mg/dL)

Patients at discharge for AMI-
STEMI & NSTEMI prescribed 
lipid-lowering therapy for elevated 
LDL-C ≥100 mg/dL without 
contraindications to therapy 

% of AMI-STEMI or NSTEMI patients prescribed lipid-lowering therapy at hospital discharge 
with the following exclusions: transfers to or form another hospital, patients left, discharged 
to hospice or expired, or documented medical reason

ACE-I or ARB for LVSD at discharge Class I, Level-A (ACE-I) 
Class I, Level-C (ARB if not tolerant ACE-I)*:

STEMI ≤24 h if anterior wall, HF or LVEF <40% (without SBP <100
or <30 mm Hg of baseline)

Class I, Level A (ACE-I) 
Class I, Level-B (ARB if not tolerant ACE-I)*:

During recovery from STEMI
Class IIA, Level-B:

STEMI substitution of ARB for ACE-I (not intolerant) if signs of HF or LVEF <40%*
Class I, Level-A:

UA/NSTEMI long-term medical therapy with ACE-I if HF, LVEF <40%, hypertension or DM 
*valsartan or candesartan

AMI-STEMI & NSTEMI patients 
with LVSD should receive ACE-I or 
ARB at discharge who do not have 
contraindications

% AMI-STEMI & NSTEMI patients prescribed either ACE-I or ARB at hospital discharge 
with following exclusions: transfers to or from another hospital, patients left, discharged to 
hospice or expired, or documented medical reason for not using both ACE-I or ARB (allergy to 
both, moderate or severe aortic stenosis)

(continued)
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Table 5-6 • (continued)

Time to fibrinolytic therapy Class I, Level-B:
Initiation of fibrinolytic ≤30 min or PCI ≤90 min

Class I, Level-A:
STEMI with rapid evaluation and reperfusion

Class I, Level-A:
Acute coronary syndrome with STEMI patients should have assessment for immediate 
reperfusion therapy 

Class I, Level-A:
STEMI and new or presumed new LBBB should receive fibrinolytic therapy <12 h 
of presentation 

Time measured from arrival 
of the AMI-STEMI and LBBB 
patients to administration of 
fibrinolytic therapy with goal 
of ≤30 min

AMI-STEMI and new or presumed new LBBB patients with time from presentation at 
hospital to administration of fibrinolytic therapy <30 min with following exclusions: patients 
transferred from another hospital or emergency room, or documented medical reason or 
patient preference. Time period of evaluation is <6 h

Time to PCI Class I, Level-C:
Interpreted 12-lead ECG ≤10 min) of arrival of patient with symptoms of possible 
STEMI or acute coronary syndrome 

Class I, Level-A:
STEMI with rapid evaluation and reperfusion

Class I, Level-A:
Acute coronary syndrome with STEMI patients should be assessed for immediate 
reperfusion therapy 

Class I, Level-B STEMI:
If PCI chosen time from presentation to balloon inflation ≤90 min

Class I, Level-A ACS and STEMI:
If PCI, time from presentation to balloon inflation ≤90 min and <12 h of symptom onset 
by skilled personnel (>75 PCI/year) and experienced lab (>200 PCI/yr, 36 primary PCI for 
STEMI) and cardiac surgery capability 

Time measured from arrival of the 
AMI-STEMI and LBBB patients to 
administration of PCI therapy with 
a goal of ≤90 min 

% of AMI-STEMI and LBBB patients with PCI ≤90 min of presentation with the following 
exclusions: patients transferred from other hospital or emergency room, prior administration 
of fibrinolytic for presenting episode, nonprimary PCI, or other medical or patient reason 
documented

Reperfusion therapy Class I, Level-A 

Patients with ST-segment elevation 
on the electrocardiogram (ECG) 
with AMI-STEMI should receive 
prompt fibrinolytics therapy or 
primary PCI

% of AMI-STEMI patients with reperfusion using fibrinolytic therapy or primary PCI 
with the following exclusions: medical or patient reason for not using reperfusion therapy

Smoking cessation Class I, Level-C STEMI:
 Should receive counseling and medical therapy for smoking cessation during 
hospitalization, discharge, and cardiac rehabilitation

Class I, Level-B STEMI:
 Patients with a history of smoking cigarettes should be counseled to stop smoking and 
avoid secondhand smoke, as well as pharmacological therapy and smoking cessation 
programs

Class I, level B evidence UA/NSTEMI:
All should receive information on smoking cessation 

Class I, Level-A evidence UA/NSTEMI:
All should be referred to smoking cessation program

All AMI-STEMI & NSTEMI 
patients who smoke cigarettes 
should receive smoking cessation 
counseling

% of AMI-STEMI & NSTEMI patients who smoke cigarettes who get smoking cessation 
counseling during hospitalization with the following exclusions: patient transferred to or form 
another hospital, patient left, discharged to hospice or expired
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Heart Failure

In the last approximately two decades congestive heart fail-
ure (CHF) has increased by 148% and continues to increase 
as more people survive MIs and the general population ages. 
Twenty percent of people over the age of 40 are at risk of devel-
oping CHF during their lifetime. The cost for CHF annually 
in 2003 in the U.S. was more than $24 billion. Based on 2003 
Medicare data, only 70% of CHF patients had an evaluation 
of ejection fraction; only 68% of those with documented Left 
ventricular systolic dysfunction (EF <40%) were prescribed 
and ACE inhibitor. These performance measures are derived 
from guidelines of the American College of Cardiology and 
American Heart Association, developed for patients >18 years 
of age evaluated in an office-based setting. The performance 
measures emphasize Class C and D heart failure as outlined in 
Table 5-10. Stages of heart failure used in the performance 
measure set are detailed in this table. Associated ICD 9-CM 
codes for the performance measures are listed in Table 5-11. 

The performance measures of these tables was compiled 
from literature of the AHA/ACC Evaluating Quality of 
Care for Patients with Heart Failure, Heart Failure Society 
of America Guidelines, Cardiovascular Nursing Council of 
the AHA: Team Management of Heart Failure, JCAHO/
CMS heart failure performance measures, Study of Clinically 
Relevant Indications for Pharmacologic Therapy (SCRIPT), 
and RAND Health: Quality of Care for Cardiopulmonary 
Conditions. The actual ACC/AHA Clinical Performance 
Measures for Adults with Chronic Heart Failure have both 
inpatient and outpatient parameters. 

Table 5-7 • Summary of Atrial Fibrillation (AF) Performance Measures

1. Nonvalvular AF thromboembolic risk Class I, Level-A (AF)

Class I, Level-C (atrial flutter)

Estimation of thromboembolic benefit & risk including 
patient education of benefits & risks. Identification of factors 
that change risk with re-evaluation over time

% Patients with nonvalvular AF or atrial flutter with thromboembolic 
risk factors documented with the following exclusions: mitral 
stenosis, prosthetic valves, transient or reversible atrial fibrillation, 
pregnancy, post-operative patients, or other documented medical 
(allergy to aspirin or warfarin, bleeding risks) or patient reason

2.  Chronic anticoagulation therapy with warfarin for patients 
with >1 moderate risk factors or any high risk factors

Class I, Level-A (AF)

Class I, Level-C (atrial flutter)

Adjusted dose warfarin is recommended for AF in all high risk 
patients unless contraindicated

Aspirin is recommended in AF patients: without risk factors 
or with contraindications to anticoagulation or as an 
alternative to anticoagulation with warfarin in AF patients 
1 moderate risk factor

Patients with nonvalvular AF on warfarin ≥18 yr and >1 moderate 
or ≥1 high risk factor excluding patients with documentation for 
not being on warfarin: noncompliance, economic, or other reason 
resulting in patients’ refusal

3. Monthly INR Class I, Level-A 

Frequent monitoring of INR level to maintain anticoagulation 
in target range. Frequency of monitoring must be adjusted 
during warfarin initiation or initiation or cessation of certain 
other drugs 

Not measured is time INR maintained in target range

Number of calendar months ≥1 INR was measured during months 
therapy was prescribed excluding patient reasons (e.g., patient was 
noncompliant with INR measurement though contact attempts 
made) or system reasons (e.g., another caregiver was responsible 
for following INR) 

Table 5-8 • Performance Measures for Chronic 
Anticoagulation Therapy

Degree of Risk Thromboembolic Prophylaxis

No risk factors ASA 81-325 mg daily

Single moderate risk factor Either ASA 81-325 mg daily 
or warfarin with INR 2.0-3.0, 
target 2.5

More than one moderate risk 
factor or any high risk factor

Warfarin with INR 2.0-3.0, 
target 2.5

Table 5-9 • Recommendations for Antithrombotic 
Therapy for Nonvalvular AF Patients

Antithrombotic Therapy 
for Patients With Nonvalvular 
AF* Risk Category Recommended Therapy

No risk factors Aspirin 81 to 325 mg daily

One moderate risk factor Aspirin 81 to 325 mg daily 
or warfarin (INR 2.0 to 3.0, 
target 2.5)

Any high risk factor or 
more than 1 moderate 
risk factor†

Warfarin (INR 2.0 to 3.0, 
target 2.5)†

*Adapted from Fuster et al.
†See text box above for moderate and high risk factors 
INR indicates international normalized ratio.
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Table 5-10 • Stages of Heart Failure (HF)

Stage Description

A Patients at high risk for HF but without structural heart disease or symptoms of HF (e.g., patients with 
hypertension, atherosclerotic disease, diabetes, obesity, and metabolic syndrome or patients using cardiotoxins 
or with a family history of cardiomyopathy). Such patients have no identified structural or functional abnormalities 
of the pericardium, myocardium, or cardiac valves and have never shown signs or symptoms of HF

B Patients who have developed structural heart disease that is strongly associated with the development of HF 
(e.g., previous MI, LV remodeling including LVH and low EF, or asymptomatic valvular disease) but without 
signs or symptoms of HF

C Patients with structural disease who have current or prior symptoms of HF (e.g., known structural heart disease 
and shortness of breath and fatigue, reduced exercise tolerance)

D Patients with refractory HF requiring specialized interventions (e.g., marked symptoms of HF at rest despite 
maximal medical therapy—those who are recurrently hospitalized or cannot be safely discharged from the 
hospital without specialized interventions)

Table 5-11 • ICD-9-CM Diagnosis Codes for ACC/
AHA Heart Failure Performance Measures

Code Description

402.01 Malignant, hypertensive heart disease with heart 
failure

402.11 Benign, hypertensive heart disease with heart failure

402.91 Unspecified, hypertensive heart disease with heart 
failure

404.01 Malignant, hypertensive heart and renal disease 
with heart failure

404.03 Malignant, hypertensive heart and renal disease 
with heart failure and renal failure

404.11 Benign, hypertensive heart and renal disease with 
heart failure

404.13 Benign, hypertensive heart and renal disease with 
heart failure and renal failure

404.91 Unspecified, hypertensive heart and renal disease 
with heart failure

404.93 Unspecified, hypertensive heart and renal disease 
with heart failure and renal failure

428.00 Unspecified, congestive heart failure

428.01 Left heart failure

428.09 Unspecified, heart failure

428.20 Unspecified, systolic heart failure

428.21 Acute systolic heart failure

428.22 Chronic systolic heart failure

428.23 Acute or chronic systolic heart failure

428.30 Unspecified, diastolic heart failure

428.31 Acute diastolic heart failure

428.32 Chronic diastolic heart failure

428.33 Acute or chronic diastolic heart failure

428.40 Unspecified, combined systolic and diastolic heart 
failure

428.41 Acute combined systolic and diastolic heart failure

428.42 Chronic combined systolic and diastolic heart failure

428.43 Acute or chronic combined systolic and diastolic heart

There is great overlap between outpatient and inpatient 
performance measures. Performance measure for inpatients 
 include: evaluation of left ventricular systolic function (LVF); 
therapy with ACE-I or ARB, anticoagulation with warfarin, 
if indicated; discharge instructions; and smoking cessation 
counseling or intervention. The period of assessment for in-
patient performance measures is from admission to hospital 
discharge. Beta-blocker therapy is not included at present in 
the inpatient heart failure performance measure set, since it 
should be started when the heart failure patient is considered 
clinically stable. This is difficult to format due to the com-
plexity of the assessment of stability. Given the complexi-
ties of assessing clinical stability through chart review, beta 
blocker utilization is not a performance measure at this time.

Discharge instructions are one measure that is unique to the 
inpatient setting. Written instructions or educational materi-
als are to be supplied to the patient or caregiver at the time of 
discharge from the hospital and should include: a follow-up 
appointment, dietary and activity restrictions or recommen-
dations, regular assessment of weight, and a plan if symptoms 
of heart failure should recur or worsen. Three measures were 
removed from this performance set: volume status and clini-
cal assessment on admission, initial evaluation of left ven-
tricular systolic function for newly diagnosed heart failure 
patients, and examination of the heart. Clinical validity and 
reliability of these measures needs to be confirmed. 

Performance measures for outpatients with HF include: ini-
tial laboratory tests; LVF assessment; weight measurement, 
blood pressure measurement; assessment of clinical signs 
and symptoms of volume overload (excess); assessment of 
activity level; patient education; beta-blocker therapy; ACE 
inhibitor or angiotensin receptor blocker (ARB) therapy for 
patients with heart failure who have left ventricular systolic 
dysfunction (LVSD); and warfarin therapy for patients with 
atrial fibrillation. (Table 5-12). Performance measures for 
heart failure in the outpatient setting are to be assessed over 
a period of one year. 
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Table 5-12 • Summary Table of Performance Measures for Heart Failure

LVF Assessment Class I, Level-C 

A)  Qualitative or quantitative assessment of LVF by 2-D 
echocardiography or radionuclide ventriculography

B)  Repeat measurements recommended if change in clinical 
status or treatment affecting LVF 

% patients with quantitative or qualitative results of LVF 

Assessment of clinical signs of volume overload 
(excess) including weight & BP

Class I, Level-C 

Complete directed physical assessment (includes weight 
& BP) to evaluate both cardiac & noncardiac conditions 
that may exacerbate CHF & assess volume status

% patient visits weighed excluding patients not able to be 
weighed

% patient visits with BP recorded
Distribution of systolic & diastolic BP values
% patient visits with assessment of clinical signs of volume 

overload

Assessment of clinical symptoms of Overload 
(excess) & activity level

Class I, Level-C 

Complete history to establish cardiac & noncardiac disorders that 
may affect CHF recommended, including ongoing assessment of 
both a patient’s volume status & activity level

% patient visits with assessment of clinical symptoms of 
volume overload (excess)

% patient visits with assessment of activity level

Patient education Class I, Level-C 

Ongoing patient education and supervision to improve compliance 
and allow early detection of volume and clinical status changes 
and prompt institution of early treatment 

Education includes behaviors that may worsen HF (e.g., ethanol 
use, smoking, and illicit drugs)

% patients who were provided with patient education on 
disease management and health behavior changes during 
one or more visit(s)

Beta-blocker therapy A)  Class I, Level-A Recent MI
Class I, Level-B Reduced LVEF

B) Class I, Level-A 

A)  Stage B asymptomatic LVSD (LVEF <40%, moderate 
or severely depressed LVF)

 Post-MI HF 
 Reduced LVF
B)  Stage C symptomatic LVSD (LVEF <40%, moderate 

or severely depressed LVF) 
 Clinically stable patients 

% patients with LVSD prescribed beta-blocker therapy

% patients with LVSD prescribed beta-blocker therapy, 
without medical or patient reason for not taking beta-blockers

ACE inhibitor or ARB therapy A)  ACE-I Class I, Level-A   Recent MI
Class I, Level-B  Reduced LVEF

B) ACE-I Class I , Level-A
A & B) ARB Class IIa 

A)  Stage B asymptomatic LVSD (LVEF <40%, moderate 
or severely depressed LVF) patients to receive ACE-I therapy 
(or ARB if intolerant to ACE-I) if:

 Recent MI 
 Patients with reduced LVEF 
B)  Stage C symptomatic LVSD (LVEF <40%, moderate or 

severely depressed LVF) patients ACE-I therapy (or ARB if 
intolerant to ACE-I) 

% LVSD patients on ACE-I or ARB 

% LVSD patients on ACE-I or ARB therapy, without 
documented medical (e.g., patient transferred care, patient 
died, moderate–severe aortic stenosis, other medical reason) 
or patient reason for not taking ACE-I (or ARB therapy)

Warfarin therapy for atrial fibrillation (AF) Class I, Level-A 

Patients with concomitant diseases at risk of thromboembolic 
disease to be anticoagulated with warfarin (e.g., prior 
thromboembolic event, paroxysmal or chronic AF) 

% patients with paroxysmal or chronic AF on warfarin therapy
% patients with paroxysmal or chronic AF on warfarin 
therapy, without documented medical (e.g., patient 
transferred care, patient died, pregnancy, risk of fall or 
bleeding, psychosocial concerns, other medical reason) 
or patient reason for not taking warfarin

Laboratory tests Class 1, Level-C 

Complete blood count, urinalysis, serum electrolytes (including 
calcium and magnesium), blood urea nitrogen, serum creatinine, 
blood glucose, liver function tests, thyroid-stimulating hormone

% patients with initial laboratory testing performed
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CONCLUSION

The role of performance measures for the practicing cardi-
ologist is still to be determined for this relatively new tool. 
Medicare and other insurance companies are beginning to 
evaluate them as a means to “grade” and “reward” an indi-
vidual clinician’s performance, which was not the original 
intent of the measures. Used in a more general manner to 
assess how well healthcare systems are implementing proven 
and efficacious clinical data is clearly of merit for internal 
quality assurance. 
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• The basic approach to collection of data is sam-
pling, i.e., obtaining data from a subset of the study 
population.

• The larger the sample the more accurately it esti-
mates the population values.

• Of the various study designs, the randomized clinical 
trial is the gold standard.

• Data variables are classified as discrete, e.g., gender, 
presence or absence of a disease state, etc.; or con-
tinuous e.g., body weight, cholesterol level, etc.

• Data can be summarized in various ways, e.g., mean 
and standard deviation for continuous data, odds 
ratio or risk ratio for dichotomous data, and hazard 
ratio for time-to-event outcomes.

• Confidence interval estimates help to quantify 
uncertainty.

• Hypothesis testing involves stating the null and al-
ternative hypotheses, setting the Type 1 error rate, 
calculating the appropriate test statistic and deter-
mining p-value.

• Bias and confounding can lead to erroneous conclu-
sions. Appropriate randomization and blinding of 
subjects and researchers is important. Regression 
analysis is a method of decreasing confounding.

• An important medical application of statistical and 
probability theory is the assessment of the perfor-
mance of diagnostic medical tests.

d PRACTICAL POINTS

Research attempts to study and learn more about the un-
known. Statistical analysis is a powerful tool, assisting the re-
searcher in making statements about that which is unknown 
using available data; it also provides a way to describe how 
confident the researcher can be about these statements, 
using the concepts of probability. For instance, one might 
wish to study the efficacy of a new drug proposed to reduce 
systolic blood pressure (SBP). It is not known prior to the 
study how effective this drug might be, so the researcher 
designs a study to test whether the new drug is more effec-
tive than a placebo or another drug that is currently in use 
(i.e., an active control). She might wish to assess whether 
a new biomarker is useful in predicting whether a patient 
is likely to develop cardiovascular disease. In what follows, 
we outline key issues and general approaches to conducting 

statistical analyses. Many other issues and details are left 
uncovered. Interested readers should see D’Agostino et al. 
(2005) and Pagano and Gavreau (2000) for more in-depth 
discussion.

UNIT OF ANALYSIS 

To begin a research study, it is important one identify the 
unit of analysis. The unit of analysis is the entity on which 
data are measured. In many instances, data are measured on 
people. It is important to understand whether there are re-
lationships among the units (people) under study, because 
most statistical procedures assume that each data element 
or observation is measured in an independent unit (i.e., in 
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unrelated persons). It is important to know whether data 
come from families where there are important genetic and 
environmental similarities between family members that 
must be considered. As an example, there are familial re-
lationships in the Framingham Heart Study (mother-fa-
ther-child and among siblings). If a father has a myocardial 
infarction (MI), his child may have an elevated risk of ex-
periencing an MI as compared to the risk in an unrelated 
individual. Analysis of genetic predictors of future disease 
explicitly account for familial relationships in statistical 
models (see Lange, 1999;  Ott, 1997 for more information).

Another situation that creates lack of independence is one in 
which multiple observations are obtained on the same person 
in a study. For example, in the Framingham Heart Study clin-
ical examinations are performed on each member of the orig-
inal cohort approximately every 2 years and on each member 
of the offspring cohort approximately every 4 years (Dawber 
et al. 1951). Measurements within the same individual tend 
to be correlated (e.g., systolic blood pressure measured at one 
point in time is related to SBP measured 2 or 4 years earlier 
in the same individual). In the analysis of such data we need 
to account for these dependencies. Independent data arise 
from subjects or objects that are chosen at random and have 
no apparent relationships with one another. A key question 
that one can ask in determining if the data are independent 
is whether knowledge about one data point in the study in-
fluences knowledge about another data point. 

GENERAL APPROACH: SAMPLING

Once we have identified what we are going to study, we must 
determine how to obtain data. In order to study and bet-
ter understand the unknown, statistical analysis focuses on 
working with samples. For example, we might be interested 
in estimating the average systolic blood pressure (SBP) for 
all females between the ages of 45 and 65 in the United 
States. The population is the collection of all units, and 
thus, females between the ages of 45 and 65 make up the 
population. It would be too expensive, time-consuming, and 
likely not possible to collect the SBP for all of the women 
in the population. Figure 6-1 illustrates the approach. We 
take a random sample (a subset of females between the ages 
of 45 and 65) of 30 women from the population and measure 
their individual SBPs. From the average of these SBPs we 
can estimate the population level SBP. While this value is 
not likely to exactly estimate the true SBP in the popula-
tion, it is our best estimate. The number of units (in this 
case, women) we select to obtain this estimate depends on 
several factors. These include the variability of the outcome 
(estimating outcomes that are more variable requires more 
individuals to ensure that estimates are sufficiently precise) 
and how precise the estimate needs to be (specifically, how 
close does the estimate need to be to the true population 

value for it to be useful). In general, the more data collected, 
the less variable the estimates, and so the estimates obtained 
from the sample more precisely estimate the true population 
values. Sample size determination for studies is discussed 
in detail in Lenth (2001). In what follows we provide an 
overview of methods for obtaining samples (study designs), 
techniques for estimation, and general approaches to testing 
hypotheses.

STUDY DESIGNS 

To initiate data collection we must carefully select a method 
for obtaining data that will minimize bias, confounding (see 
Multivariable Methods Section) and other systematic er-
rors in our data. We now discuss some of the more common 
study designs and refer the interested reader to Rothman 
and Greenland (2008) for more detailed discussion. Study 
designs can be grouped into two major categories: observa-
tional studies and experimental studies. There are limita-
tions and strengths with each study design.

Case Series

Case series involve a summary of the common features of a 
small sample of cases with the intent of isolating their unique 
and similar features. Among the main uses of these studies are 
identifying new diseases and generating hypotheses for further 
study. Case series are typically simple to implement, inexpen-
sive, but also unplanned and lacking controls for comparison.

Case-control

Case-control studies identify participants for a sample based 
on their outcome status (e.g., patients with brain aneurysm 
versus those without). Specifically, one set of individuals 
that are diseased (cases) is selected, while another set of in-
dividuals who are not diseased but are otherwise similar to 

Figure 6-1. Sampling from the population.
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the diseased participants (controls) is selected. Information 
is then collected on all the participants with regard to po-
tential exposures retrospectively. 

This design is particularly useful in studying rare outcomes 
because it allows one to identify an adequately large number 
of cases for study. Case-control studies are also relatively in-
expensive to carry out and do not tend to require a long time 
to perform. From these studies we can identify potential ex-
posures that are correlated with the outcome of interest.

There are several issues with case-control studies, includ-
ing the tendency for bias to be introduced. Misclassification, 
selection, and recall bias are all potential problems in these 
studies (see Confounding and Bias Section). Additionally, it 
is often not possible to infer temporal relationships between 
exposures and outcomes because the data on exposure and 
outcomes are collected at the same time. It is also not pos-
sible to estimate incidence of the outcome in these studies. 

Cohort

Cohort studies are performed by identifying a group of in-
dividuals for the study sample who meet specific inclusion 
criteria and following them for a period of time to iden-
tify associations between risk factors and disease. For in-
stance, we might wish to study a group of individuals who 
are at high risk of MI, or we might wish to follow a group 
that would be representative of the general population. 
Examples of large cohort studies of representative popu-
lations include the Framingham Heart Study, the Nurses’ 
Health Study, and the Black Women’s Health Study 
(Dawber et al., 1951; Belanger et al., 1978; Rosenberg 
et al., 1995). Once the cohort is identified, information is 
collected on participants periodically and the data can be 
analyzed. These studies are useful in that they do not put 
participants at risk by exposing them to new drugs or in-
terventions; rather, they allow for assessment of temporal 
relationships between exposures and outcomes and they 
estimate incidence of disease. 

Cohort studies must be designed to be large enough so 
that researchers can be confident they will observe an 
adequate number of outcome events or diseased individu-
als for a study. For this reason these studies are not ideal 
for rare outcomes. Loss to follow-up is a challenge as it 
can be difficult to keep participants enrolled over time 
since people move, die, or lose interest in participation. 
Additionally, these studies are subject to confounding, be-
cause it is challenging to understand and control for all 
the factors that contribute to disease acquisition. We can 
observe associations in these studies, but these are always 
subject to unmeasured confounding. For an interesting 
commentary on some of the weaknesses of these studies, 
see Taubes (2007).

Randomized Clinical Trials (RCT)

Randomized clinical trials are the gold standard from a sta-
tistical point of view in experimental designs. Here the re-
searcher controls the exposure status of the individuals by 
randomly assigning participants to either a particular inter-
vention or the control group, which receives the standard 
of care or a placebo. In theory, if there is an effect of the 
intervention, it is due to that intervention because all other 
factors that can lead to disease development are randomly 
distributed between the comparison groups. Randomized 
trials can investigate one intervention or several interven-
tions against a control group. When ethically possible and 
feasible, a placebo can be used for the control group. When 
this is not possible then the standard of care should be used 
for the control group (an active control). 

Bias can be reduced in these studies by blinding. Ideally, 
double blinding should be used, wherein both the subject 
and the researcher measuring the outcome are blinded as 
to which group the participant is assigned. Blinding is not 
always feasible; for example, when one of the interventions 
is a surgical intervention and the other is not. Because we 
are able to control confounding and reduce bias, the analysis 
of randomized trials allows us to be more certain that differ-
ences in the outcomes between intervention groups can be 
attributable to the differences in the intervention. 

The major disadvantages of these studies are that they are 
expensive and can be time-consuming. However, when they 
are appropriately performed, randomized trials are the means 
for establishing the efficacy of new treatments and interven-
tions. For more information see Chow and Liu (2004).

CLASSIFICATION OF VARIABLES 

Statistical procedures differ depending on how the data are 
measured, specifically how variables are classified. There are 
typically three categories of data: discrete, continuous, and 
time-to-event data. Discrete data are data that assume only 
a finite number of values, for instance, gender (male or fe-
male), presence of hypertension (yes or no), and level of 
agreement with a statement (strongly agree, agree, neutral, 
disagree, strongly disagree). By contrast, continuous data can 
take on any value within a range of values. For instance, 
body weight, cholesterol level, and systolic blood pressure 
are examples of continuous variables. Time-to-event data 
are data that reflect the time between some prespecified 
starting point and the occurrence of a specific outcome. For 
instance, we might study the time until a patient has an MI 
or the time until patients with hypertension on treatment 
return to nonhypertensive status. In studies that measure 
time-to-event data, we are not likely to observe the event 
in every patient. There is usually a specified observation 
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period, for example 10 years. The fact that some patients 
go the entire study time without the event is informative. 
Time-to-event data include the time the patient was in the 
study as well as an indicator of whether he or she experi-
enced the outcome of interest (having an MI or recovery) 
or not. If participants do not have the event during the ob-
servation period, this is termed censoring (see Hosmer and 
Lemeshow, 1999, for more details).

SUMMARIZING DATA

The first step in any statistical analysis is to appropriately 
summarize the data collected sample. We describe appropri-
ate measures for summarizing single variables and then for 
comparing groups. These measures depend on the type of 
data collected.

Continuous Data

Continuous variables are summarized using a measure of 
central tendency and of variability. The mean and stan-
dard deviation of the data are appropriate when there are 
no outliers; when outliers exist, the median and the inter-
quartile range (Q1 to Q3) are most appropriate.

For example, consider an RCT designed to test the effective-
ness of a new treatment to reduce systolic blood pressure. 
Table 6-1 provides a description of patients in terms of char-
acteristics measured at the start of the study (i.e., baseline).

When comparing groups with respect to a continuous 
variable, we typically compare the means between groups. 
Let μ1 and μ2 be the true, unknown population means of 
the two groups that we wish to compare. We estimate the 
difference in the true means μ1 - μ2 by examining the 

difference in the observed sample means. For example, 
we might want to estimate the difference in mean systolic 
blood pressures between those receiving an intervention 
and those in a control group. To best do this, we estimate 
the mean SBP for both groups from our sample data and 
take the difference.

Dichotomous Outcomes

Appropriate summaries of dichotomous data include the 
number of the units with a specified response, the proportion 
of units with this response, and the odds of the response. 

Let x denote the number of individuals in a sample who 
develop MI over 5 years and n denote the total number 
of individuals in the sample (with and without MI at the 
start of the study). The proportion who develop MI is p = 
x/n. The odds of MI for this sample is defined as the ratio of 
the number of persons who develop MI to the number 
who do not, odds = x/(n - x). Equivalently, the odds 
= p/(1 - p).

There are several ways to express differences in outcomes 
between two groups (for instance, the proportions of dia-
betics versus nondiabetics who develop MI). Here, the 
goal is to compare the proportions between groups. First, 
let p1 and p2 be the respective proportions of diabetics and 
nondiabetics in the population who develop MI. There are 
several commonly used measures of effect for dichotomous 
outcomes:

• risk difference: p1- p2

• relative risk: p1/ p2

• odds ratio: [p1/(1 - p1)]/[ p2/(1 - p2)].

We estimate these using the observed sample data, specifi-
cally observed proportions in the two comparison groups. 
Of the ratio measures (relative risk and odds ratio), rela-
tive risk is more intuitive. However, in case-control stud-
ies, it is not possible to estimate a relative risk. Rather,  
the odds ratio can be estimated and used to summarize the 
association between the exposure or risk factor and the 
outcome. When the proportion of outcome events is low 
in the total sample, the odds ratio is close in value to the 
relative risk. 

Time-to-Event Outcomes

A common way to summarize time-to-event data is through 
the hazard rate. The hazard rate is the rate of a particular 
outcome (for instance, dying) conditional on time. For in-
stance, if we have a study with 100 individuals and 15 of 
them die in the first month, then the hazard rate for the 
first month is 15/100. If another 5 pass away in the second 
month, then the hazard rate for that month is 5/85.

Table 6-1 • Baseline Characteristics of RCT 
for High Blood Pressure Treatment* 

Baseline Characteristics
Treatment
(n = 100)

Control
(n = 100)

Age, years 54.2 (4.6) 52.9 (4.7)

% male 47% 43%

Total serum cholesterol 209.3 
(202–275)

212.4
(200–282)

Systolic blood pressure, 
mm Hg

125.3 (15.9) 127.3 (16.1)

% hypertensive 24% 22%

*Mean and standard deviation (SD) or median and interquartile range (Q1 to Q3) 
are shown for continuous variables (age, total serum cholesterol, and systolic blood 
pressure); percent is shown for dichotomous outcomes (gender and hypertensivity). 
Because total serum cholesterol can be skewed due to extremely high values, both 
median and Q1 to Q3 are presented.
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To compare two groups with respect to the time-to-event, 
we use the hazard ratio, which is the ratio of the hazard 
rates for each group. For instance we might wish to com-
pare the rate of recovering from hypertension for those 
on a placebo or active control versus those on a new drug. 
Once the study is complete, we can calculate the hazard 
rate for each treatment group and then calculate the ratio 
of these rates.

GENERAL APPROACH 
TO ESTIMATION 

We have just described measures that can be used to summa-
rize data. Summary measures from a sample are estimates of 
unknown population parameters. These estimates are called 
point estimates, and are the best single-valued estimates of the 
unknown population values. For instance, in the General 
Sampling Section we described a sample of 30 females be-
tween 45 and 65 years was used to obtain an estimate of the 
SBP for all women between 45 and 65 years old. This is our 
best estimate of the true SBP in the population. It is clear 
that this estimate is likely not equal to the true value of the 
SBP in the population, so it is important that we quantify 
the precision of the estimate. 

The precision of an estimate is based on its variability and 
the sample size. Many analysts produce confidence interval 
estimates as a means of quantifying uncertainty. The confi-
dence interval takes the form of a point estimate ± margin 
of error; the margin of error is the product of the confidence 
level and the standard error (or the variability of the point 
estimate). To generate a confidence interval, we select a 
confidence level. Usually confidence levels of 90%, 95%, 
or 99% are used. The confidence level can be interpreted 
in the following manner. If we were to assemble 100 differ-
ent samples and create a separate confidence interval for 
each (i.e., 100 confidence intervals) the confidence level 
would describe the percentage of the intervals that would 
contain or cover the true value of the population mean. 
The confidence interval is then a range of values that are 
likely to include the true unknown SBP in the population 
at the confidence level stated. For more details see Sullivan 
(2006). 

GENERAL APPROACH 
TO HYPOTHESIS TESTING 

Hypothesis testing is a systematic procedure to discover 
the truth of a statement about a population using sample 
data. Consider again our example in which we want to test 
whether a new drug is effective in reducing systolic blood 
pressure when compared to a placebo. 

• State the null and alternative hypotheses. The null hy-
pothesis is a statement of no effect or status quo. It 
implies that any observed effect might be due to 
chance alone (sampling variability). The alterna-
tive hypothesis is typically a statement of effect or 
what we would like to prove. In our example, the 
null hypothesis reflects no difference in mean sys-
tolic blood pressures in subjects taking the new drug 
versus placebo; the alternative hypothesis states 
there is an effect of lower systolic blood pressure in 
patients taking the new drug.

• Set the Type I error rate (or alpha level, or level of signifi-
cance). The Type I error rate indicates the probability 
of rejecting the null hypothesis when it is really true. 
This is usually set at 0.05.

• Calculate an appropriate test statistic. The test statistic 
is a single-number summary of the data that is mea-
sured in the sample. For instance, in our randomized 
clinical trial example the test statistic would quan-
tify the difference in the mean systolic blood pres-
sures in patients taking the new drug versus placebo. 
The test statistic also incorporates an estimate of the 
variability of this difference. 

• Determine the p-value. The p-value indicates the 
chance of observing the data (or test statistic) by 
chance alone if the null hypothesis is true. If the 
p-value is less than the Type I error rate, then we re-
ject the null hypothesis in favor of the alternative. In 
our example, the p-value is computed by comparing 
the observed test statistic to the distribution of all pos-
sible test statistics, assuming that the null hypothesis 
is true. In our example, the observed test statistic es-
sentially reflects the observed difference in the mean 
SBPs between groups.

As an alternative example, we might wish to test in an obser-
vational study whether the proportion of diabetics who de-
velop MI is different from the proportion of nondiabetics who 
develop MI. In this case we would use as our test statistic the 
risk difference, relative risk, or odds ratio to summarize the 
effect. If we use relative risk or odds ratio, our null hypothesis 
would indicate that these measures have a value of one (no 
effect) in the population. The alternative hypothesis would 
be that the relative risk or odds ratio is different from one. If 
we use the risk difference then the null hypothesis would be 
that the risk difference is zero and the alternative would state 
that it is not. The steps of hypothesis testing outlined above 
would again be followed to test this hypothesis.

When a test of hypothesis is significant (e.g., p < 0.05), 
we can be comfortable that the data support the alterna-
tive hypothesis because we control the probability that 
this conclusion is in error (by selecting a small Type I 
error rate). However, if we fail to reach significance, it 
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may be that, in fact, there is no effect, or it may be that 
we have committed a Type II error. A Type II error is 
a failure to reject the null hypothesis when it is false. 
When a test fails to reject the null hypothesis this con-
clusion may be in error. Unfortunately, we cannot sim-
ply set a Type II error rate at the outset as it depends on 
the Type I error rate, the sample size, and the effect. The 
best safeguard is to plan the study carefully to ensure that 
the sample size is large enough to minimize the Type II 
error rate or to maximize the power of the test, which is 
the probability that the test will reject a null hypothesis 
when in fact it is false. The power of a test is equal to 1 – 
Type II error rate.

We have discussed the general approach to estimation and 
hypothesis testing for comparing two groups. The proce-
dures can be extended to make comparisons among more 
than two groups. In general the procedures to compare two 
groups assume that the groups being compared are indepen-
dent (i.e., the participants in one group are different from 
participants in the other, as discussed in the randomized 
clinical trial example. There are situations where this is not 
true. For example, a crossover study is one in which partici-
pants are measured under both the experimental treatment 
and then the control. Thus, the two comparison groups are 
correlated since they are composed of the same individuals, 
and this needs to be reconciled in the analysis.

CONFOUNDING AND BIAS

Bias is a systematic error in a study that leads to uncer-
tainty about the estimates generated from the study. Bias 
can be introduced into a study through the following: the 
way information is collected on subjects; the methods used 
to select subjects for inclusion in a study; the attitudes and 
preconceived ideas and beliefs of researchers; failure to ad-
just for confounders in the analysis. There are many types of 
bias, some examples are:

• Recall bias. Often in studies, subjects are asked to recall 
information about their past. The bias here is intro-
duced when different groups that are being compared 
recall information differently. For instance it might be 
that those who are diseased are more likely to accu-
rately recall exposures to potentially harmful sources 
than those who are healthy.

• Interviewer bias. This bias occurs when subjects are 
interviewed and the interviewer and/or the questions 
are not completely objective and guide the participant 
to favor particular responses. 

• Selection bias. This arises when those who agree to 
participate in a study are somehow different than the 
population that they are presumed to represent. For 
instance, it may be that only those who are less sick 

decide to participate and the reason that they are not 
as sick is because the exposure that is being studied 
does not have as severe of an impact on them as those 
who decide not to participate in the study.

• Misclassification bias. Here subjects are incorrectly clas-
sified as cases or controls or their exposure status may 
be incorrectly classified. This type of bias can either 
dampen the observed effect (if it is done equally sys-
tematically) or can exaggerate the effect (if one group 
is misclassified more often than another).

Bias can be reduced in studies by using appropriate random-
ization techniques, blinding subjects and researchers to the 
interventions being studied, and collecting adequate amounts 
of data so that confounding variables can be controlled for in 
the analysis (see Sica, 2006, for more information). The latter 
approach is described in the Multivariable Methods Section.

In RCTs, assuming that the randomization is effective in cre-
ating comparison groups that are similar in all ways except 
for the intervention, we can be confident that an observed 
effect is attributable to the intervention and not to another 
factor. However, in other designs we may wish to quantify 
the association between a specific risk factor or exposure 
and an outcome; and participants with and without the risk 
factor may be different. For example, suppose we wish to 
assess the association between total serum cholesterol and 
coronary heart disease (CHD). We may find that individu-
als with higher total serum cholesterol are far more likely to 
suffer CHD. However, this crude or unadjusted analysis may 
be misleading. We must consider whether there might be 
other characteristics or risk factors that explain or account 
for this association. In Figure 6-2 we can see that choles-
terol is correlated with age as an older person is more likely 
to have higher cholesterol. Additionally, age is correlated 
with CHD. So, if we were to only consider the relationship 
between cholesterol and CHD, it might be somewhat exag-
gerated since the impact of age is absorbed in cholesterol. 
These kinds of complex relationships among variables are 
called confounding. 

Figure 6-2. Confounding.
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In the Framingham Heart Study, for example, participants 
indicated, among other things, their age, and whether they 
had diabetes. Their SBP was also measured. The average 
SBP for diabetics was 148.3 mm Hg and for nondiabetics it 
was 132.5 mm Hg. However the average age was 55.4 years 
for diabetics and 49.8 for nondiabetics. When we ac-
count for the age differences, the average SBP is 142.8 mm 
Hg for diabetics and 136.2 mm Hg for nondiabetics (See 
the Multivariable Methods Section for more details). 
Accounting for the age difference, sometimes called “adjust-
ing for age,” leads to a significant change in the estimated 
means for each group, indicating that age is a confounder 
of the relationship between diabetes and SBP. This is likely 
because diabetics tend to be older and older individuals tend 
to have higher SBP.

MULTIVARIABLE METHODS 

Multivariable statistical methods can be used to adjust for 
confounding. Specifically, multivariable methods allow us to 
consider the impact or relationship between many variables 
simultaneously. Typically this is done through a regression 
model. These models have one variable that we wish to pre-
dict or study in greater depth, for example systolic blood pres-
sure, incidence of disease, or time until death. This variable 
is call the outcome or dependent variable. We are interested in 
determining its relation to predictors of interest, for instance 
the treatment regime, a biomarker, or some behavioral attri-
bute, such as smoking. These predictors of interest are called 
the independent variables. In some applications we are inter-
ested in the association between each independent variable 
and the outcome, adjusting for other variables, and in other 
applications, we are specifically interested in one predictor 
but recognize that to assess its association with the outcome, 
we need to adjust for potential confounders. Regression 
analysis follows a general framework, outlined below. 

Specific regression models are used depending on the type of 
outcome variable considered (see Table 6-2 below). 

Linear Regression

Linear regression is used when the outcome variable is con-
tinuous. For instance, suppose we want to determine the 

effect of smoking on systolic blood pressure. We would use 
a linear regression model and could control for important 
confounders, such as age and gender. In this framework, we 
would construct the following model:

SBP = β0 + β1 smoking + β2 age + β3 gender + error

Linear regression methods would use the data we collect 
from our study sample to generate estimates of the regres-
sion coefficients β0, β1, β2, β3. The regression coefficients 
reflect the change in the outcome (SBP) relative to a one 
unit change in the predictor, controlling for other vari-
ables in the model (or assuming that the other variables 
are held constant). A positive regression coefficient indi-
cates that the predictor is directly associated with the out-
come, whereas a negative regression coefficient indicates 
that the predictor is inversely associated with the outcome. 
For instance, if the estimate of β2 is positive, then a one-
unit increase in age is associated with a β2-unit increase 
in SBP, holding smoking status and gender constant. If the 
estimate of β1 is positive, then, on average, smokers’ SBP 
is β1 units higher than nonsmokers’ SBP, holding age and 
gender constant.

Logistic Regression

Logistic regression is used when the outcome variable is 
dichotomous. Logistic regression models are slightly more 
complicated in that they model the natural logarithm of the 
odds of the outcome. Suppose that we are interested in de-
termining variables that are associated with the incidence of 
MI; a logistic regression model is appropriate. If we use the 
same predictor variables as above for SBP, our model looks 
like the following:

log(odds of MI) = log (   pMI ______ 1 - pMI
   )  = β0 + β1 smoking + β2 age

+ β3 gender + error

where pMI is the probability of developing myocardial in-
farction. Again we use the data we collect from our study 
sample to generate estimates of the regression coefficients, 
β0, β1, β2, β3. The regression coefficients in logistic regres-
sion reflect the change in the log odds of the outcome 
relative to a one unit change in the predictor, control-
ling for other variables in the model (or assuming that 
the other variables are held constant). To promote inter-
pretability, we generally exponentiate the estimates of the 
βi which produce odds ratios. For instance, exp(β1) ex-
presses the odds of having an MI for smokers as compared 
to nonsmokers. Similarly, exp(β2) expresses the odds of 
having an MI taking into consideration a one-year in-
crease in age. Again, a positive coefficient indicates an 
increase in the odds of the outcome relative to a one-unit 
change in the predictor.

Table 6-2 • Common Regression Models 
by Type of Outcome

Type of Outcome Variable Regression Model Used

Continuous Linear

Dichotomous Logistic

Time-to-event Cox proportional hazards
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Cox Proportional Hazards Regression

Finally, Cox proportional hazards regression models are used for 
time-to-event data. These models consider the natural loga-
rithm of the hazard function h(t) of the outcome on the left 
hand side of the regression equation. For instance, consider 
a 10-year clinical trial involving patients with a history of 
MI in which the subjects are randomized to a new interven-
tion or control treatment, and the outcome of interest is 
time-to-death. In addition to treatment regime, we might 
control for age, gender, and smoking status. Our model 
would look like:

log(h(t)) = h0(t) + β1 smoking + β2 age + β3 gender 
+ β4 treatment + error

In this model, h(t) is the hazard at time t in the study, and 
h0(t) is the baseline hazard and is interpreted as the hazard 
of dying when all of the predictor variables are zero. In this 
model, treatment is an indicator of receiving the new inter-
vention, and exp(β4) is the hazard ratio comparing the haz-
ard of dying for those receiving the new intervention versus 
those in the control group, controlling for age, gender and 
smoking status. 

Regression models are powerful statistical tools, but they 
must be used with care. There are several assumptions re-
quired for the appropriate use of each model. The assump-
tions must be tested and analyzed prior to estimating models 
and most importantly in interpreting the model results (see 
Vittinghoff, 2005, for more details).

DIAGNOSTIC TESTS 

Lastly, we discuss an important medical application of statis-
tical and probability theory to assess the performance of di-
agnostic tests, which are essential tools in clinical practice. 
For example, creatine kinase (CK) is routinely measured in 
emergency patients as a marker for MI, injury, and several 
other conditions where muscle is damaged. The clinical cut-
off for a high level of CK has been previously set at 200 U/L. 
However not all patients with an elevated level of CK will 
have muscle damage, and not all patients with muscle dam-
age will have an elevated level of CK. This is a limitation of 
all diagnostic tests.

There is no test that will perfectly determine every time 
whether a patient has a given illness or condition. It is 
important to understand how well the tests perform, and 
there are several measures that we discuss to understand 
performance. Cutoffs used to determine whether someone 
is sick or not are chosen so as to optimize sensitivity and 
specificity. Sensitivity is defined as the probability that a test 
comes back positive for disease given that the individual is 

truly sick. Specificity is the probability that the test comes 
back negative given that the individual is not sick. There 
is inevitably a trade-off between sensitivity and specific-
ity of a test. Figure 6-3 illustrates this challenge and the 
inevitable misclassification that will arise. As the figure 
shows, there are individuals who are not correctly clas-
sified as diseased or nondiseased. Ideally, we want a test 
that has high sensitivity and high specificity. This is not 
always possible. The acceptability of a test depends on the 
implications of errors, specifically false positives and false 
negatives, which are quantified by 1-specificity and 1-sen-
sitivity, respectively.

Patients are generally more interested in the positive and 
negative predictive values of a test. The positive predictive 
value is the probability that a patient who tests positive ac-
tually has the disease. This value depends upon the preva-
lence of the disease, or proportion of diseased individuals in 
the population, and can be calculated as:

PPV =   
Number of True Positives

   ____________________________________    Number of True Positives + Number of False Positives  

=   
(sensitivity)(prevalence)

   ________________________________________    (sensitivity)(prevalence) + (1 - specificity)(1 - prevalence)  

Figure 6-3. Illustration of the trade-off between sensitivity 
and specificity. The distributions of a particular biomarker are 
shown for those with disease and those without. The arrow in-
dicates the cutoff to be used by the diagnostic test. Those with 
values of the biomarker higher than the cutoff are considered 
positive for disease, while those with values less are considered 
negative for disease. By choosing a cutoff for the test as indi-
cated, region A indicates the false negatives and region B the 
false positives.

Disease free Diseased

Biomarker

A B
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Similarly the negative predictive value defines the probability 
that a patient with a negative test is actually disease free. 
It is calculated as:

NPV =   
Number of True Negatives

   _____________________________________    Number of True Negatives + Number of False Negatives  

=   
(specificity)(1 - prevalence)

   ________________________________________    (specificity)(1 - prevalence) + (1 - sensitivity)(prevalence)  

For further information on diagnostic testing see Altman 
(1994) and Altman and Bland (1994).

CONCLUSION

Statistical analysis is critical in medical research. Attention 
to study design, classification of variables, and details of spe-
cific techniques is important. It is extremely important that 
researchers recognize the limitations of statistical analysis, 
and most importantly, addressing of bias and confounding 
at the design and analysis stages. While certainly not com-
prehensive, this chapter has discussed some of the key is-
sues in designing studies, summarizing data that is obtained 
from the study, and performing analyses in the sample data 
in order to better understand the population. 
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• The ability to interpret genomic information will be 
an important part of clinical care in the near future.  

• A careful family history is critical for the diagnosis 
and management of inherited disease even if genetic 
testing is available.

• The presence of a Mendelian disease in a first-degree 
relative dramatically changes the prior probability of 
the same disease in the patient.

• Genotyping, like any other testing, must be interpreted 
in the context of the relevant clinical information.

• Family history remains the most robust risk predictor 
for inherited cardiomyopathies or arrhythmias asso-
ciated with sudden death.

• Clinical assessment of the entire patient is a key fac-
tor in the diagnosis of inherited cardiac disease as 

diagnostic features may be present outside the car-
diovascular system.

• Genetic association studies have identified only a 
small fraction of the known inherited risk for most 
cardiovascular conditions.

• Genetic testing for the prediction of drug responses 
is already in clinical use, and will become more 
prevalent.

• Federal online genetic testing resources offer the 
most up-to-date information on the availability and 
utility of genetic testing.

• Care must be taken in the delivery of genetic informa-
tion to the patient as there are many unanticipated 
consequences, and genetic counseling is often re-
quired over a prolonged period of time. 

d PRACTICAL POINTS

MOLECULAR BASIS OF 
CARDIOVASCULAR DISEASE

There is a growing body of knowledge regarding the spe-
cific molecular determinants of clearly familial (Mendelian 
or “monogenic”) cardiovascular conditions, such as familial 
hypercholesterolemia, hypertrophic cardiomyopathy, and 
the long QT syndrome. For such rare, Mendelian, diseases 
mutations in a single gene may lead to profound clinical 
manifestations in individual families. However, more com-
mon “complex” cardiovascular diseases, such as coronary 
heart disease, are the leading cause of death and disability 
in men and women. For these complex diseases, the overall 

contribution of genetic factors to disease onset and severity 
may be modest relative to the contribution from environ-
mental determinants.

The National Institutes of Health-sponsored Human Genome 
Project completed the sequencing of the human genome in 
2001. This achievement has dramatically enhanced the ca-
pacity to examine associations between common, “complex” 
diseases and genetic variation across the entire genome. The 
discovery of specific genotype–cardiovascular disease asso-
ciations may have uses in the development of new and im-
proved drug therapies as well as novel strategies for diagnosis, 
screening, and prevention. The resulting exponential growth 
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of genetic information is generating new opportunities for ad-
vances in diagnosis and treatment. Understanding basic ge-
netic terminology and the current and future applications of 
genetics and genomics is critical for physicians diagnosing and 
treating cardiovascular disease.

CHROMOSOMES GENES AND DNA

The human genome is encoded in two sets (male and 
 female) of 23 chromosomes; each chromosome consists of 
a polymer of deoxyribonucleic acid (DNA) (Figure 7-1). 
Four bases make up the DNA: adenine (A), thymine (T), 
cytosine (C), and guanine (G) (Figure 7-2). Chromosomes 
1 through 22 are numbered from largest to smallest. Each 
somatic cell contains these 22 pairs of autosomes, one copy 
from the father and the other copy from the mother. In ad-
dition to the autosomes each cell contains two sex chromo-
somes. Females have two X chromosomes (XX), and males 
only one (XY).

A gene consists of coding DNA sequences (exons), in-
tervening noncoding sequences (introns), and regulatory 

sequences (Figure 7-3). The introns and exons form a 
continuous DNA sequence from which transcription gen-
erates a messenger RNA molecule. Posttranscriptional 
modification, including RNA splicing, results in removal 
of the intron regions and production of an mRNA tem-
plate for protein synthesis. In the exons, each triplet of 
DNA bases forms a codon, the genetic code for one of the 
20 amino acids found in all proteins. Based on the pub-
lished analysis of the human genome, there appear to be 
20,000-30,000 protein-encoding genes in the human ge-
nome. The size of genes is highly variable, and less than 
1.5% of the total DNA in the human chromosomes is 
sequence that encodes proteins. Recent work has identi-
fied large numbers of genes that encode RNAs of diverse 
function that do not form proteins. These include short 
microRNAs, which regulate the stability and translation 
of multiple other RNAs, as well as long noncoding RNAs 
of unknown function. It has also become evident that large 
parts of the genome between known genes are also actively 
transcribed. Together these data suggest that the so-called 
“junk DNA,” which occupies much of the genome, is far 
from inert. 

Figure 7-1. Flow of genetic information. Multiple extracellular signals activate intracellular 
signal cascades that result in altered regulation of gene expression through the interaction 
of transcription factors with regulatory regions of genes. RNA polymerase transcribes DNA 
into RNA that is processed to mRNA by excision of intronic sequences. The mRNA is trans-
lated into a polypeptide chain to form the mature protein after undergoing posttranslational 
processing. HAT, histone acetyl transferase; CBP, CRED-binding protein; CREB, cyclic AMP 
response element–binding protein; CRE, cyclinc AMP responsive element; CoA, Co activator; 
TAF, TBP-associated factors; GTF, general transcription factors, TBP, TATA-binding protein; 
TATA, TATA box; RE, response element; NH2, aminoterminus; COOH, carboxyterminus.
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Any given segment of DNA that is inherited is called a 
locus. Differences in the DNA sequence at any given gene 
locus are called alleles. The genetic information at a given 
gene locus is defined as the genotype. If there are two alleles 
at a locus, then there are three possible genotypes, with the 
locus either the same (homozygous) for one or the other al-
lele or different (heterozygous) for the two alleles.

An alteration in the primary nucleotide sequence of DNA 
that results in an abnormal phenotype is called a mutation. 
Mutations at the level of the chromosome structure may 
include deletions, duplications, or inversions of segments 
of DNA. Mutations at the level of the gene may include 
insertions, deletions, or point mutations, which may result 

in an amino acid alteration. DNA variation may have no 
functional consequence and then is known as polymorphism. 
A polymorphism is a region of the genome that varies be-
tween individual members of the population. A polymor-
phism caused by the change of a single nucleotide is a single 
nucleotide polymorphism (SNP). Millions of SNP variants 
have been identified to date and made publicly available 
through the Human Genome Project (Figure 7-4). The ini-
tial efforts to develop comprehensive catalogs of SNPs have 
revealed some of the fine structure of the human genome. 
It is now known that chromosomes are inherited as unique 
combinations of ancient building blocks of the order of only 
a few kilobases of DNA. These regions of low recombina-
tion, where only a few different alleles might encompass all 
the variation that has ever existed, are  interspersed with 
local regions of high recombination. This block structure 
allows much of a population’s common variation to be cap-
tured by the typing of a relatively small proportion of the 
polymorphic sites and has accelerated the advent of com-
prehensive genome mapping on a single “chip” or microar-
ray. The intensive study of the basis for the noncontinuous 
nature of the genome is revealing other insights into human 
biology and disease. It is expected that SNP discovery will 
lead to the discovery of common DNA variations that lead 
to alterations in the amount or function of the expressed 
protein and then to downstream cardiovascular disease.

Perhaps the most important and influential consequence of 
the completion of the Human Genome Project is the po-
tential to study biologic processes in a global and unbiased 
manner. For the first time, it is possible to study not just one 
gene, but all genes, and to relate variation in these genes 
directly to phenotype. In addition, the availability of com-
plete sequence allows the expression levels of all the genes to 
be studied in parallel. Finally, it is feasible to understand in 
many ways how a genome functions, as a whole, using com-
parisons with the genomes of other organisms. This ability to 
define orthologous segments of DNA (both within coding 
sequences and beyond) in animal models also makes possible 
faithful recapitulation of the mechanisms of human genetic 
diseases. Although far from complete, the success of global 
strategies in the analysis of human sequence (genomics) has 
heralded similar comprehensive approaches in whole tissues 
and organisms to the study of proteins (the proteome), meta-
bolic pathways (metabolome), and noncoding RNA struc-
ture and function (the RNAome).

GENETICS AND 
CARDIOVASCULAR DISEASE

Genetic techniques have been applied to cardiovascular disease 
(CVD) and have been successful in dissecting the Mendelian 
disorders of lipids, cardiomyopathies, and arrhythmias. The 
comprehensive study of genes, expression, and SNPs does not 
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offer major theoretical advantages over conventional genetic 
markers but will affect classic human genetics in several ways. 
First, the ready availability of genomic data will ease the appli-
cation of proven genetic strategies, allowing the relatively rapid 
identification and study of genes that were previously difficult 
or impossible to clone. The tools that the genomics revolution 
has spawned have already made mapping and mutation detec-
tion much faster and cheaper. Second, there is the potential 
that, if common alleles do cause common diseases, genomics 
will dramatically affect the mapping and cloning of common 
disease. Paradoxically, as noted above, the greatest legacy of 
genomics may be its role as a foundation for other “omics,” 
ultimately influencing phenotyping more than genotyping.

MONOGENIC DISEASE

Substantial progress has been made in defining the molecu-
lar basis for a number of monogenic cardiovascular diseases, 
including familial hypercholesterolemia, hypertrophic car-
diomyopathy, and long QT syndromes.

Familial hypercholesterolemia is an archetypal monogenic 
disorder characterized by elevated LDL cholesterol and pre-
mature coronary artery disease in heterozygotes. Homozygous 
individuals exhibit a more extreme phenotype, with coronary 
disease appearing in the first two decades of life. The discov-
ery of mutations in the LDL receptor in this disorder has been 
central to our understanding of cholesterol transport and me-
tabolism, but it has also greatly informed the diagnosis and 
therapy of more common forms of coronary artery disease.

Patients with hypertrophic cardiomyopathy (HCM) exhibit 
a variety of clinical phenotypes, including a broad range 
of wall thickening and variability in progression to life-
 threatening sequelae, such as congestive heart failure or sud-
den cardiac death. There is substantial genetic heterogeneity 
in the etiology of HCM, because the syndrome may result 
from mutations in any one of several genes that encode car-
diac sarcomere proteins, including beta-myosin heavy chain, 
cardiac troponin T, troponin I, alpha-tropomyosin, and myo-
sin-binding protein C. There is also substantial intragenic or 
allelic heterogeneity, meaning that several of the sarcomere 
protein genes have been found to contain multiple disease-
causing mutations. Diagnosis of this condition is still largely 
clinical, although genetic tests have the potential to improve 
diagnostic reliability. While there are data suggesting that 
particular families may have distinct prognoses, to date there 
is no available evidence to recommend significant preven-
tive or therapeutic interventions based on genotype.

Long QT syndrome is a rare, familial disease that is mani-
fested by syncope and sudden cardiac death, often mediated 
through polymorphic ventricular tachycardia or ventricular 
fibrillation. The syndrome is characterized by a prolonged, 
heart-rate-adjusted QT (QTc) interval. QTc prolongation be-
yond 0.50 second provides evidence for long QT syndrome, 
but QTc intervals associated with this condition may be less 
marked. There is substantial genetic heterogeneity in the long 
QT syndrome. Five genes for sodium and potassium ion chan-
nels have been implicated in Romano–Ward syndrome, the 
autosomal dominant form of long QT syndrome: KVLQT1, 
HERG, SCN5A, KCNE1, and KCNE2. In addition, several 
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isolated cases of LQT have been associated with mutations 
in a number of other channel trafficking or scaffolding pro-
teins. Mutations in KVLQT1 and KCNE1, when present 
in the homozygous state, are also associated with the Jervell 
and Lange–Nielsen syndrome, an autosomal recessive form 
of long QT syndrome associated with deafness. Mutations in 
the SCN5A gene may cause the long QT syndrome, Brugada 
syndrome, or conduction disease. A variety of different types 
of mutations are found, including missense mutations (most 
common), frameshift mutations, deletions, nonsense, and 
splice-site mutations. However, family members of patients 
with symptomatic long QT syndrome may have no QTc pro-
longation, despite carrying the causative mutation. Molecular 
diagnosis may enhance diagnostic accuracy for long QT syn-
drome. However, the appropriate use of genetic tests remains 
under investigation. There is not yet consensus on therapeutic 

recommendations for persons who are genotype-positive and 
phenotype-negative (or borderline). At present, there are in-
sufficient data regarding use of these tests for screening.

Recent human molecular genetic studies are beginning to 
shed light on other cardiac syndromes with large heritable 
components, such as dilated cardiomyopathy, atrial fibrilla-
tion, arrhythmogenic right ventricular cardiomyopathy or 
dysplasia, aortic dissection, and congenital heart disease.

COMMON CARDIOVASCULAR 
DISEASES

In contrast to inherited diseases caused by specific rare mu-
tations, common polymorphisms in a variety of genes may 
be associated with more subtle increases in susceptibility 
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to complex cardiovascular diseases, such as coronary heart 
disease. Although there is generally no evidence for clearly 
dominant or recessive transmission of most common cardio-
vascular traits through families, there is compelling evidence 
for familial aggregation of, and risk factors for, cardiac and 
vascular disease. For “qualitative’ traits, such as myocardial 
infarction or stroke, evidence for familiality has been demon-
strated by calculation of simple sibling recurrence risk ratios 
or more sophisticated modeling of potential inheritance pat-
terns. For “quantitative” traits such as low-density lipopro-
tein (LDL) cholesterol or systolic blood pressure, correlations 
among siblings or first-degree relatives can be calculated to es-
timate heritability, the proportion of variability in the quanti-
tative trait that is attributable to shared genetic factors. Using 
these methods, a moderate (30-50%) degree of heritability 
has been demonstrated for several risk factors, including LDL 
cholesterol, systolic blood pressure, glucose levels, and body 
mass index, as well as quantitative subclinical vascular disease 
measures, such as carotid intima media thickness or coronary 
artery calcification. Common cardiovascular syndromes that 
appear to have a heritable component include hypertension, 
left ventricular hypertrophy, myocardial infarction, atrial fi-
brillation, and sudden cardiac death.

GENETIC ASSOCIATION STUDIES

Not all phenotypes segregate in large families and so other ge-
netic techniques have been developed that do not use trans-
mission probability, but rely on simple association of genotypes 
with phenotypes within a population. These studies are quali-
tatively different from linkage analyses and have proliferated 
as the technologies for dense genotyping have become widely 
available. The most commonly used association study design 
is the case-control study. A potential problem is confounding 
bias from population stratification, which results in spurious 
association of a polymorphism with disease, simply because 
the disease and the unlinked sequence variant are found in 
the same population subgroup. This can be partly addressed 
by replicating the findings in large study cohorts drawn from 
genetically distinct populations. Another potentially impor-
tant problem in multiple testing is the prior probability that 
any observed effect results from the specific polymorphism(s) 
studied is usually extremely low, resulting in a high false 
positive rate (through Bayesian inference). Confirmation 
associations in independent case-control studies provide in-
creased support for the hypothesized genotype and phenotype 
association. As a result of these limitations, and the generally 
small effect sizes observed, case-control association studies 
are generally regarded as hypothesis generating. 

Because segregation information is absent from these studies, 
it also is impossible to infer causality from the relationship 
between specific variants and a particular phenotype. If the 

genotype–phenotype association in question is not spurious, 
it may result from a functional variation within the candidate 
gene, but more commonly the association results from func-
tional variation within a nearby or linked gene, in so-called 
“linkage dysequilibrium” with the tested polymorphism. 
These issues would partly be dealt with by using extended 
haplotypes of markers in large populations. Parallel evidence 
for a functional role of the putative variant is essential. These 
studies, which may use cell culture or model organisms, are 
possible much earlier because of the ready availability of de-
tailed sequences for cognate genes in other genomes.

Association study designs may be used to analyze qualita-
tive or quantitative traits. Large-scale screening studies of 
“complex” disease traits, such as myocardial infarction or 
congestive heart failure, have yielded interesting hypotheses 
regarding gene variants that may confer disease risk. However, 
very few genetic variants are strongly and consistently asso-
ciated with a common CVD outcome in multiple studies. 
Among the possible explanations, most common genetic 
variants may confer relatively small effects on a population 
scale (thus, larger sample sizes may be needed) and important 
unmeasured environmental modifiers may play a substantial 
role, but be substantially different in different populations. 
Further, clinically apparent disease traits, while heritable, 
may be heterogeneous. By contrast, quantitative preclinical 
disease phenotypes, such as decreased levels of high density 
lipoprotein cholesterol, increased levels of hemostatic  fac-
tors, or subclinical vascular disease, may represent more 
tractable measures for dissecting the role of specific genetic 
variants. Ideal quantitative phenotypes are heritable and 
strongly related to prospective risk for CVD. Some candidate 
gene variants have been consistently noted to explain a sig-
nificant proportion of the interindividual variability of these 
“upstream” phenotypes, despite less consistent associations of 
the same variants with disease phenotypes. For example, al-
though the angiotensin-converting enzyme (ACE) deletion/
insertion polymorphism is clearly associated with levels of 
serum ACE, there are only modest associations of this poly-
morphism with blood pressure and inconsistent associations 
in dozens of studies with CVD outcomes such as coronary 
heart disease and congestive heart failure. 

GENETIC TESTING 
(FIGURES 7-5 AND 7-6)

Genetic testing for common cardiovascular disease may be 
informative for identifying patients at increased risk of dis-
ease who would benefit most from prevention strategies such 
as drug treatment or reduction of risk factors, rather than for 
prediction or diagnosis of disease. For common diseases, there 
has been little evidence to date that a given genetic variant 
is diagnostic of disease or highly predictive of disease onset. 
Variants associated with disease normally contribute only 
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modestly to disease risk, and this contribution is often depen-
dent on interactions with other genes and environmental or 
behavioral risk factors. As a result, the effects of a particular 
variant on disease may vary greatly both among populations, 
and within populations by age and disease status.

As genetic tests become increasingly available for clinical 
use, it is essential that their clinical validity be fully estab-
lished before treatment interventions are developed. For ex-
ample, the substitution of a T for a C at position 677 in the 
methylenetetrahydrofolate reductase gene is more common 
in patients with coronary heart disease, and TT homozy-
gotes have been shown to be at increased risk for cardio-
vascular disease in some studies. However, a meta-analysis 
of 23  studies determined that the C677T polymorphism is 
a major cause of mild hyperhomocysteinemia, but does not 
increase risk of cardiovascular disease. The implications 
for genetic testing of this result suggest that the C677T 
polymorphism may be valuable for predicting hyperhomo-
cysteinemia but may not be particularly useful for predicting 
cardiovascular disease risk.

Rigorous validation of newly developed genetic tests can 
provide quality assurance for analytical parameters such as 
accuracy, precision (reproducibility), and optimal analytic 
range, but the predictive value (the probability that a pa-
tient with a positive test result will develop the disease and 
a patient with a negative test result will not develop the 
disease) of such tests may be extremely difficult to quantify. 
Presymptomatic tests of single polymorphisms to predict the 
future onset of diseases that are influenced by multiple genes 
and environmental factors will likely have low predictive 
value, and therefore, may not be particularly useful for popu-
lation-based testing for complex cardiovascular diseases.

While genetic tests for individual polymorphisms may have 
low predictive value for determining susceptibility for CVD, 
screening of a diverse spectrum of multiple genetic polymor-
phisms and gene/protein expression profiles may improve risk 
stratification for CVD by use of technologies to simultane-
ously assay numerous SNP polymorphisms and/or gene expres-
sion profiles that may be associated with increased CVD risk. 
Multilocus genotyping assays are commercially available to 
interrogate SNPs or expression profiles of thousands of cardio-
vascular-related genes that may influence myocardial devel-
opment and cardiac function. Simultaneous examination of 
many polymorphisms/expression profiles will provide a com-
prehensive assessment of genomic influences on CVD, which 
may not be highly predictive of disease but is anticipated to 
provide useful information for dissecting genetic risk.

Formal validation will be needed, however, to determine 
accuracy and reliability before multilocus predictions of 
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disease risk can be incorporated into routine clinical prac-
tice. Ultimately, the value of multilocus DNA tests will rest 
on the strength of evidence that individual genetic poly-
morphisms confer increased or decreased susceptibility to 
disease and/or are importantly modified by other genes or 
environmental factors. The value of coordinated patterns 
of gene expression related to disease will need to be distin-
guished from short-term fluctuations in expression resulting 
from circadian variations or from daily environmental influ-
ences such as diet or medication use.

Genetic testing is not yet used in routine clinical practice 
for primary or secondary CVD prevention. As more infor-
mation about genetic and environmental determinants of 
complex diseases accumulates, the ability to diagnose and 
treat genetic risk will increasingly become an essential skill 
for cardiovascular clinicians and primary care providers. 
Initial uses of such tests may involve their incorporation 
into current clinical practice for screening and decision-
making regarding lifestyle modification or preventive drug 
treatments, complementing the routine measurement of 
modifiable risk factors and risk factor scores, as advocated 
by consensus guidelines.

PHARMACOGENETICS

The availability of comprehensive genomic data has led to 
exploration of the use of genetic information to predict the 
effects of specific medications. Much variation in drug re-
sponses is thought to be heritable, and in instances where 
common pathways for drug metabolism are involved, sev-
eral molecular mechanisms have been defined. For example, 
functional polymorphism in the cytochrome P450 2D6 gene 
is an important determinant of the active levels of drugs in-
cluding codeine and azathioprine. The impact of such inter-
individual differences in drug absorption, metabolism, and 
excretion varies with the particular drug or combination of 
drugs. These polymorphisms may also have significant en-
dogenous roles.

Genetic association studies, relating the incidence of 
individual candidate gene polymorphisms to particular 
outcomes, have proliferated in pharmacogenetics, as they 

have in the study of other complex traits. Because the 
principal target is known for many drugs, the application 
of association studies to pharmacogenetics has seemed 
more likely to succeed than in other settings. Suitable 
candidate genes are more readily defined, so the com-
plexity of genome-wide analyses is potentially reduced. 
However, even in this simplified context significant limi-
tations remain. Only a select proportion of the population 
is exposed to a given agent, and there may be a wide range 
of distinct responses, so that studies of sufficient power 
are often impractical. The strategy is biased towards loci 
that have already been previously implicated in the drug’s 
effect. Finally, many individuals take multiple drugs that 
may confound the analyses. Theoretical and empirical 
evidence support that to define the loci responsible for 
variation in the response to a drug and the interactions 
between these loci (the genetic architecture), classic ge-
netic techniques in model organisms will be necessary to 
complement human studies.

ETHICAL LEGAL AND SOCIAL ISSUES

A number of potential issues may arise when a genetic test 
is being considered for general use or for use in specific pa-
tients. These issues fall under the heading of ethical, legal, 
and social consequences of mapping and sequencing the 
human genome. As susceptibility testing for common car-
diovascular diseases becomes more widely available, and 
patients inquire about newly developed genetic tests, more 
responsibility for implementing, interpreting, and providing 
information about genetic testing to patients will fall to car-
diovascular specialists and primary care physicians who may 
not be formally trained in genetics. To provide adequate 
genetic services, specialists and their care teams will need 
to develop strategies to communicate risk information and 
potential psychological or social consequences of genetic 
tests to patients and family members, develop guidelines for 
obtaining informed consent and determining when genetic 
testing is appropriate, remain current with developments in 
genetics and provide patients with up-to-date information, 
and become familiar with electronic and Internet resources. 
Optimal genetic services will include the active involve-
ment of a Board-certified genetic counselor.
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Pre-Op Evaluation of 
Noncardiac Surgery
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• On an annual basis, there are greater than 1 million 
perioperative cardiovascular complications, includ-
ing myocardial infarction, congestive heart failure, 
and arrhythmia; these cost greater than $20 billion 
in healthcare expenditures.

• Perioperative cardiovascular events generally occur 
either intra-operatively or within the first 72 hours 
post-operatively, and are associated with increased 
mortality: 10-15% and 1.6% mortality associated with 
preoperative myocardial infarction and heart failure, 
respectively.

• High risk clinical predictors that should delay elec-
tive surgery include unstable coronary syndromes, 
decompensated heart failure, symptomatic valvular 
disease, and significant arrhythmias.

• Intermediate risk clinical predictors include the 
presence of ischemic heart disease, congestive 
heart failure, cerebrovascular disease, diabetes mel-
litus, chronic kidney disease, and high risk surgery. 
These factors are known as the Revised Cardiac Risk 
Index.

• Individuals undergoing major vascular surgery are at 
two- to threefold higher risk for perioperative events 
than those undergoing major nonvascular surgery.

• Impaired functional capacity, i.e., the patient has less 
than 4 METS, is associated with a twofold increase in 
postoperative cardiac complications.

• Preoperative echocardiography is recommended for 
individuals with dyspnea of unclear etiology and a 
history congestive heart failure with a recent change 
in clinical status.

• Noninvasive stress testing should be considered for 
individuals with symptoms of ischemia in whom test-
ing is indicated, even in the absence of surgery and 
in patients with greater than 3 clinical risk predictors 
who are undergoing vascular surgery. It should also 
be considered in patients with 1-2 clinical risk predic-
tors undergoing vascular surgery or with poor func-
tional capacity, undergoing intermediate risk surgery.

• Elective preoperative revascularization does not im-
prove outcomes and is only recommended in the 
setting of acute coronary syndromes, significant left 
main stenosis, and high risk 2-vessel disease. 

• Perioperative beta-blockade is recommended for in-
dividuals undergoing vascular surgery who have evi-
dence of ischemia on noninvasive stress testing and 
for those previously treated with beta-blockers for isch-
emic heart disease, hypertension, and arrhythmia.

d PRACTICAL POINTS

INTRODUCTION

Assessment of perioperative cardiovascular risk is an in-
creasingly important aspect of consultative cardiology, as 
the number of surgical procedures performed steadily rises 

and improved surgical techniques and anesthetics allow for 
surgery in higher risk populations. As of 2000, estimates of 
annual numbers of procedures performed include:

• Nearly 40 million surgical procedures
• Greater than 10 million major noncardiac procedures
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• 4 million major noncardiac procedures in individuals 
over the age of 65

• 2-3 million procedures in individuals with risk factors 
for coronary artery disease (CAD)

• 1 million procedures in individuals with known 
CAD.

The annual economic and social cost associated with peri-
operative cardiovascular morbidity and mortality includes:

• Greater than $20 billion in healthcare expenditures
• Greater than 1 million perioperative cardiovascular 

complications.

The preoperative evaluation provides an opportunity for 
the treating physician to intensify/maximize treatment of 
a patient’s known cardiac condition and to identify and in-
stitute therapy for previously unrecognized cardiovascular 
 disease. Important questions to be asked/answered during 
the preoperative cardiac assessment include:

• What is the patient’s overall risk of adverse cardiac 
events?

• For what specific adverse event is the patient at risk 
(e.g., ischemia, CHF, etc.)?

• Does the patient require further testing to clarify 
risk?

• Is the patient’s risk so high that canceling/postponing 
surgery is warranted?

• What can be done to decrease the patient’s periop-
erative risk (e.g., medications, monitoring procedures, 
invasive procedures, etc.)?

ADVERSE CARDIAC EVENTS

Myocardial Infarction (MI)

The incidence of perioperative MI is highly variable and 
depends in part on the prevalence of CAD in the popula-
tion being studied. The event rate for a healthy individual 
is below 1%, whereas the event rate for an individual with 
risk factors for CAD or with documented CAD ranges 
from 3 to 19%. In a recent study of one series of patients 
over the age of 40 undergoing a variety of elective noncar-
diac surgeries, the event rate for postoperative ischemia 
was as follows:

• 4.1% in patients with known CAD
• 0.8% in patients with peripheral vascular disease but 

no evidence of CAD
• 0% in patients with risk factors but no clinical evi-

dence of atherosclerosis.

The majority of postoperative MIs are clinically si-
lent, owing in part to the use of analgesics and sedation. 
Hence, postoperative ischemia is often identified by ST 
depressions or new Q waves on ECG monitoring or by 

measurement of cardiac biomarkers such as creatinine 
kinase (CK) and/or troponin. Postoperative infarcts pre-
dominately occur 24 to 72 hours following surgery, as the 
hemodynamic effects of anesthesia wane. Pathophysiology 
is thought to reflect both supply/demand mismatch and 
plaque instability. Overall, the mortality of postoperative 
MI is approximately 10 to 15%, with survivors having re-
duced long-term survival.

Congestive Heart Failure (CHF)

The incidence of CHF following noncardiac surgery ranges 
from 5 to 20% during the first 24 to 72 hours following surgery. 
Perioperative event rates are substantially higher in patients 
with CHF than it is in individuals with CAD alone. Also:

• Approximately 17% of individuals with perioperative 
CHF require readmission.

• Approximately 1.6% of individuals with perioperative 
CHF die within 30 days of surgery.

Risk factors for the development of postoperative heart fail-
ure include:

• S3 gallop and elevated jugular venous pressure (JVP)
• Prior pulmonary vascular congestion
• Stenotic valvular disease
• Uncontrolled systemic or pulmonary hypertension 

(HTN)
• Depressed LV systolic function (LVEF <40%).

The precipitants of postoperative CHF include increased 
venous return, owing to perioperative hydration and vol-
ume resuscitation, cessation of positive pressure ventilation 
and vasodilatory anesthetics, reabsorption of third-space 
fluid, and myocardial ischemia. 

Cardiac Arrest and Death

Overall perioperative mortality varies depending on the 
population studied and the nature of the surgery, and 
ranges from 0.6 to 6.3%. However, high risk individuals 
who undergo the highest risk surgeries (i.e., abdominal 
aorta  aneurism (AAA) repair) have substantially greater 
mortality. Ventricular fibrillation (VF) and cardiac arrest 
may complicate up to 0.5% of surgical procedures, most fre-
quently relate to perioperative myocardial ischemia, and are 
associated with a mortality of 50-90%.

PHYSIOLOGICAL BASIS 
FOR ADVERSE EVENTS

There are several physiologic changes that occur in the 
surgical setting and contribute to the development of pe-
rioperative adverse cardiac events. These are outlined in 
Table 8-1.
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PATIENT-SPECIFIC FACTORS 
THAT IMPACT PERIOPERATIVE RISK

Specific aspects of a patient’s history and physical examina-
tion may provide significant insight into perioperative risk. 
This risk stratification was initially performed by qualitative 
assessment of an individual’s medical and functional status 
using the American Society of Anesthesiology (ASA) phys-
ical status classification system. However, this model failed 
to adequately integrate patient specific and surgery specific 
factors to predict the risk of perioperative events. This led 
to the development of multiple multivariable risk models to 
quantify perioperative risk:

• Original Cardiac Risk Index (Goldman criteria)
• Modified Cardiac Risk Index (Detsky criteria)
• Revised Cardiac Risk Index (RCRI).

Of the 3 models, the RCRI appears to have the great-
est  accuracy for predicting perioperative adverse cardiac 
events. 

High Risk Clinical Predictors

High risk clinical predictors reflect active cardiac condi-
tions that warrant delay or cancellation of surgery to allow 
further cardiovascular evaluation and preoperative treat-
ment of the condition. These predictors fall into the follow-
ing categories:

• Unstable coronary syndromes
° CCS (Canadian Cardiac Society) class III or IV 

angina

° Unstable angina
° MI within previous 30 days

• Decompensated CHF
° New-onset or worsening CHF
° NYHA (New York Heart Association) class IV 

CHF
• Significant arrhythmias 

° Symptomatic bradycardia
° Mobitz II atrioventricular ventricular (AV) block
° High-grade AV block
° Third-degree AV block
° Uncontrolled SVT with ventricular rates >100 bpm
° Newly diagnosed ventricular tachycardia

• Valvular heart disease
° Symptomatic aortic stenosis
° Asymptomatic aortic stenosis with an AV are ≤1.0 

cm2 or a mean transaortic gradient >40 mm Hg
° Symptomatic mitral stenosis

Intermediate Risk Clinical Predictors

Individuals without the active cardiac conditions defined 
above may still be at increased risk for adverse events and 
require careful evaluation prior to intermediate or high risk 
surgical procedures. Current guidelines stratify risk in these 
patients based upon the presence of a subset of the following 
six criteria (the RCRI):
 1. Ischemic heart disease

• History of MI
• History of positive stress test
•  Current complaint of chest pain considered to be 

secondary to myocardial ischemia
• Use of nitrate therapy
• ECG with pathological Q waves

 2. Congestive heart failure
• History of congestive heart failure
• Pulmonary edema
• Paroxysmal nocturnal dyspnea
• Bilateral rales or S3 gallop
•  Chest radiograph showing pulmonary vascular 

redistribution
 3. Cerebrovascular disease

• History of TIA or stroke
 4. Insulin-dependent diabetes mellitus
 5. High risk surgical procedures

• Intraperitoneal
• Intrathoracic
• Suprainguinal vascular

 6. Chronic kidney disease (CKD) with a baseline creati-
nine >2.0 mg/dL.

An individual receives one point for each applicable cate-
gory. Based on the total point score, the risk of major periop-
erative cardiac events (MI, pulmonary edema, VF, primary 
cardiac arrest, and complete heart block) can be estimated 
(Table 8-2).

Table 8-1 • Physiologic Alterations That Contribute 
to Postoperative Adverse Events

Contributing Factors 
to Perioperative Events Physiologic Basis/Effect

Postoperative
procoagulable state

Platelet activation
Increased fibrinogen
Reduced intrinsic fibrinolytic 

activity

Supply and/or 
demand mismatch

Tachycardia
Hypertension
Hypoxemia
Fluid shifts
Blood loss

Elevated catecholamines Vasospasm
Tachycardia
Hypertension

Activation of the 
renin-angiotensin System

Hypertension
Water and sodium retention

Anesthetic effects Vasodilation
Negatively inotropic

Withdrawal of positive 
pressure Ventilation

Increased venous return
Increased afterload
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Minor Clinical Predictors

The presence of other risk factors may raise the possibility 
of underlying cardiac disease; however, they do not improve 
upon the predictive accuracy of the RCRI and are not incor-
porated into the preoperative risk assessment models. These 
minor predictors include:

• Advanced age (>70 years)
• Abnormal electrocardiogram (ECG)

° Left ventricular hypertrophy (LVH)
° Resting ST-T abnormalities
° Left bundle branch block (LBBB)
° Rhythms other than sinus (including atrial 

fibrillation)
• Uncontrolled HTN:

° >180/110 mm Hg
• Depressed LV ejection fraction

Impact of Functional Capacity

Cardiopulmonary impairment of functional capacity is one 
of the best clinical predictors of both perioperative and long-
term events. Impaired functional capacity is associated with 

an overall twofold increase in adverse events and a fivefold 
increase in ischemia, postoperatively. A patient’s functional 
capacity can be estimated based on his or her ability to per-
form a variety of common activities, as outlined in the Duke 
Activity Status Index (see Table 8-3): 

• Ability to achieve >4 METS is associated with a posi-
tive predictive value (PPV) of 10% and negative pre-
dictive value (NPV) of 95% for perioperative events.

• Inability to climb 2 flights of stairs or walk 4 blocks 
is associated with a twofold increase in postoperative 
cardiac complications. One case series estimated that 
the inability to climb 2 flights of stairs indicates a PPV 
of 82% for postoperative cardiopulmonary events.

SURGERY SPECIFIC FACTORS 
THAT IMPACT PERIOPERATIVE RISK

Timing of Surgery

The incidence of perioperative cardiovascular complica-
tions is two- to fivefold higher in individuals undergoing 
emergent or urgent surgery, in part because time is not 
available for preoperative cardiovascular evaluation and 
treatment. Patients undergoing elective surgeries, on the 
other hand, should be fully evaluated and medically opti-
mized preoperatively, and show a lower incidence of periop-
erative complications. Delay of surgery is often appropriate 
for patients with active cardiac conditions and for high risk 
individuals meeting criteria for preoperative noninvasive 
stress testing.

Special consideration regarding timing of surgery needs to 
be given following percutaneous coronary interventions 
(PCI) with bare-metal or drug-eluting stents (see section on 
revascularization below), and in patients after MI. Earlier 
guidelines recommended that elective surgery be delayed for 

Table 8-3 • Estimated Energy Requirements for Various Activities Based on Duke Activity Status Index

1 MET

4 METs

Can you . . . 
Take care of yourself?

Eat, dress, or use the toilet?

Walk indoors around the house?

Walk a block or 2 on level ground at 2 to 3 
mph (3.2 to 4.8 kph)?

Do light work around the house like dusting 
or washing dishes?

4 METs

Greater than 
10 METs

Can you . . . 
Climb a flight of stairs or walk up a hill?

Walk on level ground at 4 mph (6.4 kph)?

Run a short distance?

Do heavy work around the house 
like scrubbing floors or lifting or moving 

heavy furniture?

Participate in moderate recreational activities 
like golf, bowling, dancing, doubles tennis, or 

throwing a baseball or football?

Participate in strenuous sports like swimming, 
singles tennis, football, basketball, or skiing?

kph indicates kilometers per hour; MET, metabolic equivalent; and mph, miles per hour. 
From: ACC/AHA 2007 Guidelines on Perioperative Cardiovascular Evaluation and Care for Noncardiac surgery. Circulation. 2007;116e418–e499. with permission.

Table 8-2 • Estimation of Perioperative Cardiac 
Event Rate Based on the RCRI Point System

Risk Factors Point Score Class
Adverse
Event Rate

Ischemic heart 
disease

0  I 0.4%

CHF 1  II 0.9%

TIA/CVA 2 III 6.6%

Diabetes ≥3 IV 11%

Creatinine >2.0

High risk surgery
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at least 6 months following unstable angina, MI, or revas-
cularization; however, data suggest that there is a graded 
reduction in risk as time elapses, as follows:

• Major risk: <6 weeks from index infarction
• Intermediate risk: 6 to 12 weeks from index infarction
• Minor risk: >12 weeks from index infarction.

Patients who have suffered a MI, are clinically stable, and 
have undergone testing that reveals no significant residual 
ischemic burden are at relatively low risk of perioperative 
cardiac complications and can usually undergo noncardiac 
surgery 4 to 6 weeks following MI, with acceptably low risk.

Surgery-Specific Risk

Certain procedures are associated with higher perioperative 
risk based on the nature of the surgery itself (see Table 8-4). 
Individuals undergoing major vascular surgery are at two- 
to threefold higher risk for perioperative events than those 
undergoing major nonvascular surgery. This relates to the 
high burden of CAD in patients with vascular disease. 
Laparoscopic, endovascular, or minimally invasive proce-
dures as opposed to open surgical procedures may be appro-
priate for certain high risk patients. 

Anesthesia

Anesthetic choice needs to be considered in preoperative risk 
assessment. However, compared with general endotracheal 
anesthesia, there is no clear evidence that neuraxial anesthe-
sia reduces perioperative cardiac risk, and it is associated with 
significant hemodynamic effects when is administered at high 
dermatomal levels (i.e., for supra-inguinal procedures). 

GENERAL APPROACH TO 
PREOPERATIVE RISK ASSESSMENT

The current ACC/AHA guidelines for preoperative cardio-
vascular evaluation prior to noncardiac surgery provide an 
evidence-based framework for assessing risk and determin-
ing the need for preoperative testing. The algorithm incor-
porates the quantification of patient-specific risk factors 
from the RCRI into the decision process; however, based 
upon consensus opinion, the definition of high risk surgical 
procedure is limited to vascular surgery and is separately ad-
dressed within the algorithm (see Figure 8-1).

The 5-step management algorithm’s evidence-based ap-
proach favors the limitation of preoperative noninvasive 
testing or intervention to circumstances in which it is in-
dicated even in the absence of surgery or to situations in 
which the results of such testing will affect the performance 
of the surgery. This algorithm proceeds as follows:

 1. Individuals in need of emergency surgery should pro-
ceed as planned.

 2. Individuals with active cardiac conditions and indi-
viduals with 3 or more clinical risk factors who are 
scheduled to undergo vascular surgery should undergo 
formal cardiac evaluation and be treated and stabi-
lized prior to surgery.

 3. Individuals with poor functional capacity who are 
scheduled to undergo intermediate risk surgery most 
often can proceed with surgery unless preoperative 
testing will change management.

 4. Individuals with good functional capacity who are to 
undergo intermediate risk surgery should proceed to 
surgery without further testing.

 5. Individuals scheduled to undergo low-risk surgery 
rarely require preoperative testing regardless of clini-
cal risk factors. 

SPECIFIC CONDITIONS

Coronary Artery Disease

The Role of Preoperative Noninvasive Testing
Electrocardiogram (ECG) The presence of pathological 
Q waves, LVH, >0.5-mm ST depressions, or LBBB predict 
adverse postoperative events. A preoperative ECG within 
30 days of surgery is indicated for the following patients:

• Individuals undergoing vascular surgery
• Individuals with 1 clinical risk factor or with known 

vascular disease and undergoing an intermediate risk 
procedure.

Assessment of LV Function Depressed LV ejection fraction 
(LVEF <40%) is associated with increased risk of 

Table 8-4 • Cardiac Risk Stratification for 
Noncardiac Surgical Procedures

Risk Stratification Procedure Examples

Vascular—reported 
cardiac risk often 
more than 5%

 Aortic and other major •
vascular surgery
Peripheral vascular surgery•

Intermediate—
reported cardiac risk 
generally 1 to 5%

 Intraperitoneal and intrathoracic •
surgery
Carotid endarterectomy•
Head and neck surgery•
Orthopedic surgery•
Prostate surgery•

Low—reported
cardiac risk generally 
less than 1%

Endoscopic procedures•
Superficial procedures•
Cataract surgery•
Breast surgery•
Ambulatory surgery•

From: ACC/AHA 2007 Guidelines on Perioperative Cardiovascular Evaluation and 
Care for Noncardiac surgery. Circulation. 2007;116e418–e499. with permission.
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Figure 8-1. Cardiac evaluation and care algorithm for noncardiac surgery. The algorithm is based on active cardiac conditions, 
known cardiovascular disease, or risk factors for patients 50 years of age or greater. *See the section on high risk clinical predictors.
†See Table 8-3 for estimated MET level equivalent. ‡Clinical risk factors include ischemic heart disease, compensated or prior CHF,
diabetes mellitus, renal insufficiency, and cerebrovascular disease. §Consider perioperative beta-blockade for populations in which this 
has shown to reduce cardiac morbidity/mortality. ACC/AHA, American College of Cardiology/American Heart Association; HR, heart 
rate; LOE, level of evidence; MET, metabolic equivalent. (From: ACC/AHA 2007 Guidelines on Perioperative Cardiovascular Evaluation
and Care for Noncardiac surgery. Circulation. 2007;116e418–e499. with permission.)

postoperative CHF but is a poor predictor of ischemia. The 
inclusion of echocardiographic or radionuclide-based LV 
dysfunction or wall motion abnormalities does not improve 
the predictive accuracy of the risk assessment models, 

and, in general, does not affect patient management when 
used for routine preoperative evaluation, unless there is a 
murmur suggestive of significant stenotic valvular disease, 
new onset CHF, or worsening congestive symptoms. Current 
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guidelines suggest that preoperative echocardiography may 
be reasonable for the following patients:

• Individuals with dyspnea of unclear etiology.
• Individuals with current or prior CHF with a recent 

change in clinical status and no assessment of LVEF 
in the past year.

When indicated, echocardiography can help stratify risk 
and guide treatment, based on the type of LV dysfunction 
present (i.e., systolic or diastolic). Systolic dysfunction is as-
sociated with a higher risk of perioperative adverse events, 
although careful fluid management is warranted in both 
settings.

Stress Testing The utility and role of preoperative stress 
testing lies mainly in the identification of patients with 
inducible ischemia or arrhythmias and the assessment of 
functional capacity. In particular, ischemia at low workloads 
(<4 METS) or evidence of high risk coronary anatomy (i.e., 
ischemia suggestive of left main or proximal 3-vessel CAD) 
are the most important findings to identify (see Table 8-5). 
Individuals with good functional capacity with mild or no 

ischemia, or with ischemia only at high workloads, have a 
low perioperative ischemic event rate. 

When preoperative stress testing is performed, an exercise-
based protocol is the modality of choice. Pharmacological 
stress with dobutamine, adenosine, or persantine is rec-
ommended in patients unable to exercise, while an imag-
ing modality is required in patients with significant resting 
ECG abnormalities (e.g., LVH, LBBB, preexcitation, paced 
rhythms). The respective sensitivities and specificities 
for the diagnosis of CAD for stress test modalities are as 
follows:

• Exercise tolerance test (ETT): 68% and 77%
• Myocardial perfusion imaging (MPI): 85% and 80%
• Dobutamine stress echocardiogram: 80% and 90%.

The negative predictive value for all modalities is quite 
good (>90% with ETT, >95% with imaging modalities), 
while their positive predictive value is poor (10-20%).

While preoperative stress testing can reasonably iden-
tify patients with CAD, its ability to predict periopera-
tive ischemic events is poor. Specifically, the positive 
predictive value of an abnormal test is, in general, only 
10-20%. However, integrating stress imaging results with 
clinical risk factors may improve the prediction of post-
operative events. Patients who have ischemia on stress 
testing at ≥60% maximal predicted heart rate have an 
adverse event rate of ~4% when no clinical risk factors 
are present, compared to patients with a rate of 22% when 
2 or more risk factors are present. Nonetheless, a negative 
stress test accurately identifies lower risk patients with a 
negative predictive value of >90% in patients undergo-
ing routine ETT and >98% when an imaging modality 
is used.

In general, preoperative stress testing should be performed 
only if it would be indicated even in the absence of surgery 
and in patients in whom the results would affect the perfor-
mance or timing of surgery. Current guidelines support non-
invasive stress testing for the following patients, providing 
the possibility of delay for revascularization and use of dual 
antiplatelet therapy is acceptable:

• Individuals with symptoms of ischemia in whom test-
ing is indicated in the absence of surgery.

• Individuals with >3 clinical risk factors and poor 
functional capacity undergoing vascular surgery

• Individuals with 1 to 2 clinical risk factors undergoing 
vascular surgery or with poor functional capacity who 
are scheduled to undergo an intermediate risk surgery 
can be considered for stress testing.

Importantly, preoperative stress testing is not useful in pa-
tients who lack clinical risk factors and who are undergoing 
intermediate risk surgery, or in patients undergoing low risk 
procedures.

Table 8-5 • High Risk Prognostic Markers 
of Adverse Perioperative Events* Based 
on Stress Modality. 

Stress Modality
High Risk Prognostic Markers 
of Adverse Events 

Exercise Treadmill 
Test (ETT)

Typical angina and/or ischemic ECG 
changes at low workloads: <4 METS 
or <100 bpm or <70% maximal 
predicted heart rate

Ischemic ECG changes in 5 or more 
leads

Ischemic ECG changes that persist 
3 min into recovery

1 mm ST-segment elevation
≥10 mm Hg decrease in systolic 

blood pressure with exercise

Myocardial
Perfusion
Imaging (MPI)

Reversible perfusion defect with 
involvement of >20% of 
myocardium

3 or more perfusion defects
Presence of a large and severe 

perfusion defect
Transient left ventricular dilation

Dobutamine Stress 
Echocardiography

New moderate to large size wall 
motion abnormality at a low 
ischemic threshold (<60% maximal 
predicted heart rate)

3 or more inducible wall motion 
abnormalities

Hypotension with dobutamine 
infusion

*Adverse events include myocardial ischemia and death.
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The Role of Preoperative 
Coronary Revascularization
Percutaneous and Surgical Revascularization In general, 
the indications for preoperative coronary revascularization 
are the same as the indications for revascularization in the 
nonoperative setting; it is recommended for the following 
patients:

• Individuals with acute coronary syndromes (high risk 
unstable angina, NSTEMI, or STEMI).

• Individuals with stable angina and significant left 
main stenosis.

• Individuals with stable angina and 3-vessel coronary 
disease, especially if LVEF <50%.

• Individuals with stable angina and 2-vessel CAD in-
cluding significant proximal left anterior descending 
(LAD) coronary artery disease, especially if LVEF is 
<50% or there is inducible ischemia on stress testing.

However, it needs to be recognized that while coronary 
revascularization has theoretical appeal as a method of re-
ducing ischemic risk perioperatively, data are limited that 
support this approach, and the revascularization procedure 
may significantly impact the performance and timing of the 
subsequent noncardiac surgery. 

Several prospective, randomized studies have now dem-
onstrated the lack of benefit of elective coronary revascu-
larization (either percutaneously or surgically) in reducing 
perioperative cardiac events or improving long-term out-
comes, even amongst patients who have documented isch-
emia on noninvasive testing and are undergoing high risk 
surgical procedures. Additionally, several retrospective 

studies have demonstrated a high rate of perioperative 
bleeding, MI, and death in patients who undergo PCI in 
the preoperative period. This likely reflects an increased 
risk of stent thrombosis when a recently implanted stent is 
subjected to the procoagulant state of surgery, and increased 
bleeding risk when appropriate antiplatelet therapy is con-
tinued perioperatively. 

Nonetheless, PCI is occasionally warranted preoperatively. 
In such cases, it is necessary to delay the noncardiac sur-
gery in order to allow adequate recovery from the myo-
cardial infarct (when present) and to provide an adequate 
duration of antiplatelet therapy (see below). As previously 
noted, elective surgery should be delayed for at least 4 weeks 
 following MI. The type and urgency of the planned surgery 
should guide the mode of revascularization (angioplasty 
versus stenting) and stent selection (bare-metal versus 
drug- eluting). The general consensus guidelines favor the 
following procedures (see also Figure 8-2):

• Balloon angioplasty if surgery is required within 2 to 
4 weeks.

• PCI with a bare-metal stent if surgery can be delayed 
more than 4 weeks, or if the patient has a bleeding 
diathesis or is unable to take thienopyridines.

• PCI with a drug-eluting stent if surgery can be delayed 
more than 12 months.

Perioperative Antiplatelet Therapy Following PCI PCI 
necessitates a prolonged period of dual antiplatelet therapy 
to reduce the risk of thrombosis prior to endothelialization 
of the stented coronary segment. This endothelialization 
takes approximately 2 weeks following balloon angioplasty, 

Greater than 365 days30 to 365 days14 to 29 days
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Figure 8-2. Treatment for patients requiring PCI who need subsequent surgery. ACS, acute 
coronary syndrome; COR, class of recommendation; LOE, level of evidence; MI, myocardial 
infarction. (From: ACC/AHA 2007 Guidelines on Perioperative Cardiovascular Evaluation 
and Care for Noncardiac surgery. Circulation. 2007;116e418–e499. with permission.)
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4 to 6 weeks following placement of a bare-metal stent, 
and at least 1 year following implantation of a drug-eluting 
stent. However, the increased risk of postoperative bleeding 
in patients on antiplatelet agents (clopidogrel increases 
bleeding risk ~50%) raises substantial concern and frequently 
necessitates the cessation of one or both antiplatelet agents. 
The timing of elective surgery in relation to PCI should be 
carefully planned to minimize the risks of stent thrombosis 
and limit bleeding complications (see Figure 8-3).

Individuals who are status post-recent PCI and require elec-
tive noncardiac surgery should be managed by the following 
consensus guidelines:

• After balloon angioplasty: delay surgery for 2 to 4 
weeks, then proceed on aspirin therapy.

• After bare-metal stent placement: delay surgery for 4 
to 6 weeks of dual antiplatelet therapy, then proceed 
on aspirin therapy.

• After drug-eluting stent placement: delay surgery for 
1 year of dual antiplatelet therapy, then proceed on 
aspirin therapy.

The Role of Perioperative Medical Therapy
Beta-blockers: The physiological basis for the perioperative 
use of beta-blockade includes:

• Reduction in myocardial oxygen consumption
• Blunting of the adverse effects of elevated cate-

cholamines
• Reduction of postoperative tachyarrhythmias
• Plaque stabilization due to anti-inflammatory effects.

Data regarding the use of perioperative beta-blocker therapy 
conflict; however, the weight of evidence suggests that beta-
blocker use is associated with a reduction in postoperative MI 

and mortality. Current guidelines recommend that periopera-
tive beta-blocker therapy be used for the following patients:

• Individuals previously on beta-blockers for CAD, 
HTN, or arrhythmia.

• Individuals undergoing vascular surgery who have evi-
dence of ischemia on preoperative testing.

Furthermore, perioperative beta-blocker therapy should be 
considered for:

• Individuals undergoing vascular surgery who have 
more than 1 RCRI risk factor.

• Individuals undergoing intermediate risk procedures 
who have more than 1 RCRI risk factor.

The utility of perioperative beta-blockade in individuals 
with zero or 1 RCRI risk factor is unproven, even for high 
risk vascular surgery, and there are insufficient comparative 
trials to support the use of one beta-blocker over another. 
Beta-blockade should be started as far in advance of sur-
gery as possible and up-titrated to a goal heart rate of 60 to 
65 bpm. However, care must be taken to avoid hypotension 
and profound bradycardia, as recent data suggest these may 
increase the risk of perioperative stroke. Additionally, with-
drawal of beta-blockers prior to or immediately after surgery 
is associated with increased postoperative adverse events 
and should be avoided. The ideal duration of beta-blocker 
therapy following surgery is uncertain, but at least 1 to 4 
weeks seems reasonable.

Alpha-2 agonists: Alpha-2 agonists, such as clonidine, blunt 
the central release of catecholamines and are associated 
with a reduction in postoperative MI and mortality. In addi-
tion, clonidine results in minimal hemodynamic effects and 
is available in both oral and transdermal formulations. This 
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Figure 8-3. Proposed approach to the management of patients with previous PCI who require noncardiac surgery. Based on expert 
opinion. (From: ACC/AHA 2007 Guidelines on Perioperative Cardiovascular Evaluation and Care for Noncardiac surgery. Circulation.
2007;116e418–e499. with permission.)
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agent may be useful in patients who would otherwise ben-
efit from perioperative beta-blocker therapy but are beta-
blocker intolerant.

Statin: The physiological basis for the use of statins during 
the perioperative period may include plaque stabilization, 
decreased oxidative stress, and decreased vascular inflamma-
tion. Small studies suggest there may be a threefold reduc-
tion in the number of perioperative events in statin-treated 
patients. In general, statin therapy is indicated whenever 
long-term lipid therapy is appropriate. Current guidelines 
suggest that statin use should not be discontinued prior to 
surgery and initiation of statin therapy may be beneficial for 
the following patients:

• Individuals undergoing vascular surgery, irrespective 
of risk factors.

• Individuals undergoing intermediate risk procedures 
with 1 or more RCRI risk factors.

Calcium channel blocker (CCB): CCBs are considered safe 
in the perioperative period but have not been proven to re-
duce postoperative events. Use of CCBs may reduce the risk 
of postoperative tachyarrhythmias.

Congestive Heart Failure

Routine assessment of LVEF prior to noncardiac surgery 
is recommended only in the setting of new or worsening 
CHF (see “Assessment of LV Function” above) and should 
prompt further investigation into the underlying etiology 
of congestive heart failure. Evaluation of new-onset CHF 
in the postoperative period should focus on potential isch-
emia. The medical therapy of perioperative CHF is simi-
lar to that in the nonoperative setting and includes careful 
volume management and afterload reduction through the 
judicious use of diuretics, vasodilators, and beta-blockers. 
Prophylactic hemodynamic monitoring with a pulmonary 
artery (PA) catheter does not appear to improve periopera-
tive outcomes in patients with a history of CHF, although 
individuals with NYHA class III and IV CHF have not been 
thoroughly studied. Individuals with hypertrophic cardio-
myopathy with obstructive physiology are at particular risk 
of perioperative hemodynamic instability, owing to their in-
tolerance of volume shifts, vasodilation, and tachycardia. 

Valvular Heart Disease

General Principles
Patients with severe aortic or mitral stenosis are prone to 
CHF and hemodynamic instability perioperatively; cancel-
lation of noncardiac surgery and evaluation for valvular 
surgery should be considered in patients with symptomatic 
stenotic valve lesions. Valvular insufficiency is generally 
well-tolerated perioperative, owing to the vasodilatory ef-
fects of anesthetics.

Antibiotic Prophylaxis for Valvular Disease
A recent update to the AHA guideline for the prevention of 
infective endocarditis narrowed the indications for antibi-
otic prophylaxis to patients undergoing high risk procedures 
(from the infectious standpoint) who have the following 
cardiac conditions:

• Prior infective endocarditis
• Prosthetic cardiac valves
• Unrepaired cyanotic congenital heart defects, includ-

ing palliative shunts and conduits
• Congenital heart defects (ASD, VSD, PDA) that are 

repaired with prosthetic material or via implanted de-
vice, whether surgically or percutaneously, during the 
first 6 months after the procedure

• Repaired congenital defects with residual shunting at 
the site of repair

• Cardiac transplant.

Anticoagulation of Mechanical Valves
In managing perioperative anticoagulation in patients with 
prosthetic valves, the physician needs to weigh the risk of 
valve thrombosis against the risk of bleeding. Procedures as-
sociated with a low risk of bleeding (i.e., skin procedures, 
most dental procedures, and ophthalmologic procedures) do 
not warrant discontinuation of anticoagulation. However, 
procedures associated with a high risk of bleeding may war-
rant cessation of warfarin and often require use of bridging 
anticoagulation with either unfractionated heparin (UFH) 
or low molecular weight heparin (LMWH).

Individuals with the following history are at the highest risk 
of thrombotic complications when anticoagulation is with-
held perioperatively:

• Mechanical valve in the mitral or tricuspid position
• Bjork–Shiley or Starr–Edwards mechanical valve
• Recent prosthetic valve thrombosis or embolism
• Concomitant atrial fibrillation, history of prior throm-

boembolus, hypercoagulable state, and LVEF <30%.

The 2006 ACC/AHA Guidelines for the Management of 
Patients with Valvular Heart Disease recommend the fol-
lowing approaches for these patients:

• Individuals with a bileaflet aortic valve and no high 
risk factors are low risk, and bridging anticoagulation 
is unnecessary. Stop anticoagulation 48 to 72 hours 
prior to surgery and resume warfarin within 24 hours 
after the procedure.

• Individuals with any high risk features (as mentioned 
above) require bridging anticoagulation. Stop antico-
agulation 3 to 5 days prior to surgery and initiate bridg-
ing anticoagulation when the INR falls below 2.0. Stop 
UFH 4 to 6 hours or LMWH 12 hours prior to the sur-
gery. Resume bridging anticoagulation and warfarin as 
soon as possible postoperatively, and continue bridging 
for 24 hours after attaining a therapeutic INR.
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Role of Prophylactic Valvuloplasty 
for Aortic or Mitral Stenosis
Prophylactic valvuloplasty as a bridge to major noncardiac 
surgery may be considered for the following patients: 

• Individuals with hemodynamically unstable aortic 
stenosis who are high risk for valve replacement or 
when delay of noncardiac surgery is unacceptable.

• Individuals with NYHA class II to IV CHF from mod-
erate to severe mitral stenosis and favorable valve 
morphology.

Arrhythmias

The combination of hypoxia, pain, bleeding, fever, infec-
tion, electrolyte derangements, medications, and underly-
ing structural heart disease contribute to the development 
of postoperative bradyarrhythmias and tachyarrhythmias.

Bradyarrhythmias
All individuals with class I indications for implantation of a 
permanent pacemaker should undergo the procedure prior to 
elective surgery. If emergent noncardiac surgery is required, a 
temporary transvenous pacemaker should be used periopera-
tively as a bridge to permanent pacemaker implantation.

Supraventricular Tachycardia (SVT)
SVT, in particular atrial fibrillation, is the most common 
perioperative rhythm disturbance and complicates greater 
than 15% of thoracic surgical procedures. Atrial fibrillation 
often resolves spontaneously within 36 to 48 hours of the 
noncardiac surgery.

• Postoperative SVT is associated with a twofold in-
creased risk of pulmonary edema.

• Preoperative use of calcium channel blockers or beta-
blockers can reduce the incidence of atrial fibrillation 
by 50 to 60%.

• Limited data suggest that statin therapy is associated 
with a lower rate of postoperative atrial fibrillation.

Ventricular Tachycardia (VT)
Nonsustained VT is not predictive of increased periopera-
tive risk and is most often the result of electrolyte abnormal-
ities. Sustained ventricular tachycardia in the perioperative 
setting is usually caused by ischemia and warrants a formal 
cardiac evaluation.

PERIOPERATIVE DEVICE 
MANAGEMENT

Electrocautery and radiofrequency scalpels used in the surgi-
cal arena induce electromechanical interference (EMI) that 
may result in inhibition of pacemaker function or inappropri-
ate therapies for VT/VF owing to device oversensing. Newer 
devices with bipolar leads are less prone to EMI because of a 

narrower sensing field width. Physicians managing pacemak-
ers and ICDs perioperatively need to consider indication for 
the device and the device settings. General recommendations 
for the management of these devices include:

• Monitoring ECG.
• Turning off rate responsiveness in individuals who are 

not pacemaker-dependent in order to avoid incor-
rectly tracking EMI and pacing at the upper rate limit 
of the pacemaker.

• Reprogramming to asynchronous pacing modes (VOO 
or DOO) for pacemaker dependent individuals.

• Inactivating ICD therapies (magnets do not always 
turn off the pacing function of an ICD).

• Reprogramming back to the original settings as soon 
as possible postoperatively.

• Using bipolar/ultrasonic cautery, as it may lower the 
risk of EMI with compared to unipolar cautery.

POSTOPERATIVE MONITORING

Telemetry and ECG

Intraoperative and postoperative telemetry with ST-segment 
monitoring is indicated in patients at risk for, or known to 
have, atherosclerosis. ST segment changes frequently occur 
when patients are awakening from deep anesthesia, and 
prolonged ST-segment depression during the postoperative 
period is predictive of postoperative ischemia and death. An 
ECG should be obtained immediately after surgery and daily 
for 48 hours in patients with known or suspected CAD and 
in low risk patients only if they show evidence of cardiac 
dysfunction perioperatively.

Cardiac Biomarkers

Cardiac troponin is a highly sensitive marker of myocar-
dial injury; however, the clinical significance of a mildly 
elevated postoperative troponin without other evidence of 
MI is not clear.

• Nonetheless, cardiac enzymes should be assessed in 
patients who are clinically suspected of having a peri-
operative cardiac event.

Pulmonary Artery (PA) Catheters

The use of perioperative hemodynamic monitoring with 
a PA catheter does not clearly improve clinical outcomes; 
however, it may be useful in high risk patients with severe 
coronary disease, cardiomyopathy, or valvular disease, pro-
viding expertise with its interpretation is available.

Other Factors

Significant blood loss and the need for blood transfusions 
are associated with increased postoperative events. The goal 
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should be to maintain a hematocrit greater than 30 in pa-
tients with known CAD.

MANAGEMENT OF 
POSTOPERATIVE MI

The majority of postoperative MIs relate to supply/demand 
mismatch, are clinically silent, and do not have associated 
ECG changes to suggest plaque instability. If ST changes are 
present and plaque instability is suspected, then unfraction-
ated heparin should be administered, providing the bleed-
ing risk is acceptable. Glycoprotein IIb/IIIa inhibitors and 
fibrinolytics are generally contraindicated in the postopera-
tive setting. Intensive medical therapy and stabilization is 
appropriate for the majority of postoperative non-ST-seg-
ment elevation MIs (NSTEMIs). However, individuals who 
are refractory to medical therapy or have an ST-segment 
elevation MI (STEMI) should be considered for coronary 
angiography and PCI, with acceptance of the bleeding po-
tential in all but the highest risk patients. 
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INNERVATION OF THE HEART

The brain controls circulation primarily via the sympathetic 
and parasympathetic nervous systems. Afferent impulses are 
received from peripheral receptors, and parasympathetic 
and sympathetic efferent outflows are adjusted to enable the 
circulation to adapt appropriately.

Cardiac Afferents

Baroreceptors (mechanoreceptors) are located in the ca-
rotid sinus and the aortic arch, and in heart and lungs. Their 
function is to maintain the blood pressure (BP) within nor-
mal range. They are activated by wall expansion in response 
to elevated blood pressure. Decreased blood pressure leads 
to decreased firing of these nerves. The baroreflex sensitiv-
ity increases during sleep and during rest (i.e.,→ BP falls), 

and decreases during exercise, with chronic hypertension 
and with age (i.e.,→ BP rises).

Chemoreceptors serve to maintain oxygen delivery. They 
are located in the carotid arteries and the aortic bodies. 
Hypoxia leads to reflex bradycardia (vagally mediated) and 
vasoconstriction (sympathetically mediated). Both sympa-
thetic and parasympathetic receptors are present in all four 
chambers of the myocardium.

Most afferent pathways from baroreceptors and from some of 
the mechanoreceptors terminate in the nucleus tractus soli-
tarius (NTS), a nucleus in the lower brain stem, which re-
ceives a variety of primary visceral afferent signals. Neurons 
of the NTS relay information to the reticular formation 
(vasomotor center) and the vagal nuclei, from where the 
sympathetic and parasympathetic outflows pass to the blood 

Acute Brain Injury 
and Heart Disease

Katharina M. Busl and Martin A. Samuels
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• Common ECG changes in the setting of brain injury 
include large, inverted T waves. These ECG changes 
do not reflect ischemic heart disease, but are a sign 
of autonomic dysregulation.

• Neurogenic cardiac disease, including sudden car-
diac death, may occur in a structurally complete, 
normal heart and does not require preexisting heart 
disease; however, patients with preexisting cardio-
vascular disease may be more sensitive to neuro-
genic stress.

• Stress cardiomyopathy typically involves the left ven-
tricular apex and midventricle, as these contain the 
greatest catecholamine terminal density. 

• The most common clinically significant complication 
of neurogenic cardiomyopathy is left heart failure.

• Neurogenic cardiomyopathy can mimic a myocar-
dial infarction and must be considered a differential 
diagnosis.

• Peak troponin release in subarachnoid hemorrhage 
is predictive of risk for left ventricular dysfunction, 
hemodynamic instability, and pulmonary edema.

• Seizures can mimic heart disease; arrhythmia may 
be the most prominent finding, and syncope may 
occur in cases of ictal bradycardia.

d PRACTICAL POINTS
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vessels and the heart. Neural pathways from the NTS also 
regulate hormonal secretion (vasopressin) from the hypo-
thalamus. Control from higher centers, such as the response 
to emotional stress, is exerted mainly via the hypothalamus 
by input to the NTS and the vasomotor center.

The insulae and thalamus have a sensory viscerotropic rep-
resentation that includes the termination of cardiopulmo-
nary afferents.

Cardiac Efferents

Sympathetic Efferents
The main sympathetic outflow originates in the paraven-
tricular nucleus of the hypothalamus and in the rostral 
ventrolateral medulla (reticular formation). There are 
connections with the NTS and the dorsal motor nucleus 
of the vagal nerve providing sympathetic influence on 
parasympathetic output. Most sympathetic outflow travels 
to the intermediolateral cell column of the spinal cord, 
exits the upper thoracic (T1-5) spinal cord via the ante-
rior root and white rami communicantes, travels in the 
sympathetic chain, and reaches the stellate and superior 
cervical ganglia, from which the sympathetic postgangli-
onic fibers travel to the heart. Sympathetic innervation 
of the heart is asymmetrical. The efferents from the left 
stellate ganglion terminate at SA and AV nodes, and the 
efferents from the right stellate ganglion reach atria, sep-
tum, and ventricles. The main transmitter is norepineph-
rine. The sympathetic activity is largely reflex, based on 
afferent information processed by the brainstem’s cardio-
vascular control centers.

Parasympathetic Efferents
Parasympathetic outflow mostly originates in the vagal nu-
clei (dorsal motor nucleus and nucleus ambiguous in the 
brain stem) and reaches the intracardiac ganglia via the 
superior, middle, and inferior cardiac rami of the ipsilat-
eral vagus nerve. Parasympathetic efferents from both sides 
reach the SA (right vagus > left) and AV (left vagus > 
right) nodes, cardiac vessels, and cardiac cells in all four 
chambers. Though the predominant effect of vagal activity 
is negatively chronotropic (i.e., slowing of the heart rate), 
there is also a negative inotropic effect (i.e., reduction of the 
contractile force) of vagal activity. Preganglionic neurons 
are stimulated by nicotine and are insensitive to atropine. 
Preganglionic parasympathetic and postganglionic sympa-
thetic fibers combine within the cardiac plexus at the heart 
base (see Table 9-1).

The vagal input on the SA node can override maximal 
sympathetic (adrenergic) tone. While the parasympathetic 
action has a short latency of 200 msecs and reaches its maxi-
mal effect after 400 msecs, sympathetic action has a latency 
of 1-3 seconds and lasts longer.

The balance between sympathetic and parasympathetic 
cardiac modulation is regulated by two main influences: 
medullary reflexes triggered by activation of mechano- 
and chemoreceptors, and descending influences from the 
cerebral cortex, amygdala, hypothalamus, and periaque-
ductal gray matter, which mediate integrated responses to 
stressors.

THE BRAIN–HEART CONNECTION

Mechanisms of the Production 
of Neurogenic Heart Disease

There are several mechanisms for neurogenic cardiac dam-
age: catecholamine effects, stress with or without steroid 
effect, nervous system stimulation, and reperfusion.

The most important mechanism for neurogenic cardiac 
damage seems to be direct catecholamine-induced damage. 
Catecholamine infusion into the heart causes a characteris-
tic pathological picture in the cardiac muscle: contraction 
band necrosis (also known as myofibrillar degeneration, or 
coagulative myocytolysis). Cells die in a hypercontracted 
state (contraction bands). Calcification occurs rapidly 
(even immediately). The damage is predominantly suben-
docardial. Contraction band necrosis is the major lesion 
seen in the setting of acute neurological or psychiatric catas-
trophes. The likelihood and extent of myocardial necrosis 
is correlated with the severity of clinical neurological state 
(see Figure 9-1).

This form of cardiac damage is distinct from the damage 
in ischemic myocardial infarction (coagulation necrosis), 
which is characterized by cell death in a relaxed state, and 
late, if any, calcification.

Other mechanisms of neurogenic heart disease are stress 
(with or without the influence of steroids), nervous system 
stimulation (stimulation of hypothalamus, limbic cortex, 

Table 9-1 • Sympathetic and Parasympathetic 
Effects in the Heart

Sympathetic Parasympathetic

SA node acceleration, 
↓ refractory period

deceleration

Atrial
myocardium

positive inotropic negative inotropic

AV node acceleration deceleration

His-Purkinje
bundle

↑ pacemaker activity, 
↓ refractory period

little (↓pacemaker
activity) or none

Ventricular 
myocardium

↓ refractory period slight negative 
inotropic effect
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mesencephalic reticular formation, stellate ganglion can 
lead to cardiac lesions), or after cardiac reperfusion follow-
ing a period of ischemia (seen in patients who die after the 
use of the left ventricular assist pump, after coronary throm-
bolysis and angioplasty, or after extracorporal circulation). 
Cardiac necrosis is greatest near the nerve terminals in the 
left ventricular apical endocardium, simply because this is 
the location of greatest catecholamine terminal density.

At the cardiac cellular level, the norepinephrine released 
into myocardium from sympathetic nerve terminals acts to 

open a receptor-operated calcium channel. This leads to a 
rapid influx of calcium with corresponding changes in the 
electrocardiogram (“cerebral T waves”—see Figure 9-2). 
If the process continues, free radicals are activated, both 
from calcium entry and the catecholamine metabolites 
(e.g., adrenochrome), leading to peroxidation of the lipid of 
the cardiac cell membrane. Cardiac cells will leak enzyme 
(e.g., troponin, creatine kinase) and may die. If severe enough, 
there may be a rapid decrement in cardiac function, greatest 
in the left ventricular apex, producing the characteristic ap-
pearance of left ventricular apical ballooning (also known as 
the “tako-tsubo-like cardiomyopathy;” see neurogenic cardio-
myopathy). This cascade is potentially reversible, provided a 
serious cardiac arrhythmia does not intervene, in which case 
the process may lead to sudden cardiac death. 

ECG Abnormalities in Neurocardiac Disease

A wide variety of ECG changes can be seen in neurological 
disease. The two most common ones are arrhythmias and 
repolarization changes. Typical ECG changes in cerebrovas-
cular disease are long QT intervals, large, usually inverted 
T waves, and sometimes U waves. Less common are wide, 
deep Q waves, varying degrees of heart block, widening of 
the QRS complex, and asystole. 

The changes are often best seen in anterolateral or inferolateral 
leads. The ECG pattern of neurocardiac disease is reminiscent 
of subendocardial ischemia, probably because intracardiac cat-
echolamines are released into the endocardium and migrate 
toward the epicardium, dissipating as they go (Figure 9-3). 

ECG changes seen in the context of neurological disease 
do not represent ischemic heart disease but are rather a 

Figure 9-1. Myocardial muscle (H&E stain), with contraction 
band necrosis (arrows). Histopathology of contraction band 
necrosis: myocyte injury characterized by hypercontracted 
 sarcomers, dense eosinophilic transverse bands, interstitial 
mononuclear inflammatory response.
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Figure 9-2. ECG of a 65-year-old patient with a left hemispheric stroke showing cerebral T waves.
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Figure 9-3. ECG of a 40-year-old man with normal heart and intense emotional stress, during recollection of events, showing sinus
tachycardia and cerebral T waves.
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manifestation of autonomic dysregulation, possibly caused 
by a lesion that affects the cortical or subcortical represen-
tations of the autonomic nervous system’s cardiac outflow. 
A major ionic shift (calcium entry into cell) is probably 
the cause of ECG changes in the context of a neurological 
catastrophe. The risk of arrhythmias is high due to high 
catecholamine levels, and the mostly subendocardial loca-
tion of the intracardiac lesions, thereby affecting the con-
ducting system.

The ECG may be grossly abnormal, but microscopic changes 
might be minimal—due to reversibility of cardiac mem-
brane abnormalities. ECG changes in neurological disease 
improve with any process that has the effect of disconnect-
ing the brain from the heart (e.g., brain death, cardiac trans-
plantation, severe autonomic neuropathy). 

Sudden Death 

Sudden cardiac death may occur by neurogenic causes in 
a patient with a completely normal heart. It usually is the 
result of arrhythmia, but may also occur because of reduced 
cardiac output with secondarily reduced coronary blood 

flow. It is often associated with mental or physical stress. 
Sympathetic stimulation (as occurs under severe stress) low-
ers the threshold for ventricular fibrillation. An identifiable 
emotional trigger can be found in one-fifth of patients with 
life-threatening arrhythmias undergoing resuscitation. 

Arrhythmias may also be the major immediate mecha-
nism of sudden death in many neurological circumstances 
(subarachnoid hemorrhage, stroke, epilepsy). Cerebral 
hemispheric dominance (left: parasympathetic, right: 
sympathetic) also may contribute to the dominant mech-
anism of sudden death in a given person. Asymmetrical 
activation at the level of the midbrain is associated with 
an asymmetrical neural input to the heart, thus enhanc-
ing the repolarization inhomogeneities that predispose to 
arrhythmia.

Patients with preexisting cardiovascular disease may be 
more sensitive to stress-induced neurogenic arrhythmia. 
Certain neurological (epilepsy, subarachnoid hemorrhage, 
stroke) and psychiatric conditions (e.g., panic attacks) are 
associated with an enhanced risk of arrhythmia and sudden 
death.
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The principles and mechanisms of neurogenic heart disease 
are applicable to the cardiac changes encountered in cere-
brovascular disease (ischemic stroke, hemorrhagic stroke, 
subarachnoid hemorrhage), epilepsy, head trauma, psycho-
logical stress, increased intracranial pressure, encephalitis, 
and others, and also in the iatrogenic setting of electrocon-
vulsive therapy. ECG changes and sudden death can occur 
in all of these circumstances. 

NEUROGENIC CARDIOMYOPATHY 

Neurogenic cardiomyopathy is also known as left ven-
tricular apical ballooning syndrome, or tako-tsubo-like cardio-
myopathy. It is defined as acute transient left ventricular 

dysfunction (LVD), with left ventricular apical ballooning. 
(See Figures 9-4 and 9-5). During systole, the shape of the 
left ventricle resembles a tako-tsubo (Japanese octopus trap-
ping pot, similar to a flask with a short, narrow neck and 
wide, rounded body (see Figure 9-6)).

The most likely mechanism is a catecholamine excess: 
Catecholamines released directly into the heart by sym-
pathetic nerve terminals lead to myocardial stunning 
(negative inotropic effect on myocyte contraction), mi-
crovascular dysfunction, and hyperdynamic contractility 
with midventricular outflow obstruction. Catecholamine 
levels are found to be many fold higher than what is seen 
in a normal resting person and significantly higher than 
in cases of acute myocardial infarction or cardiac failure.
Common precipitants are severe, sudden emotional stress 
(e.g., news of an unexpected death, earthquakes), or physi-
cal stress (noncardiac medical events such as sepsis, suba-
rachnoid hemorrhage). The pattern of dysfunction is most 
consistent with a neural rather than vascular distribution, 
and contraction band lesions may be found on endocardial 
biopsy.

Neurogenic cardiomyopathy may occur at any age, but pro-
portionally few patients are younger than 50 years of age. 
There is a strong female predominance (>80%, mostly post-
menopausal women). The precise incidence is unknown, but 
the diagnosis is becoming more common, probably because 
of increased recognition of the disease. A small number 
(perhaps about 2%) of patients with ST segment elevation, 
sudden onset heart failure, or acute coronary syndrome are 
ultimately found to have a stress cardiomyopathy. 

The typical presentation includes chest pain (in about 70%) 
and dyspnea. It often mimics the acute coronary syndrome. 

Figure 9-4. Tako-Tsubo (Japanese octopus trapping pot).

Figure 9-5. Transthoracic echocardiogram showing left 
 ventricular apical ballooning. 

Figure 9-6. Repeat transthoracic echocardiogram two weeks 
later showing resolution of the apical ballooning.
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In a few patients, cardiogenic shock, ventricular fibrillation, 
and sudden cardiac death may ensue.

A potentially reversible regional wall motion abnormal-
ity beyond a single coronary artery distribution is found by 
echocardiography. Typically, the left ventricular apex and 
midventricle are affected, with relative sparing of the basal 
segment. However, neurogenic cardiomyopathy can involve 
any part of the myocardium. Right ventricle involvement, 
left and right ventricular apical akinesia and basal hyper-
kinesias, and left ventricular outflow obstruction due to 
hypercontractile basal myocardium can be observed, as can 
“inverted patterns” with basal ventricular suppression with 
apical sparing, or mid-ventricular ballooning. The most fre-
quently affected right ventricular segments are apico-lateral, 
antero-lateral, and inferior segments. 

Significant coronary artery disease is usually absent. However, 
stress cardiomyopathy and coronary artery disease are not 
mutually exclusive. The typical appearance is evident on 
ventriculography, echocardiography or cardiac MRI. 

ECG changes are common in the acute stage: ST elevation 
(in 70-80%, commonly involving precordial leads), T wave 
abnormalities (~60%), Q waves, and QRS changes. T wave 
inversion can persist for several months.

Biomarkers for cardiac injury are also frequently abnormal. 
Troponin is elevated in 86%, creatine kinase myocardial 
band (CK-MB) in 74%. Pleural effusions are more common 
and more severe with right ventricular (RV) involvement 
(pleural effusions predictive of RV dysfunction). Reduced 
left ventricular ejection fraction (LVEF) is typically more 
obvious in patients with RV involvement.

Investigators at the Mayo Clinic have suggested the follow-
ing criteria (all of which needed to be fulfilled) for diag nosis 
of tako-tsubo-like cardiomyopathy in 2004 (see Table 9-2).

Treatment is supportive. There are no randomized con-
trolled trials for treatment, but most experts use heart fail-
ure drugs including nitrates, diuretics, beta-blockers, ACE 
inhibitors, and aspirin. Controversy exists regarding vaso-
pressors, because excessive levels of catecholamines are the 
basis for disease. Inotropic agents are counterintuitive due 
to worsening of epinephrine effects. Beta-blockers might be 
appropriate. Aortic balloon pump counterpulsation might 
be the best treatment for hemodynamic support.

The prognosis for patients who have suffered a neuropathic 
cardiomyopathy is overall excellent. Spontaneous improve-
ment and return to normal function very often occur within 
days, and typically there is near complete resolution within 
a month. The most common complication is left heart fail-
ure with or without pulmonary edema. Rare complications 
include apical thrombus and left ventricular rupture. The 
in-hospital mortality is estimated as low as <1%. 

SUBARACHNOID HEMORRHAGE-
INDUCED CARDIAC DYSFUNCTION

Subarachnoid hemorrhage (SAH) commonly causes car-
diac dysfunction, probably because of a state of sympathetic 
nervous system hyperactivity. The mechanism likely is cate-
cholamine-induced cardiac dysfunction. Patients with SAH 
have an increase in norepinephrine within 48 hours of the 
ictus, which persists during the first week, gradually normaliz-
ing by several months. Multivessel coronary artery spasm and 
microvascular dysfunction are other possible mechanisms, 
but convincing data to support these are lacking (coronary 
angiograms usually reveal normal coronary arteries even in 
the face of ongoing electrographic abnormalities).

Cardiac injury may be evident immediately or develop 
within hours after aneurysmal rupture. There is a fairly ste-
reotyped sequence of hemodynamic changes after SAH. 
Initially, there is a dramatic rise in systemic blood pressure, 
and an extreme sinus tachycardia with various arrhythmias. 
This is followed by a rise in left ventricular pressure parallel 
to the systemic pressure, with an up to twofold increase in 
coronary blood flow.

Cardiac arrhythmias are frequent. Sinus tachycardia is the 
most common, but other supraventricular or ventricular ar-
rhythmias can occur (e.g., supraventricular or ventricular 
tachycardia, bradycardia, asystole, atrial fibrillation, A-V 
block, premature ventricular beats, couplets). Stress cardio-
myopathy with congestive heart failure and pulmonary edema 
can ensue (see “Neurogenic cardiomyopathy” above).

Sudden death occurs in up to 12% of patients with SAH. 
Pulmonary edema, partly cardiac, partly neurogenic, is found 
in the majority of those on autopsy. ECG abnormalities can 

Table 9-2 • Proposed Mayo Criteria for the Clinical 
Diagnosis of the Transient Left Ventricular Apical 
Ballooning Syndrome

1.  Transient akinesis or dyskinesis of the left ventricular 
apical and mid-ventricular segments with regional wall 
motion abnormalities extending beyond a single epicardial 
vascular distribution

2.  Absence of obstructive coronary artery disease and 
angiographic evidence of acute plaque rupture

3.  New electrocardiographic abnormalities (either ST 
segment elevation or T wave inversion)

4.  Absence of: recent significant head trauma, ICH, 
pheochromocytoma, obstructive epicardial coronary artery 
disease, myocarditis, hypertrophic cardiomyopathy

From: Bybee KA, et al. Ann Intern Med. 2004;141:858–865, with permission.
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be very transient and occur in 25-75% of patients with 
SAH, or even more on serial ECG monitoring. The most 
common are rate changes and ST segment abnormalities, 
T wave abnormalities (typically symmetrical T wave inver-
sions), and QTc prolongation.

Cardiac biomarkers are often abnormal. Troponin I is el-
evated in 20-40%, highest on the day of ictus. Severe SAH 
(high Hunt–Hess score) is highly predictive of troponin I 
release. Troponin I is highly sensitive for detecting LV dys-
function in SAH. The peak troponin I levels are predictive 
of increased risk for hypotension, pulmonary edema, LV sys-
tolic dysfunction, and the need for vasopressors. The peak 
troponin I levels are also associated with increased risk of 
death or severe disability. CK-MB is elevated less often and 
is much less sensitive than troponin I for LV dysfunction. 

The echocardiogram reveals regional wall motion abnor-
malities in 8% of patients with SAH. The wall motion 
abnormality often extends beyond the territory of a single 
coronary vessel, suggesting a stress cardiomyopathy. In 
some patients, there is a severely reduced ejection fraction 
with large regions of akinesis (accompanied by only mod-
est  troponin elevation, a pattern that is not reminiscent of 
myocardial infarction).

In summary:

SAH-induced CHF can be mistaken as acute MI, • 
which could delay the correct diagnosis,
depressed cardiac index and presence of pulmonary • 
complications are independent predictors of symp-
tomatic cerebral vasospasm,
in SAH patients, there is improvement in the ejec-• 
tion fraction within days to weeks, 
it is possible that prevention of the cardiac complica-• 
tions of SAH can be accomplished using early alpha-
beta-blockade, but further investigation is necessary, 
at the moment, supportive therapy is all that is • 
 available.

CARDIAC MANIFESTATIONS 
IN EPILEPSY 

The propagation of cortical seizure activity to the insula 
may give rise to a number of autonomic manifestations 
through the numerous connections of the insula. Firing of 
hypothalamic cells in bursts has been observed to coincide 
with arrhythmias, and bursts of activity within cardiac auto-
nomic nerves have been found synchronized with ictal and 
interictal spikes.

The lateralization of cardiac control is not entirely clear. 
Generally, bradycardia is caused by left—and tachycardia 

by right—insular stimulation, but bradycardia associated 
with right-sided stimulation has been reported. Changes in 
heart rate or rhythm occur in 90% of patients during sei-
zures. Heart rate changes often precede seizure onset. In 
most cases, the heart returns to baseline within minutes. 
Cardiac parameters also are affected by motor activity dur-
ing a seizure. 

Ictal tachycardia is the most frequent cardiovascular change 
(64-100%). The ictal heart rate can exceed 190 bpm, but 
hemodynamic compromise is rarely seen. Ictal tachycardia 
is more often seen in temporal seizures, and when mesial 
temporal lesions are present. Ictal bradycardia is rare, with 
a prevalence rate of <6%. Bradycardia is seen primarily in 
temporal lobe seizures, mostly with complex partial seizures, 
and more often in medically refractory focal epilepsy. To de-
tect ictal bradycardia, continuous cardiac loop monitoring 
may be necessary. Most patients with ictal bradycardia need 
both pharmaceutical seizure treatment and cardiac pacing. 
Antiepileptic drugs (AED) alone may not be sufficient due 
to the failure rate of pharmaceutical treatment (up to 37% 
of patients). Also, AEDs may affect AV conduction and in-
crease the cardiac risk. The occurrence of ictal tachycardia 
and bradycardia can be quite variable from one seizure to 
another, even in a given patient with the same type of sei-
zures. Other ECG abnormalities seen in epilepsy are: QT 
prolongation, R on T phenomenon, bundle branch block, 
ectopy, and asystole. 

Heart disease mimicking seizures or presenting as seizures is a 
vexing clinical problem. Syncope is defined as the self-limited 
loss of consciousness of relative rapid onset and spontaneous 
prompt recovery. The underlying mechanism is transient 
global cerebral hypoperfusion. Sudden cessation of blood 
flow for 6-8 seconds or a 20% drop in cerebral oxygen de-
livery is the mechanism leading to transient anoxia-induced 
dysfunction or neurons in the reticular formation, giving 
rise to reticulospinal pathways that provide excitatory and 
inhibitory influences to the spinal motor neurons. Syncope 
can mimic a seizure, with myoclonus, tonic spasms, versive 
eye movements, or righting movements. It can be difficult 
for one to make the distinction between seizure and syncope. 
A carefully taken history and direct observation (if possible) 
will often help. Motor activity in syncope is typically brief. 
True post-ictal confusion makes a seizure more likely, but 
very short-lived confusion may occur after syncope. Aura 
speaks for seizure, but syncope can occur with visceral and 
experiential sensations. EEG findings in syncope are diffuse 
slowing, then attenuation, then back to normal.

Seizures can present as syncope in cases of ictal bradycardia 
(see Table 9-3).

Long QT syndromes usually present with ventricular tach-
yarrhythmia or sudden death. About 10% may present with 
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episodes, suggesting generalized seizures. Sudden unexpected 
death in epilepsy (SUDEP) has come to be recognized as a 
major cause of death among epileptics. The mortality rate 
from sudden death in people with epilepsy is 24 times higher 
than age-matched controls. SUDEP accounts for up to 17% 
of deaths in epilepsy. The precise cause of SUDEP is unknown 
and it is likely that there are several mechanisms, includ-
ing ictal arrhythmias (mostly bradycardia), cardiac myocyte 
injury due to catecholamine excess, neurogenic pulmonary 
edema, and ictal respiratory suppression/central apnea. 

Risk factors for SUDEP are high seizure frequency, general-
ized tonic clonic seizures, young age, subtherapeutic AED 
levels, long duration of epilepsy, and more than two AEDs.

Electroconvulsive Therapy—Cardiac Aspects

Electroconvulsive therapy (ECT) involves seizure induction 
by electrical currents in anesthetized patients, for treatment 
of psychiatric diseases (mostly depression). About 1  million 
people worldwide receive ECT every year, usually as a 
course of 6-12 treatments administered 2 or 3 times a week. 
Initially, the ECT stimulus induces a parasympathetic re-
sponse followed by sympathetic activity. During the seizure, 
there is an up to 15-fold rise in circulating epinephrine, and 
a 3-fold rise in circulating norepinephrine. Cardiac output 
increases by up to 80% and myocardial oxygen consumption 
by 30-140%. Numerous potentially serious cardiac side ef-
fects can occur in this setting.

The rate of complications during ECT is difficult to estab-
lish as it depends on a variety of factors, including pre-ECT 
assessment and patient condition, anesthesia, and definition 
of “complication.” The estimated frequency of deaths from 
ECT is 2-4 out of 100,000—comparable to the rate with 
barbiturate anesthesia alone. The general anesthesia-related 
mortality is about 1/13,000. The estimated cardiac compli-
cation rates are 0.5% during the first treatment and 0.9% at 
some point during treatment. Very few of these complica-
tions result in permanent injury or disability. Patients with 
preexisting cardiovascular disease are at significantly higher 
risk to experience minor complications (57% versus 23% in 
one series). 

Common cardiac side effects of ECT are transient hyper-
tension (13%), transient cardiac arrhythmias (3.5%), ECG 
changes consistent with ischemia, and decreased heart rate 
variability (due to relative decrease of vagal activity during 
ECT). Most deaths in ECT are due to cardiac complications. 
Increased sympathetic activity associated with increased 
risk for sustained ventricular arrhythmias and sudden death 
may be the culprit.

COGNITION AND HEART SURGERY

There are three categories of central nervous system com-
plications of cardiac surgery: acute encephalopathy, overt 
stroke, and the chronic syndrome of cognitive decline (often 
associated with depression). 

The predominant mechanism for intraoperative brain in-
jury is cerebral embolism. Manipulation of the heart and 
great vessels and clamping of the aorta are likely enough 
stimuli to release embolic showers which can travel to and 
lodge in the brain. Generally, microembolism can lead to 
inattention, confusion, delirium in the acute setting (acute 
encephalopathy occurs if embolic burden is high: ≈10%); 
chronic effects are chronic depression, apathy, inattention, 
and dementia. Macroembolism causes focal cerebral damage 
(i.e., overt stroke). Most embolic strokes occur postopera-
tively when the perfusing blood pressure is adequate.

Borderzone ischemia from hypotension or loss of cardiac 
output is relatively rare. Borderzone is the area at the bound-
ary between the territories of two major intracranial vessels. 
These infarcts are often hemorrhagic. They are cone-shaped 
with the base on the pial surface and typically very sym-
metric; however, they may be unilateral in cases of carotid 
stenosis, thereby making one hemisphere more vulnerable. 
Circulatory arrest leads to generalized damage in the neo-
cortex and cerebellum, and more variable damage in the 
central gray matter, motor nuclei in brainstem, and hypotha-
lamus. The anterior horn cells are least vulnerable. The risk 
for borderzone hypotensive damage is increased in chroni-
cally hypertensive patients where the cerebral autoregula-
tion curve (normally 50-150 mm Hg MAP) is shifted to the 
right, and makes them more vulnerable to falls in cerebral 
blood flow even when the absolute blood pressure is only 
modestly hypotensive.

Major neurologic defects after cardiopulmonary bypass are 
found in 6% of patients. Acute encephalopathy occurs in 
less than 10%. Stroke incidence is about 5% (as low as 3% 
for the best surgeons), with 2-3% being major; strokes are 
more likely to develop when pump time is maintained for 
longer periods. Patients with neurological complications 
after cardiac surgery have an up to 10-fold greater mortality 
compared with neurologically intact patients. 

Table 9-3 • Distinguishing Features: Seizure 
Versus Syncope

Seizure Syncope

Aura yes no

Motor activity longer brief (seconds)

Post-ictal confusion longer very short 

EEG ictal pattern →
post-ictal
slowing

diffuse slowing →
attenuation →
normal
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The risk for embolic events is increased in atrial rhythm 
disorders and in presence of left ventricular thrombi or se-
vere aortic atheroma. The risk of postoperative stroke is also 
increased with a prior transient ischemic attack, prolonged 
pump time, CHF, and presence of a carotid bruit.

The incidence of cognitive decline may be dependent on 
the use of cardiopulmonary bypass, however results vary and 
no convincing long-term data to support a difference are 
available. The acute incidence of neurocognitive dysfunc-
tion after cardiopulmonary bypass has been reported as high 
as 75%. Compared with off-pump CABG, the incidence of 
early neuropsychological dysfunction was higher in the on-
pump group in one series (11.2% versus 22.5%). In elderly 
high-risk patients, an 8% incidence of cognitive decline was 
found, without significant difference between off-pump or 
conventional coronary artery bypass. Another series found 
better cognitive outcome 3 months after CABG for pa-
tients who received their first CABG surgery without car-
diopulmonary bypass, but the effects became negligible at 
12 months; at 5 years there was no difference in cognitive 
or cardiac outcomes for off-pump versus on-pump in CABG 
in low risk patients. As does the incidence, the prevalence 
of cognitive decline after heart surgery varies widely, with 
about 20% significant decline from baseline, and improving 
cognitive function over time. 

Major risk factors for postoperative cognitive decline are 
age, hypertension, known cerebrovascular disease, and pre-
operative cognitive difficulties. More recent studies seek ex-
planation for postoperative cognitive decline on the genetic 
level: the presence of the APOE e4 allele is associated with 
cognitive impairment at 6 weeks (primarily in patients with 
lower level of education), and carriers of the platelet inhibi-
tor (PI) A2 allele demonstrated more severe early neurocog-
nitive decline compared with PIA1 homozygotes. 

Mild intraoperative hypothermia has no major adverse ef-
fects but does not decrease the incidence of neurocogni-
tive deficits in patients undergoing coronary artery bypass 
surgery. 

COGNITION AFTER CARDIAC ARREST 

Cardiac arrest results in global cerebral ischemia and 
 hypoxic-ischemic injury if cerebral blood flow is compro-
mised for too long. If the duration of cardiac arrest exceeds 
8-10 minutes, the frequency of significant permanent neu-
rological damage becomes unacceptably high. However, 
time to CPR, time to shock, and time to return of spontane-
ous circulation correlate only poorly with cognitive func-
tion. Receiving CPR prior to ambulance arrival has been 
found to produce a positive trend for cognitive outcome. 
Neuropsychological sequelae of hypoxic-ischemic injury 

often include disturbance of memory, amnestic syndrome, 
executive deficits, change of personality and behavior, visu-
ospatial deficits, and impaired expressive language.

Exact numbers for cognitive deficits after cardiac arrest are 
not available, due to lack of large studies and due to the 
dependence of the results on the used neuropsychological 
test. Numbers drawn from the larger available series indi-
cate that in the best case, 58% of patients are cognitively 
unimpaired in any domain, 81% had little or no impairment 
at 6 months, 12% had restrictions but were independent, 
7% were partially or totally dependent, and 11-28% were 
severely impaired. In the worst case, 60% of conscious sur-
vivors of cardiac arrest have moderate to severe cognitive 
deficits at 3 months after the incident, and 48% of survivors 
have moderate to severe cognitive deficits at 12 months. 

While there is a clear benefit for overall neurological out-
come, therapeutic hypothermia after cardiac arrest (so far) 
has shown no statistically significant (beneficial) effect of 
hypothermia on cognitive outcome.

HEAD INJURY AND 
ANTICOAGULATION

The annual risk for fatal intracranial hemorrhage (ICH) 
for anticoagulated patients is 0.6-1.4%, 3% for major ex-
tracranial hemorrhage, and 9% for any hemorrhage. Head 
injury is a major cause of death in the elderly. Traumatic 
brain injury (TBI) from falls is increasingly common with 
increasing age. 

Anticoagulated patients are at substantially higher risk when 
suffering a traumatic ICH compared with similar patients 
who are not anticoagulated. However, studies addressing 
the relationship between preinjury anticoagulation and TBI 
have yielded mixed results, one major contributing factor to 
that being the different degrees of anticoagulation.

The mortality in anticoagulated head-injured patients com-
pared to nonanticoagulated patients is increased by a factor 
of 3 to 10. The higher the age and level of anticoagulation, 
the higher is the mortality when a patient suffers a TBI. 
Age greater than 70 years is independently associated with 
higher mortality. If the INR is greater than 2.0, the risk of 
a more severe TBI is higher, the likelihood of an ICH in 
the setting of TBI is greater, and the mortality is higher—as 
high as 75% in patients older than 75 years with an INR 
greater than 3.5.

Complete and rapid (within a few hours) reversal of anti-
coagulation decreases the risk of expansion of the ICH and 
the mortality to that similar of nonanticoagulated patients. 
Anticoagulated patients should seek medical attention even 
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after seemingly minor trauma, and the threshold to obtain a 
cranial CT scan should be low even in the absence of overt 
neurological dysfunction.

An important point: population studies in patients with 
atrial fibrillation who are anticoagulated show that the risk 
for traumatic ICH is increased, but that the benefits of anti-
coagulation are seen to be outweighing that risk.

CARDIAC DYSFUNCTION 
IN BRAIN DEATH

Brain death leads to a series of pathophysiological changes 
with consequential cardiac damage. It is believed that brain 
death, by a sudden increase in intracranial pressure, induces 
uncontrolled activation of the cardiac sympathetic nervous 
system, leading to a massive release of catecholamines. This 
is associated with a sustained increase in myocardial nor-
epinephrine and neuropeptide Y, which leads to systemic 
and pulmonary vasoconstriction, depressed cardiac output, 
left atrial pressure elevation, and pulmonary capillary wall 
disruption. Myocardial metabolic disturbances such as in-
creased concentrations of adenosine and lactate occur, re-
sulting in an imbalance between oxygen supply and demand 
and myocardial dysfunction. Once cortical and brainstem 
functions are lost, a drop in the sympathetic outflow occurs, 
and hypotension ensues.

Despite aggressive treatment, as many as 25% of potential 
organ donors are lost due to hemodynamic instability and 
physiological derangements in brain death, and up to 60% 
of untreated potential donors may be lost. There is a nearly 
universal need for vasopressors. Significant vasopressor use, 
however, is associated with poor graft function and reduced 
graft survival, especially for hearts. Other common meta-
bolic disturbances result from damage to the hypothalamic– 
pituitary axis: diabetes insipidus, hypothyroid state, and 
disseminated intravascular coagulopathy.
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Pericardial Diseases
Brian D. Hoit

10

• Despite serving many important functions, the peri-
cardium is not essential for life, and no adverse con-
sequences follow either its congenital absence or 
surgical removal.

• The hallmark of acute pericarditis is the pericardial 
friction rub; because of its superficial, creaky, or 
scratchy character, it often is likened to the sound 
of walking on dry snow or the squeak of a leather 
saddle.

• Accumulation of transudate, exudate, or blood in the 
pericardial sac is a frequent complication of pericar-
dial disease and should be sought in all patients with 
acute pericarditis.

• Hospitalization is warranted for high risk patients that 
present with an initial episode of acute pericarditis in 
order to determine an etiology and to observe for the 
development of cardiac tamponade. Features indica-
tive of high risk pericarditis include fever >38°C, sub-
acute onset, an immunosuppressed state, trauma, 
oral anticoagulant therapy, myopericarditis, a moder-
ate or large pericardial effusion, cardiac tamponade, 
and treatment failure.

• Cardiac tamponade is characterized by the accumula-
tion of pericardial fluid under pressure and may be 
acute or subacute, low pressure, or regional. It is a he-
modynamic condition in which there is equalization 
of cardiac chamber and pericardial pressures, arterial 
hypotension, and an exaggerated decrease in systolic 
blood pressure with inspiration (pulsus paradoxus).

• Management of cardiac tamponade requires urgent 
pericardiocentesis to restore hemodynamic stability. 
Removal of small amounts of fluid produces con-
siderable improvement in the clinical picture owing 

to a steep pericardial pressure-volume relationship. 
Pericardiocentesis may be done under echo guidance, 
fluoroscopic guidance, or surgically, depending on a 
center’s resources and areas of expertise as well as 
the etiology, overall prognosis, and/or the need for di-
agnostic tissue sampling. Pericardial drainage should 
continue until drainage volume is <25 mL/day.

• Constrictive pericarditis is the result of scarring and 
consequent loss of elasticity of the pericardial sac. 
Pericardial constriction is typically chronic, but may 
be subacute, transient, or occult. The pathological 
changes are chronic inflammation, sometimes with 
calcification. Grossly, the pericardium is considerably 
thicker than normal in approximately 80% of cases.

• Constrictive pericarditis can occur after virtually any 
pericardial disease process. 

• Concerning the etiology of constrictive pericarditis:
0 Patients with pericardial constriction may pres-

ent with two types of complaints: those related to 
fluid overload, ranging from peripheral edema to 
anasarca; and those related to diminished cardiac 
output response to exertion, such as fatigability 
and dyspnea on exertion. Pericardial constriction 
should be considered in any patient with an un-
explained elevation in jugular venous pressure, 
particularly if there is a history of a predisposing 
condition.

0 Pericardiectomy is the definitive treatment for con-
strictive pericarditis but is unwarranted either in 
very early constriction or in severe, advanced dis-
ease (functional class IV), when the risk of surgery 
is excessive (30 to 40% mortality) and the benefits 
are diminished.

d PRACTICAL POINTS
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INTRODUCTION

The pericardium consists of an inner visceral and an outer 
parietal layer, between which is a potential space, the peri-
cardial cavity that normally contains up to 50 mL of plasma 
ultrafiltrate. Despite serving many important functions 
(Table 10-1), the pericardium is not essential for life, and 
no adverse consequences follow either its congenital absence 
or surgical removal. The pericardium is affected by virtually 
every category of disease (Table 10-2) including idiopathic, 
infectious, neoplastic, immune/inflammatory, metabolic, 
iatrogenic, traumatic, and congenital. However, in view of 
its simple structure, clinico-pathologic processes involving 
the pericardium include only pericarditis and its complica-
tions (tamponade and constriction) and congenital lesions 
(cysts, congenital absence). This chapter will discuss peri-
cardial disease in the context of illustrative case histories.

ACUTE PERICARDITIS

A 46-year-old male presented to the emergency room with 
sharp retrosternal pain that radiated to the trapezius ridge. 
The pain was pleuritic and was aggravated by lying down and 
relieved by sitting up. The onset was preceded by a day of 
fever, malaise, and myalgia. Exam revealed a low grade fever, 
tachycardia, a normal jugular venous pulse and a scratchy 
two-component rub over the apex. Diffuse ST segment ele-
vations and depression of the PR segment were noted on the 
ECG. The chest radiogram was normal. The white cell count 
and troponin I levels were minimally  elevated. A small peri-
cardial effusion and normal left ventricular size and function 
were seen on the echocardiogram. The patient was hospital-
ized and treated with nonsteroidal anti- inflammatory agents 
with prompt relief of chest pain. Myocardial infarction was 
ruled out, and resolution of the  effusion was noted on a re-
peat echocardiogram. Evolutionary ST-T wave changes con-
sistent with acute pericarditis were observed on serial ECGs.

The patient presented with classical pericardial pain. 
However, the quality, severity, and location of pain varies 

greatly, and chest pain may be absent in acute pericarditis, 
especially in early pericarditis, complicating myocardial in-
farction (MI) or cardiac surgery, and it may be absent in 
uremic pericarditis.

The hallmark of acute pericarditis is the pericardial friction 
rub; because of its superficial, creaky, or scratchy character, 
it often is likened to the sound of walking on dry snow or the 
squeak of a leather saddle. Some pearls about the pericardial 
friction rub:

Rubs are heard anywhere over the precordium but • 
most often between the lower left sternal border and 
the cardiac apex. They are usually heard best with the 
diaphragm of the stethoscope applied firmly and with 
respiration suspended. 
Most are independent of the respiratory cycle, but on • 
occasion they are louder during inspiration. 
Rubs may be confined to ventricular systole but most • 
often include a component during atrial systole and 
occasionally during ventricular diastolic filling, result-
ing in biphasic and triphasic rubs, respectively. 
Biphasic rubs must be distinguished from murmurs of • 
mixed aortic valve disease, and monophasic rubs are 
often mistaken for systolic murmurs. 
Frequent examinations are necessary to detect a rub • 
because of its evanescent nature. Pericardial fluid 
does not preclude detection of a friction rub.

The ECG may either confirm the clinical suspicion of peri-
cardial disease or first alert the clinician to the presence of 
pericarditis. Serial tracings may be needed to distinguish 

Table 10-1 • Functions of the Pericardium

Mechanical•
 Effects on cardiac chambers (e.g., facilitates interaction, 

limits distention, maintains geometry)
 Effects on whole heart (e.g., minimizes friction, equalizes 

forces on heart, barrier to infection)
Metabolic•

Produces prostaglandin E2, eicosanoids, prostacyclin
Vasomotor•
Fibrinolytic•
Immunologic•
Potential vehicle for drug delivery and gene therapy•

Table 10-2 • Causes of Pericardial Heart Disease

Idiopathic
Infectious

Bacterial, viral, mycobacterial, fungal, protozoal, 
HIV-associated

Neoplastic
Metastatic (breast, lung, melanoma, lymphoma, leukemia), 

primary (mesothelioma, fibrosarcoma)
Immune/inflammatory

Connective tissue disease, arthritis, acute myocardial 
infarction, postpericardial injury syndrome

Metabolic
Nephrogenic, myxedema, amyloidosis, aortic dissection

Iatrogenic
Drugs, radiation therapy, device/instrumentation, cardiac 

resuscitation
Traumatic

Blunt, penetrating, surgical
Congenital

Pericardial cysts, congenital absence of pericardium, 
mulibrey nanism

Adapted from: Hoit BD. Diseases of the pericardium. In Hurst’s The Heart, 
12th ed. New York: McGraw-Hill,2008.
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the ST segment elevations caused by acute pericarditis from 
those caused by acute MI or normal early repolarization. 
The ST-T wave changes in acute pericarditis are diffuse and 
have characteristic evolutionary changes (Table 10-3). In 
a typical case of acute pericarditis, the approximate time 
frame for these ECG changes is two weeks. However, only 
about half of patients with acute pericarditis display all four 
ECG stages, and variations are very common. 

As in this case of uncomplicated acute pericarditis, the 
chest radiograph is generally normal. However, the cardiac 
silhouette may be enlarged because of a moderate or large 
pericardial effusion. In addition, the chest radiograph may 
provide evidence of tuberculosis, fungal disease, pneumo-
nia, or neoplasm.

Accumulation of transudate, exudate, or blood in the peri-
cardial sac is a frequent complication of pericardial disease 
and should be sought in all patients with acute pericardi-
tis. Some pearls to remember about the echocardiogram in 
 pericarditis and pericardial effusions:

Echocardiographic identification of pericardial ef-• 
fusion confirms the clinical diagnosis of acute peri-
carditis, but a patient with purely fibrinous acute 
pericarditis may have a normal echocardiogram. 
Echocardiography estimates the volume of pericardial • 
fluid, identifies cardiac tamponade, suggests the basis 
of pericarditis, and documents associated acute myo-
carditis with congestive heart failure.
While echocardiography is the procedure of choice • 
for the diagnosis of pericardial effusion, computed 
tomography (CT) and magnetic resonance imaging 
(CMRI) may be useful to identify loculated or atypi-
cally loculated pericardial effusions and to chara-
cterize the nature of the effusion. 
Epicardial fat may mimic an effusion, but it is slightly • 
echogenic and tends to move in concert with the 

heart; these two characteristics help distinguish it 
from an effusion, which is generally echolucent and 
motionless.
Chronic effusive pericarditis may be associated with • 
large, asymptomatic effusions. Transudative effusions 
occur in heart failure and other states associated with 
chronic salt and water retention. Exudative effusions 
occur in a large number of the infectious and inflam-
matory types of pericarditis. 
Frank hemorrhagic effusions suggest recent intraperi-• 
cardial bleeding, but sanguineous and serosanguineous 
effusions occur in many infectious and inflammatory 
disorders. 
Chylous pericarditis implies injury or obstruction to • 
the thoracic duct, and cholesterol pericarditis is either 
idiopathic or associated with hypothyroidism, rheu-
matoid arthritis, or tuberculosis.
The etiology of a pericardial effusion is difficult to • 
determine on historical or clinical grounds. Specific 
diagnoses are possible using visual, cytologic, and 
immunologic analysis of the pericardial effusion and 
pericardioscopic-guided biopsy.

Nonspecific blood markers of inflammation usually increase 
in cases of acute pericarditis, and serum cardiac isoenzymes 
may increase with extensive epicarditis. Many patients pre-
senting with acute, idiopathic pericarditis have increased 
serum troponin I levels, often within the range considered 
diagnostic for acute myocardial infarction.

Hospitalization is warranted for high risk patients that present 
with an initial episode of acute pericarditis in order to deter-
mine an etiology and to observe for the development of car-
diac tamponade. Features indicative of high risk pericarditis 
include fever >38°C, subacute onset, an immunosuppressed 
state, trauma, oral anticoagulant therapy, myopericarditis, a 
moderate or large pericardial effusion, cardiac tamponade, 
and treatment failure. Some treatment pearls:

Acute pericarditis usually responds to high doses of • 
oral nonsteroidal anti-inflammatory agents (NSAIDs), 
such as ASA or ibuprofen. Indomethacin reduces 
 coronary blood flow and should be avoided. 
Colchicine may be used as monotherapy or as a • 
 supplement to NSAIDs.
Chest pain is usually alleviated in 1-2 days and the fric-• 
tion rub and ST segment elevation resolve shortly there-
after. Most mild cases of idiopathic and viral pericarditis 
are adequately treated with 1-4 days of treatment, but 
the duration of therapy is variable, and patients should 
be treated until an effusion, if present, has resolved. 
Narcotics may be required for severe pain. • 
Corticosteroids should be avoided unless there is a • 
specific indication (such as connective tissue disease 
or uremic pericarditis).

Table 10-3 • Evolutionary ECG Changes in Acute 
Pericarditis

Stage 1 ST segments elevate, typically within a few 
hours of the onset of chest pain and persist for 
hours or days. Depression of the PR segment 
occurs in this stage and differentiates acute 
pericarditis from early repolarization variants.

Stage 2 ST segments return to baseline; at this point, 
the T waves may appear normal or exhibit a 
loss of amplitude. 

Stage 3 T waves invert; may persist indefinitely, 
particularly with tuberculous, uremic, or 
neoplastic pericarditis.

Stage 4 
(variable)

ECG normalizes.
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Painful recurrences of pericarditis may respond to • 
NSAIDs but commonly require high-dose corticos-
teroids. Using the lowest possible dose, alternate-day 
therapy, combinations with nonsteroidal drugs, or 
colchicine minimizes the risks of long term steroids.

CARDIAC TAMPONADE

A 57-year-old female with metastatic breast cancer presented 
to the emergency room with complaints of increasing short-
ness of breath and fatigue, chest discomfort, and dizziness. 
The arterial blood pressure was 100/70 with a 20 mm Hg 
paradox. The respiratory rate was 30/min and the heart rate 
was 110/min. The jugular venous pulse was elevated, de-
creased with inspiration, and the Y descent was absent. The 
heart sounds were muffled. There was mild ankle edema. 
An enlarged cardiac silhouette was noted on chest radio-
gram. ECG revealed low voltage and electrical alternans. 
A large pericardial effusion with right atrial and ventricu-
lar collapse, respiratory variation of ventricular dimensions 
and transvalvular and venous flows, and vena caval plethora 
were seen on echocardiogram. The patient was admitted to 
the intensive care unit where an echo-guided pericardio-
centesis yielded 1000 cc of bloody fluid and provided symp-
tomatic relief.

Cardiac tamponade is characterized by the accumulation 
of pericardial fluid under pressure and may be acute or 
subacute, low pressure, or regional. It is a hemodynamic 
condition in which there is equalization of cardiac cham-
ber and pericardial pressures, arterial hypotension, and 
an exaggerated decrease in systolic blood pressure with 
inspiration (pulsus paradoxus). Central venous pressures 
increase in tamponade to maintain filling pressures and pre-
vent cardiac chamber collapse in the setting of increasing 
pericardial pressures. This results in a transmural pressure 
(diastolic pressure minus pericardial pressure) equal to zero 
or negative with a subsequent loss of preload (and conse-
quently decreased cardiac output and arterial hypotension) 
despite elevated intracardiac pressures. Some pearls regard-
ing etiology and pathophysiology of cardiac tamponade to 
consider:

Pericardial effusion from any cause may eventuate • 
in tamponade, but most commonly complicate neo-
plastic, idiopathic, tuberculous, and purulent peri-
carditis; anticoagulant therapy is an important risk 
factor. 
Tamponade can be a complication of a diagnostic • 
procedure (cardiac catheterization, pacemaker/
implantable defibrillator placement), myocardial 
infarction (cardiac rupture), and ascending aortic 
dissection. Thoracic trauma may also lead to tam-
ponade.

Acute bleeding (e.g., due to trauma) into a relatively • 
stiff pericardium can rapidly lead to tamponade. As in-
trapericardial volume increases, there is an initial small 
increase in intrapericardial pressure followed by an al-
most vertical ascent. Tamponade in these instances 
occurs with relatively small pericardial effusions.
In comparison, chronic accumulation of a pericar-• 
dial effusion (e.g., neoplastic) allows the pericardial 
compliance to increase gradually. As a result, intrap-
ericardial pressure increases more slowly until a criti-
cal point is reached when an almost vertical ascent is 
again seen. In this setting, tamponade may not occur 
until 2 L or more have accumulated.

Some diagnostic pearls:

Electrical alternans on the ECG is characterized by • 
beat-to-beat alterations in the QRS complex; al-
though relatively specific, it is not very sensitive for 
tamponade. 
Low QRS voltage in patients with a pericardial effu-• 
sion may actually be a specific manifestation of tam-
ponade, not of the effusion per se.
Echocardiographic findings suggesting hemodynamic • 
compromise (right atrial and ventricular collapse) are 
the result of transiently reversed right atrial and right 
ventricular diastolic transmural pressures, respectively 
(Figure 10-1). Cardiac chamber collapse typically 
 occurs before hemodynamic embarrassment.
Reciprocal changes in left and right ventricular vol-• 
umes that occur with respiration play a central role in 
the pathogenesis of pulsus paradoxus.
The respiratory variation of mitral and tricuspid flow • 
velocities is greatly increased and out of phase, reflect-
ing the increased ventricular interdependence.
Any chamber collapse has a sensitivity and specificity • 
of ~90 and 65%.

Figure 10-1. Two-dimensional echocardiogram in cardiac tam-
ponade. There is a large effusion (PE) with marked compression 
of the right ventricle (arrow).
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The sensitivity is lower and specificity higher (75 and • 
91%) for abnormal right-sided venous flows (systolic 
predominance and expiratory diastolic reversal), but 
the latter cannot be evaluated in more than one-third 
of patients.
The specificity is highest (98%) for right atrial and • 
right ventricular collapse plus abnormal venous flow.

Other imaging techniques, such as computed tomography 
(CT) and cardiovascular magnetic resonance (CMR), are 
not necessary if 2-D and Doppler echocardiography are 
available and technically adequate. However, pericardial 
 effusion may be detected, quantified, and characterized by 
CT and CMR. 

Cardiac catheterization shows elevation (10-30 mm Hg) 
and equalization (within 4-5 mm Hg) of right atrial, pul-
monary capillary wedge pressure and pulmonary artery dia-
stolic pressures. Pericardial pressures are elevated and equal 
to right atrial pressure. Right atrial tracings and pulmonary 
capillary wedge tracings demonstrate a blunted or absent Y 
descent. Cardiac output is decreased and systemic vascular 
resistance is increased. Cardiac tamponade is defined as 
mild when pericardial pressure is <10 mm Hg and severe 
when pericardial pressure is >20 mm Hg. 

Management of cardiac tamponade requires urgent peri-
cardiocentesis to restore hemodynamic stability. Removal 
of small amounts of fluid produces considerable improve-
ment in the clinical picture owing to a steep pericardial 
pressure-volume relationship. Pericardiocentesis may be 
done under echo guidance, fluoroscopic guidance, or surgi-
cally, depending on a center’s resources and areas of exper-
tise, as well as on the etiology, overall prognosis, and/or the 
need for diagnostic tissue sampling. Pericardial drainage 
should continue until drainage volume is <25 mL/day. 

Medical management of tamponade (while awaiting de-
finitive pericardial drainage) includes fluids to main-
tain preload and dobutamine to increase cardiac output. 
Recurrent effusions may be treated with pericardial window 
or sclerotherapy. 

CONSTRICTIVE PERICARDITIS

A 62-year-old male with a history of idiopathic pericarditis 10 
years previously presented with several months of increasing 
fatigue, dyspnea, weight gain, abdominal discomfort, nau-
sea, increased abdominal girth, and swollen legs. The blood 
pressure was normal without a pulsus paradox. The heart 
rate was irregularly irregular at a rate of ~90/min. There 
was temporal wasting and markedly elevated jugular venous 
pressure with prominent X and Y descents that did not de-
crease with inspiration. The intensity of S1 was variable and 

a third heart sound was heard. There was shifting dullness 
in the abdomen and 2+ lower extremity edema. The ECG 
revealed atrial fibrillation, low QRS voltage, nonspecific 
T wave changes, and P mitrale. Chest radiogram revealed 
a slightly enlarged cardiac silhouette and a ring of pericar-
dial calcification. An echocardiogram revealed increased 
pericardial thickness, abrupt inspiratory posterior motion of 
the ventricular septum in early diastole, enlarged atria, an 
abnormal contour between the posterior left ventricular and 
left atrial posterior walls, plethora of the inferior vena cava 
and hepatic veins with expiratory diastolic reversals, but 
minimal respiratory variation of transmitral diastolic veloci-
ties. The annular tissue velocity was increased. The BNP was 
138 ρg/mL. Cardiac catheterization confirmed the suspicion 
of pericardial constriction by demonstrating discordance of 
LV and RV pressure with respiration, an inspiratory decrease 
in the pulmonary capillary wedge-LV diastolic gradient, el-
evated and equal atrial pressures, Kussmaul’s sign (the lack 
of an inspiratory decline in jugular pressure), and a “dip and 
plateau” of ventricular diastolic pressure. The  patient was 
referred for pericardiectomy.

Constrictive pericarditis is the result of scarring and conse-
quent loss of elasticity of the pericardial sac. Pericardial con-
striction is typically chronic, but may be subacute, transient, 
or occult. The pathological changes are chronic inflamma-
tion, sometimes with calcification. Grossly, the pericardium 
is considerably thicker than normal in approximately 80% 
of cases. Some pearls related to the pathophysiology of con-
strictive pericarditis to ponder:

In constrictive pericarditis the upper limit of cardiac • 
volume is constrained by the inelastic pericardium. 
Unlike tamponade, compression does not occur until 
the cardiac volume approximates the reserve volume 
of the pericardium, which occurs in mid through late 
diastole. Since there is no compression in systole and 
early diastole, the normal bimodal pattern of venous 
return is maintained.
Venous return to the right heart does not increase • 
during inspiration because the respiratory variation in 
intrathoracic pressure is not transmitted to the heart 
chambers. As a result of this dissociation of intratho-
racic and intracardiac pressures, there is an inspiratory 
decrease in pulmonary venous, but not left ventricular 
pressure, and consequently a reduction in left ventric-
ular volume. 
Another important pathophysiologic feature of con-• 
strictive pericarditis is greatly enhanced ventricular 
interaction or interdependence, in which the he-
modynamics of the left and right heart chambers are 
directly influenced by each other to a much greater 
degree than normal. As a result of the inspiratory de-
crease in LV filling, the right heart volume expands 
via a leftward shift of the interventricular septum.
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Constrictive pericarditis can occur after virtually any peri-
cardial disease process. A few pearls regarding the etiology 
of constrictive pericarditis:

Most data come from a few large series of patients with • 
constrictive pericarditis diagnosed at pericardiectomy. 
The frequency of the various causes in these reports is 
influenced by referral bias.
Most commonly, constrictive pericarditis results from • 
idiopathic or viral pericarditis, cardiac surgery, ra-
diation therapy, connective tissue disorder, or infec-
tious pericarditis. Miscellaneous causes (malignancy, 
trauma, drug-induced, asbestosis, sarcoidosis, uremic 
pericarditis) account for a small percent.
Tuberculosis once accounted for the majority of cases • 
but is now only a rare cause of constrictive pericarditis 
in developed countries. However, this disorder may be 
increasing among immigrants from underdeveloped 
countries and patients with HIV infection.

Patients with pericardial constriction may present with two 
types of complaints: those related to fluid overload, ranging 
from peripheral edema to anasarca; and those related to di-
minished cardiac output response to exertion, such as fatiga-
bility and dyspnea on exertion. Pericardial constriction should 
be considered in any patient with an unexplained elevation 
in jugular venous pressure, particularly if there is a history of a 
predisposing condition. The case presented typifies the clini-
cal features of constrictive pericarditis that occurred years 
after idiopathic pericarditis. Clinical pearls to remember:

The X and Y descents are more prominent than the • 
peaks of the jugular venous pulse, and the inspiratory 
decline in venous pressure is confined to the depth of 
the Y descent. 
Occult constriction has been described in patients • 
who are volume-depleted; in this setting, the increase 
in venous pressure may not become apparent without 
rapid volume expansion.
Common findings with more severe constriction • 
 include peripheral edema, ascites, pulsatile hepato-
megaly, and pleural effusion. These findings may lead 
to the misdiagnosis of chronic liver disease. In patients 
with cirrhosis, the jugular pressure is normal or only 
slightly elevated, unless there is tense ascites.
Pulsus paradoxus is not common in the absence of • 
pericardial fluid or pulmonary disease.
Kussmaul’s sign may be present but does not distin-• 
guish constriction from severe tricuspid valve disease 
or right-sided heart failure. 
A pericardial knock (a third heart sound) may be • 
 audible and sometimes palpable.
Profound cachexia occurs with late-stage dis-• 
ease;  because of the associated ascites and hepatic 
 dysfunction, the patient’s appearance simulates that 
of severe malnutrition.

The presence of a ring of calcification around the • 
heart, best seen on a lateral chest radiograph, strongly 
suggests pericardial constriction in patients with 
 symptoms of right heart failure, but pericardial cal-
cification can occur in the absence of constriction. 
Plasma BNP is only slightly elevated in constrictive • 
pericarditis; in contrast, in restrictive cardiomyopathy 
(which constriction resembles clinically), the BNP is 
markedly elevated.

Echocardiography is an essential adjunctive procedure in 
patients with pericardial constriction. One or more of the 
following findings may be seen: 

Increased pericardial thickness. Unlike transthoracic • 
imaging, measurement of pericardial thickness by 
transesophageal echocardiography correlates strongly 
with that obtained by computed tomography.
While no sign or combination of signs on M-mode is • 
diagnostic of constrictive pericarditis, a normal study 
virtually rules out the diagnosis. One useful sign is 
the abrupt posterior motion of the ventricular septum 
in early diastole with inspiration (septal shudder or 
bounce), which results from underfilling of the left 
ventricle during inspiration.
2D-echocardiography reveals dilation and absent • 
or diminished collapse of the inferior vena cava 
and  hepatic veins (plethora), biatrial enlargement, 
a sharp halt in ventricular diastolic filling, and an 
abnormal contour between the posterior left ven-
tricular and left atrial posterior walls (Figure 10-2). 
The left ventricular ejection fraction is typically 
normal. 
Doppler echocardiography is critically important for • 
diagnosis and usually shows a high early diastolic 
 velocity of right and left ventricular inflow  (restrictive 

Figure 10-2. Two-dimensional echocardiogram in pericardial 
constriction. Note the thickened pericardium (peri), dilated left 
atrium (LA), and abnormal left ventricular (LV)-left atrial contour.
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filling pattern); mitral inflow velocity falls at least 25 
percent and tricuspid velocity greatly increases in the 
first beat after inspiration. Increased respiratory varia-
tion of mitral inflow may be missing in patients with 
markedly elevated left atrial pressure, as in our case, 
but can sometimes be brought out in such patients by 
preload reduction. Hepatic vein flow reversal increases 
with expiration, reflecting the ventricular interaction 
and the dissociation of intracardiac and intrathoracic 
pressures.
Tissue Doppler shows a prominent mitral diastolic an-• 
nular E’ (in contrast to the low E’ in restrictive cardi-
omyopathy, which shares clinical and hemodynamic 
features).

CT scanning of the heart is extremely useful in the diag-
nosis of constrictive pericarditis; findings include increased 
pericardial thickness (>4 mm) and calcification. CMR is 
claimed by some to be the diagnostic procedure of choice for 
the detection of constrictive pericarditis.

Cardiac catheterization is used to confirm the clinical sus-
picion of pericardial disease, uncover occult constriction, 
diagnose effusive-constrictive disease, and identify asso-
ciated coronary, myocardial, and valvular disease. Some 
 hemodynamic pearls:

Discordance between peak right ventricular (RV) • 
and left ventricular (LV) systolic pressures during 
inspiration is a sign of increased ventricular interde-
pendence. During peak inspiration an increase in RV 
pressure occurs when LV pressure is lowest.
Equalization of LV and RV diastolic plateau pressure • 
tracings with a “dip and plateau” or “square root” ap-
pearance reflects rapid early diastolic filling of the 
ventricles, followed by lack of additional filling due to 
compression in mid and late diastole.
Right atrial pressure is increased with prominent X • 
and Y descents. In contrast, the Y descent of diastolic 
filling is absent in tamponade.
A greater inspiratory fall in pulmonary capillary wedge • 
pressure compared to left ventricular diastolic pressure 
is seen, reflecting dissociation of intrathoracic and 
 intracardiac pressures. 
Effusive-constrictive pericarditis, an uncommon • 
entity, occurs when pericardial fluid accumulates 
between the thickened layers of pericardium. The 

hemodynamic picture is consistent with tamponade 
prior to pericardiocentesis and constrictive pericardi-
tis afterwards.

Pericardiectomy is the definitive treatment for constrictive 
pericarditis, but is unwarranted either in very early constric-
tion or in severe, advanced disease (functional class IV), 
when the risk of surgery is excessive (30-40% mortality) 
and the benefits are diminished. Involvement of the visceral 
pericardium also increases the surgical risk. A few treatment 
pearls:

Symptomatic relief and normalization of cardiac pres-• 
sures may take several months after pericardiectomy; 
they occur sooner when the operation is carried out 
before the disease is too chronic and when the peri-
cardiectomy is almost complete. 
Complete or extensive pericardial resection is desir-• 
able, as recurrences may be seen more frequently in 
patients who have undergone partial versus complete 
resection of the pericardium. 
Constriction may be transient with a course lasting • 
weeks to a few months in patients recovering from 
acute effusive pericarditis. Therefore, it is reasonable 
that patients with subacute constrictive pericarditis 
who are hemodynamically stable be given a trial of 
conservative management for 2-3 months until it is 
clear that the constrictive process is permanent before 
pericardiectomy is recommended. 
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Cardiovascular Trauma as 
Seen by the Cardiologist

Melvin D. Cheitlin

11

• Cardiac trauma is considered to be either penetrat-
ing or nonpenetrating injuries. Despite their mecha-
nistic differences, both types of trauma can result in 
similar cardiovascular injuries. 

• The degree of tissue damage caused by a penetrating 
missile depends on the missile’s mass, shape, com-
position, and tumbling characteristics, as well as its 
velocity. The higher the velocity, the more extensive 
the tissue damage.

• It is not always possible by noting the point of entry 
of a missile to predict the path it takes and the struc-
tures it can injure since, especially with low velocity, 
the missile’s path can be deflected by bone or even 
tissue planes.

• In deceleration or sternal compression accidents 
the most frequent site of aortic rupture is the proxi-
mal descending aorta. The second most common 
point of rupture is the ascending aorta, but due to 
the intrapericardial position of the ascending aorta, 
cardiac tamponade occurs rapidly and the patient 
usually dies at the scene of the accident.

• In penetrating injury to the chest or abdomen, when 
the patient develops hemodynamic instability and 
there is no evidence of significant hemorrhage, pri-
mary consideration should be given to the presence 
of cardiac tamponade. In injury where there is obvi-
ous significant loss of blood, cardiac tamponade can 
be present even in the absence of an elevated central 
venous pressure.

• With penetrating chest injury, fistulous connections 
between contiguous structures can occur. Examples 
are: aortic to right atrial or to right ventricular out-
flow tract fistulas; coronary cameral fistulas to right 
atrium or right ventricle; and coronary arteriovenous 
fistulas.

• With nonpenetrating injury, rupture of the mitral, tri-
cuspid, or aortic valve can occur. In these cases of 
massive valvular regurgitation, the expected mur-
murs can be atypical or even absent, the patient in 
severe heart failure, and the cardiac silhouette on 
chest X-ray not enlarged.

• Myocardial contusion or blunt cardiac injury (BCI) 
can manifest as supraventricular and ventricular ar-
rhythmias, ECG changes including nonspecific T wave 
changes, ST-segment elevated myocardial infarction 
(STEMI), and varying degrees of conduction defects.

• The preferred cardiac enzymes in evaluation of a 
patient for myocardial contusion are the myocardial-
specific enzymes, troponin I and T. Creatine kinase, 
and even CK-MB, can be elevated due to skeletal 
muscle injury and, therefore, is nonspecific for myo-
cardial necrosis.

• Retained foreign bodies in the cardiovascular system 
can migrate far from their point of entry.

d PRACTICAL POINTS
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INTRODUCTION

Until the beginning of the twentieth century, trauma to the 
heart was believed to be almost invariably fatal. The famous 
German-Austrian surgeon Theodor Billroth, in 1888, is re-
ported to have said that “the surgeon who attempts heart 
surgery loses the respect of his colleagues.”1 Although it was 
probably not what he meant when he belittled the proce-
dure of pericardiocentesis by surgeons, it was the belief of 
surgeons at that time. As late as 1896 in Stephen Paget’s 
classic textbook, Surgery of the Chest, he declared the heart to 
be off-limits to surgeons. Dr. Daniel Hale Williams, a black 
surgeon from Chicago, who reported it in the literature in 
1897, performed the first successful surgery involving a stab 
wound to the heart in 1893. He repaired the pericardial tear 
but since the right ventricular puncture was not bleeding, 
didn’t suture the heart wound.2 In 1897 Dr. Ludwig Rehn, a 
surgeon from Frankfort Germany reported the first success-
ful suture of a human heart wound in a 22-year-old man, 
who was stabbed in the heart.3

Rapid advances in surgery for cardiac trauma depended on the 
development of anesthesia, ventilatory support, blood preser-
vation and banking, antibiotics, and cardiopulmonary bypass 
techniques. As is often the case with advances in trauma sur-
gery, advances in cardiac trauma surgery were accelerated by 
experiences obtained in the twentieth century wars. It wasn’t 
until World War II that it was possible to salvage with some 
regularity patients with abdominal or thoracic wounds.4 In 
the Korean War rapid advances in techniques for repairing ar-
terial injuries led to a marked decrease in the rate of limb am-
putations. Also, with rapid helicopter evacuations from the 
battlefield to treatment hospitals, mortality of those injured in 
battle was markedly decreased. In Vietnam, the mortality of 
an injured soldier found alive was <1%. Most wartime inno-
vations have been applied to trauma management in civilian 
life. With knife and gunshot wounds, automobile accidents, 
and other traumatic incidents occurring daily, cardiovascular 
trauma will continue to be a problem.

Because trauma patients are first seen in the ER, the workup 
and management of the acutely injured patient is the prov-
ince of the emergency physicians and surgical teams. A cardi-
ologist is involved after initial resuscitation and stabilization, 
if cardiovascular trauma is suspected, usually by history, physi-
cal examination, or laboratory finding such as a chest X-ray.

CLASSIFICATION AND PHYSICAL 
CAUSES OF TRAUMATIC INJURY

Cardiovascular trauma is usually divided into the catego-
ries “penetrating” and “nonpenetrating” injury.5 However, 
it is important to realize that both can cause almost all 

 traumatic injuries. The features of each of these types are 
given here:

Penetrating injuries:

low velocity objects; i.e., knife wounds, shrapnel, • 
spent bullets;
high velocity objects; i.e., gunshot wounds,  shrapnel.• 

Nonpenetrating injuries:

deceleration and acceleration; i.e., falls from a height, • 
automobile accidents;
direct compression or crush; i.e., heavy objects falling • 
on the chest, steering wheel injuries;
blast and concussion; i.e., explosions, IEDs (impro-• 
vised explosive devices);
lower body compression; i.e., heavy objects falling on • 
the abdomen, cave-ins in a hole being dug;
electrical; i.e., shocks from high power lines, lightning • 
strikes;
environmental; i.e., heat and cold.• 

Injury to tissues is the result of direct trauma of the ob-
ject such as a knife or bullet and the energy released into 
the tissue by physical force contacting the body. In mis-
sile  penetration damage done depends on the mass of the 
object, the shape and tumbling characteristics, fragmenta-
tion, and the velocity of the missile.6 A low velocity mis-
sile causes little damage aside from the track of the missile 
in the body and the structures directly injured. Examples 
of low velocity trauma are those caused by knives and low 
velocity bullets and shrapnel. On entering the body, these 
weapons rapidly lose velocity, release little energy and 
frequently come to rest in the body forming intracardiac 
foreign bodies. Since they move slowly, these penetrating 
objects can be deflected off bones and even tissue planes, 
causing a path change in the body. For this reason it is 
not always possible for one to predict the path the missile 
by noting the point of entry. Therefore, the structures in-
jured or where the missile finally came to rest are also not 
 obvious. Low velocity missiles can enter cardiac chambers, 
arteries, or veins and migrate or embolize to some other 
point in the body distant from either the point of entry 
or from its known path. A high velocity missile releases 
a great deal of energy along its path through the body ac-
cording to the equation:7

KE =   
m (V1 - V2) _________ 2 g  

where KE = kinetic energy
m = mass of missile
V1 = entrance velocity
V2 = exit velocity
g = gravity constant
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falls on the lower part of the body, can cause cardiovascular 
injury by suddenly compressing arteries and veins, causing a 
marked simultaneous increase in venous blood return to the 
heart and systemic vascular resistance. Together, these forces 
can result in atrial, ventricular, and valvular rupture. 

Penetrating Cardiac Injury

The severity of damage in penetrating injury depends on the 
track of the missile and its velocity and tumbling charac-
teristics. Availability of a history describing the weapon re-
sponsible and the details of the attack is helpful. Estimating 
the track of the penetrating object is difficult, considering 
that a low velocity, penetrating missile can be deflected in 
the body, significantly altering the pathway and injuring or-
gans not in the track presumed from the entrance wound. 
Therefore, cardiac injury can occur from penetrating injury 
in either the upper abdomen or the lateral chest wall. 

The first consideration in the hemodynamically unstable 
patient must be cardiac tamponade. Therefore, before they 
can be diagnosed, patients with penetrating injury with a 
low blood pressure must have massive bleeding and cardiac 
tamponade ruled out. The most helpful differentiating fea-
ture is most often the central venous pressure, which can 
be estimated from examination of the cervical neck veins. 
In the presence of a low blood pressure, absence of venous 
waves is most often due to low blood volume and elevated 
venous pressure due to cardiac tamponade. One circum-
stance violates this rule: if there is major loss of blood and 
hypovolemia, cardiac tamponade can occur without an ele-
vation in cervical venous pressure. In this case a paradoxical 
pulse is usually present. Confirmation of either tamponade 
or hemorrhage causing low blood pressure is obtained with a 
transthoracic echocardiogram (TTE).

Complications of Penetrating Injury
Hemorrhage with subsequent hypovolemia is the most com-
mon result of a penetrating missile. High velocity bullets 
cause massive injury around the track of the missile, which 
must be extensively debrided. Laceration of the great vessels 
and the pericardium and heart occur, resulting in cardiac tam-
ponade. If the laceration of the pericardium is relatively small 
and the chamber penetrated bleeds into the pericardial space 
relatively slowly, tamponade may occur gradually and late 
after the injury. If the bleeding into the pericardium is rapid, 
tamponade occurs very rapidly. If the pericardial laceration is 
large, the blood gathers in the pleural space. Even with rapid 
bleeding from a cardiac chamber laceration, blood cannot stay 
in the tight pericardial space and tamponade doesn’t occur.

With laceration of either ventricle, if the laceration is com-
pletely through the ventricular wall, blood is ejected out of 
the chamber into the pericardial space. If the laceration does 
not create an extensive hole in the epicardium, blood can 

This results in a cylinder of energy release in the form of 
heat and gaseous expansion, causing tissue necrosis at vari-
able, sometimes great, distances from the missile path. Also 
important in determining the degree of damage is the size 
and shape of the missile itself and how it tumbles as it moves 
when it enters the body and the tissue it passes through. 
With elastic tissue such as lung, the temporary cavity pro-
duces little damage away from the missile path. With liver 
or brain there can be substantial damage in the area of the 
temporary cavity. That explains the massive damage done 
by the so-called “dumdum” bullet that expands on impact.

In nonpenetrating injury due to compression—crush or 
concussion—the injury is produced when the heart strikes 
the sternum or spine. Here, two physical forces are involved: 
direct compression and transfer of energy to the body. In 
deceleration injuries, such as what occurs in car crashes, in 
which the body suddenly decelerates, the organs, including 
the heart and great vessels, continue to move at the velocity 
of the vehicle before the crash, striking the sternum or spine 
with force. Since the aorta and great vessels are variably re-
strained by intercostal vessels and the great arteries of the 
arch, differential movement at points of attachment at the 
time of the collision can cause aortic, arterial, and venous 
laceration.8

The mechanism by which the aorta is ruptured in vehicular 
accidents and steering wheel injury is still unclear. The most 
frequent sites of rupture are the root of the aorta as it arises 
from the heart and the proximal descending aorta at the lig-
amentus arteriosus, where differential movement would be 
greatest. Originally it was believed that this shearing stress 
was the cause of the rupture. However, experimental injury 
involving dogs and primates subject to sudden sternal com-
pression simulating steering wheel injuries using high-speed 
cardioangiography have shown with massive chest compres-
sion there is marked posterior, caudal, and rightward dis-
placement of the heart. There is also cranial displacement 
of the aortic arch with stretching of the thoracic aorta, re-
sulting in shearing stress and rupture at the same sites as 
mentioned above.9

Another important feature involved in the effects of car-
diac trauma is the timing of the impact during the cardiac 
cycle. There is a vulnerable period just before the peak of the 
T wave, at which time energy delivered to the heart can pre-
cipitate ventricular arrhythmias. Also in animal experiments, 
myocardial contusion and laceration are more likely to occur 
when the injury is delivered in diastole than in  systole.10 In 
diastole the heart is at its greatest mass and the wall’s firmness 
and elasticity are least. In systole, the ventricular mass is at 
its smallest and the heart is firm and resilient and capable of 
moving away from the force, thereby limiting the distortion 
of the wall by the force.10 Finally, compressive injuries to the 
lower extremities and abdomen as occurs when a heavy weight 
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the ventricle at a vulnerable window just before the T wave 
peak, causing ventricular tachycardia or fibrillation.20

If the heart is examined after BCI, myocardial necrosis, edema, 
and hemolytic infiltrate can be seen. The degree of injury de-
pends on the mechanism of the BCI and the magnitude of the 
force.19,22 In the classic study from the Armed Forces Institute 
of Pathology (AFIP) in 1958, Parmley and colleagues reported 
the spectrum of injury at autopsy of people who died with car-
diovascular trauma in 546 nonpenetrating cardiac trauma 
 cases.23 Since they were all fatal, not necessarily from the car-
diac injury, this series is not representative of all BCIs, only 
the most serious. They reported 64% with at least one cardiac 
chamber rupture, 20% with two or more chambers ruptured, 
23% with myocardial contusion, 6% with pericardial lacera-
tion, 4% with papillary muscle rupture, 2% with valvular rup-
ture, and 1% with coronary artery laceration.23

The Clinical Picture of BCI 
and Penetrating Injury

Blunt cardiac injury is the result of compressive, concussive, 
or crushing forces to the chest. The most common mechanism 
responsible for BCI is the motor vehicle accident, but in the 
large city environment the type of trauma seen is very near 
what is seen in a war zone: gunshot and knife wounds, missile 
fragment wounds, and massive injury from falls or collisions.

IMMEDIATE ASSESSMENT 
AND THERAPY24

The first priority must be rapid evaluation of the patient’s 
injuries, evidence of hemorrhage, vital signs and hemody-
namic stability.

Rapid assessment of adequacy of airway, respiration, blood pres-
sure, heart rate and cardiac output: 

Establish airway and respiration: may need oral air-• 
way, tracheostomy, or assisted respiration. Rule out 
tension pneumothorax.
If blood pressure and pulse are absent, start cardio-• 
pulmonary resuscitation. Although the prognosis 
for survival is poor, studies show that the results are 
similar to the results of cardiopulmonary resuscitation 
in medical out-of-hospital cardiac arrests.25,26 In one 
study25 more trauma than medical arrest patients lived 
to be admitted to the hospital (29.9% versus 23.5%), 
but there was no difference between the two groups at 
hospital discharge (2.2% versus 2.8%), although other 
studies26 have reported survival rates of 9.7%.
Insert at least 2 large bore needles or catheters for • 
fluids. If blood pressure low, infuse 2 liters of fluids 
rapidly. May start with saline or Ringers solution, sub-
stitute with colloids (blood) as soon as possible.

accumulate on the surface of the heart, trapped by the rela-
tively intact epicardium and pericardium. This is the basis for 
the formation of a ventricular false aneurysm or pseudoaneu-
rysm, with communication of the ventricular chamber with 
an aneurysmal sac composed of pericardium and thrombus. 
Diagnosis is made usually from observation of the deformity of 
the ventricular silhouette on the chest X-ray, although small 
false aneurysms can be discovered by TTE, MRI, or CAT 
scans. Since these false aneurysms can rupture at any time, 
even long after injury, usually they are repaired when discov-
ered. If the damage to the ventricular myocardium is extensive, 
ventricular function is compromised and heart failure occurs.

Penetrating injuries can lacerate two adjacent structures 
and result in arteriovenous fistulae, aorto-cameral fistulae, 
and fistulae between adjacent chambers (interventricular, 
interatrial fistulae). If the shunt is large enough, murmurs 
can be heard. Depending on which chambers are connected 
and the size of the shunt, the murmur can be systolic, dia-
stolic, continuous, or absent. If the shunt is small, there is 
little danger of late complications, although endocarditis 
has been reported. If the shunt is large enough, the cham-
bers can become dilated and heart failure can ensue. If this 
occurs, repair is indicated. Repair usually means surgical re-
pair. In the case of interventricular septal defects and aor-
tocameral fistulae, it is possible to close some of these by 
interventional catheter techniques.11-13

Penetrating injury to any of the valves or papillary muscles 
can result in aortic, mitral, or tricuspid or pulmonary valve 
regurgitation. The clinical consequences of such injury de-
pend on the severity of the regurgitation and the response 
of the ventricles to the volume overload. The treatment of 
such injury is similar to the treatment of a like amount of 
valvular regurgitation from any other cause.14-17

Myocardial Contusion—
Blunt Cardiac Injury (BCI) 

The cardiac injury most often suspected in trauma is that of 
myocardial contusion. Since almost any pathologic cardiac 
damage is possible from nonpenetrating trauma including 
pericardial injury and laceration, myocardial rupture, devel-
opment of aorto-cameral fistulae, coronary artery rupture or 
thrombosis, and valvular disruption, a better term—blunt car-
diac injury (BCI)—has been introduced.18 Nonpenetrating 
cardiac injury occurs most often as a result of motor vehicle 
accidents. However, falls, compressive injury due to heavy ob-
jects falling on the chest, and compression due to collapse of 
the walls onto a person who has been digging a hole have all 
been responsible for BCI. Blunt cardiac Injury can cause ar-
rhythmias, conduction defects, and even sudden death with-
out any detectable myocardial pathological injury, so-called 
commotio cordis.19-21 This occurs in situations, frequently sport-
ing events, where there is an impact imparting low energy to 
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trauma, whether external bleeding was seen and how exten-
sive it was, and whether the patient has symptoms: 

Pain, where, how severe, and what aggravates it, shortness 
of breath, light-headedness of syncope, and a brief assess-
ment of other significant injuries. A past medical history 
and medications taken by the patient should be obtained. 
With myocardial rupture and tamponade, the patient may 
be dead at the scene or hemodynamically unstable or in 
shock. In the patient suspected of BCI, the commonest pre-
sentation is that of chest pain. In patients over the age of 
40, especially in patients with coronary risk factors, acute 
myocardial infarction precipitated by the massive sympa-
thetic and catecholamine stress that occurs with an acci-
dent must be considered and ruled out.28,29 BCI can cause 
an increase in creatine kinase (CK) and the myocardial 
selective CK (CK-MB). Healey and colleagues found that 
a CK-MB level of >200 mg/dL had a 100% positive predic-
tive value for cardiac complications.30 However, CK-MB is 
found in a number of other tissues such as skeletal muscle, 
lung, liver, small intestine,31 so most other investigators 
have found that CK-MB is not predictive of complica-
tions and is not a warranted study.32,33 The preferred car-
diac  enzyme studies are the myocardium specific troponins 
I and T.34,35 In a prospective study of 333 blunt thoracic 
injuries, Velmahos and colleagues identified 13% with 
significant BCI. BCI was diagnosed when there was hy-
potension in the absence of bleeding or neurogenic cause, 
cardiac arrhythmias, posttraumatic ECG abnormalities, or 
a cardiac index <2.5L/min/m2. Combining a normal ECG 
and troponin I at 8 hours revealed a negative predictive 
accuracy of 100%, eliminating patients with clinically 
 significant BCI.35

Drugs taken by the patient can modify the physical findings. 
As an example, beta-blockers and some calcium channel 
blockers can blunt the expected sinus tachycardia and even 
precipitate a drop in BP. Illegal drugs such as methamphet-
amines and cocaine can be responsible for sinus tachycardia 
or other arrhythmias, severe hypertension, and myocardial 
ischemia and even infarction.

LABORATORY STUDIES

When cardiovascular trauma is suspected, an ECG and chest 
X-ray are essential.32 The ECG is the quintessential labora-
tory technique to diagnose arrhythmias and support suspicion 
of myocardial contusion. Foil and colleagues retrospectively 
reviewed 524 suspected BCI patients and found that 85% 
who had complications, mostly arrhythmias, had an ab-
normal ECG, sinus tachycardia excepted, on admission.36 
Maenza and colleagues did a meta-analysis of 43 studies in-
volving 4681 patients suspected of having BCI and found 
that an abnormal ECG predicted the risk of developing a 

Assess central venous pressure (CVP): neck veins or • 
central venous catheter. If CVP is elevated and  injury 
capable of causing tamponade, make presumptive 
diagnosis and act on it.
The patient who has an injury that could have caused • 
tamponade and is pulseless, in shock, or without blood 
pressure should be assumed to be in cardiac tampon-
ade and a thoracotomy should be performed in the 
emergency department, as a last resort toward saving 
patient’s life.24,27

If life-threatening arrhythmia is present: Start CPR. • 
If asystole, infuse isoproterenol or place a temporary 
pacemaker. If ventricular tachycardia or fibrillation, 
cardiovert or defibrillate. If complete A-V block is 
present an external pacemaker is applied until more 
definitive treatment can be instituted. 

Once respiratory and circulatory support is adequate:

Take a brief history of the trauma. Obtain a description • 
of the time and details of the trauma; if auto accident, 
was it a front-end or rear-end collision? Was patient 
wearing a seatbelt? If violent crime, what weapon was 
used? Gunshot? Type of knife? 
Get a past medical history; is the patient hyperten-• 
sive, diabetic; does he have heart or lung disease and 
type?
What medications is the patient taking? Any illicit • 
drugs and type? 

Do a rapid physical examination:
Vital signs—BP, heart rate and rhythm, respiration • 
rate, and signs of distress.
Note presence of sites of contusions, hematomas, lac-• 
erations, missile entry, and exit wounds.
Assess head and neck for cervical and cranial trauma. • 
Palpate for depressed skull fractures, note blood or ce-
rebrospinal fluid from nose and ear canals.
Examine for face and extremity pallor or cyanosis as • 
a clue to pulmonary or peripheral arterial or venous 
injury.
Note cervical venous pressure.• 
Examine lungs for dullness or resonance on percus-• 
sion, absent breath sounds or rales.
Cardiac examination: note position of PMI abnormal • 
lifts, quality of heart sounds, presence of friction rubs, 
murmurs and gallops. Examine pulses and note pulsus 
alternans or paradoxus. 
Note abdominal and extremity injury• 
Do a rapid neurological examination: state of con-• 
sciousness, cranial nerve abnormalities, movements 
of eyes and limbs, quality of reflexes

After assessing the status of the airway and pulse and at-
tending immediately to any life-threatening abnormalities, 
obtain a brief history addressing the circumstances of the 
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was of little value. They concluded that BCI is common after 
blunt chest trauma, rarely requires treatment, has a favorable 
prognosis, and that echocardiography should be reserved for 
patients who develop cardiac complications. Finally, Nagy 
et al., in an analysis of a prospective study of 315 patients, 
concluded that the echocardiogram added little to the di-
agnosis for patients with a normal ECG and blood pressure 
on admission.47 The Eastern Association for the Surgery of 
Trauma recommends that echocardiography be reserved for 
those patients with hemodynamic instability or who suffer 
evident cardiac complications.32 Transesophageal echocar-
diography (TEE) should be reserved for patients whose tran-
sthoracic echocardiogram (TTE) is technically inadequate 
or where aortic disruption is suspected.

In many institutions, multidetector row computed tomogra-
phy (MDCT) is available 24 hours per day, 7 days a week, 
and is the fastest way to rule out aortic rupture. It is also very 
good way of assessing the presence of pericardial fluid, myo-
cardial function, and valvular regurgitation. The presence of 
air, bone, blood, and metal fragments along the wound track 
allows visualization of the course of the bullet or knife.48 
MRI with gadolinium with delayed enhancement has been 
suggested as a way of differentiating myocardial contusion 
with viable but stunned myocardium from nonviable myo-
cardium from an acute myocardial infarction.29,49 Totally ne-
crotic contused myocardium may react similarly to necrotic 
myocardium from an acute myocardial infarction, so the 
MRI may not be able to differentiate these two conditions. 
Although transesophageal echocardiography is an excellent 
way to assess these same problems, the truth is that it is not 
as rapidly available at all times as rapid computed tomogra-
phy in many hospitals. Although computed tomography is 
most used in the diagnosis of aortic injury and disruption, 
it has also been used to differentiate between myocardial 
contusion and acute myocardial infarction precipitated by 
or causing the traumatic incident. Magnetic resonance im-
aging is also an excellent technique to image the heart and 
great vessels, but is used rarely in the immediate workup of 
the suspected BCI patient. Although radioisotopic imaging 
can identify nonviable and viable myocardium in areas of 
myocardial contusion, because it identifies relatively large 
transmural defects and can miss smaller areas of injury and 
because it images the thinner right ventricle poorly, it has 
relatively little role to play in the diagnosis of BCI.37,50

The introduction of myocardial specific enzymes such as 
troponins I and T has made the diagnosis of myocardial ne-
crosis possible, whereas with creatine phosphokinase (CK), 
myocardial contusion could not be distinguished from skel-
etal muscle or other tissue trauma.31 Obviously, serial he-
moglobin and hematocrit levels and other chemistries such 
as serum electrolytes, liver, renal, and pancreatic function 
tests, as appropriate to the clinical picture, should be done.

cardiovascular complication, again mostly arrhythmias.37 
Biffl and colleagues reviewed 359 patients at high risk for 
BCI and found that an abnormal ECG, excluding sinus 
tachycardia, was the most significant independent predic-
tor of cardiac complications, defined as arrhythmia requiring 
therapy, cardiogenic shock, traumatic valvular regurgitation, 
or pericardial tamponade.33 There are no typical ECG abnor-
malities that are predictive of BCI. The most common find-
ings are sinus tachycardia, otherwise not explained, followed 
by premature atrial and ventricular extrasystoles. Other find-
ings less common and in decreasing frequency are T wave 
changes, atrial fibrillation/flutter, ST elevation or depres-
sion, conduction defects, ventricular arrhythmias, and new 
Q waves.30,39 Fildes and colleagues prospectively evaluated 
100 patients admitted to rule out BCI.40 The patients were 
monitored for at least 24 hours. They found that if the pa-
tient was <55 years of age, lacked a history of heart disease, 
was hemodynamically stable, and did not need surgery or ob-
servation for other injuries, then no cardiac complications 
developed. They concluded that in the absence of one of 
these criteria, patients with a normal admission ECG could 
be safely sent home. With 1 or more of the criteria present, 
they recommend 24-hour observation. An ECG might also 
help identify preexisting cardiovascular disease by revealing 
left ventricular hypertrophy or an old myocardial infarction. 
The chest X-ray can show a hemopneumothorax, an enlarged 
cardiac silhouette, multiple rib or clavicular fractures often 
accompanying cardiac trauma. Most helpful is the finding 
of a widened mediastinum or obscuration of the aortic knob 
consistent with traumatic rupture of the aorta.38

Echocardiography has revolutionized rapid diagnosis in the 
ER, and increasingly so since the practice was established of 
having the echocardiographic equipment in the emergency 
room,, with ER personnel trained to do a rapid sonographic as-
sessment for peritoneal and pericardial fluid and left ventricular 
function—the bedside Focused Assessment with Sonography 
for Trauma (FAST) examination.41,42 Four windows are evalu-
ated: subcostal, right and left upper quadrant, and suprapubic 
areas and can be evaluated in 1 to 2  minutes.43 In a study by 
Mandavia et al.41 the FAST examination was 97% accurate 
for myocardial injury and Rozycki et al. 247 penetrating chest 
injury patients demonstrated 100% sensitivity and specificity 
for hemopericardium with the use of FAST.44

Not all studies support the routine use of sonography in 
diagnosing myocardial contusion. In a meta-analysis of 18 
studies in patients with suspected myocardial contusion, 
Christensen and Sutton45 found no support for the use of 
routine echocardiography as a screening test in diagnosing 
clinically significant myocardial contusion. Karalis et al.47 in 
a prospective series of 105 patients suspected of having myo-
cardial contusion found that cardiac complications as a re-
sult of BCI were so infrequent that routine echocardiography 
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cardiac external compression. Although the prog-
nosis of such patients is thought to be dismal, David 
et al.,25 reported a cohort analysis of a total of 2910 
patients (268 trauma patients) with out-of-hospital 
cardiac arrests and standard resuscitation therapy and 
discovered the following: In the group with traumatic 
cardiac arrest, the patients were younger, and had 
fewer instances of ventricular fibrillation as the first 
documented pulseless rhythm than patients with non-
traumatic out-of-hospital cardiac arrests. A return of 
spontaneous circulation was seen in 34% of the trauma 
patients compared to 30% of the nontrauma patients, 
and more patients survived to be admitted to hospital 
in the trauma compared to the nontrauma patients 
(30% versus 24%). Unfortunately, there was no dif-
ference between the trauma and medical groups at 
hospital discharge (2% versus 3%) and 1-year survival 
was dismal (2% versus 3%). So results of resuscitation 
are similar for medical and traumatic cardiac arrest.
Immediate treatment has been given above.• 
If the patient is hemodynamically stable he should be • 
moved to a telemetry-monitored bed.
In patients with an abnormal admission ECG, signifi-• 
cant arrhythmias can develop within the ensuing few 
hours of injury. Therefore, ECG monitoring should be 
maintained for 24-48 hours.
Atrial fibrillation or flutter should be cardioverted. • 
Obviously ventricular tachycardia and fibrillation re-
quires instantaneous cardioversion or defibrillation. 
Premature atrial and ventricular contractions can be 
monitored without treatment. 
ECG abnormalities are seen in 40% to 83% of pa-• 
tients with BCI.19,22 Foil et al. in a retrospective study 
of 524 BCI patients found that 85% of patients with 
cardiac complications, mostly arrhythmias, had an 
abnormal admission ECG.36 Although cardiac contu-
sion can be the cause, there are many other noncar-
diac causes of ECG abnormalities such as sympathetic 
and catecholamine activation, hypoxia, hypokalemia, 
head trauma, and drugs (cocaine). Patients with pre-
existing heart disease can have ECG abnormalities.56 
Sympathetic stimulation, pain, and anxiety can cause 
ST-T changes of ischemia in patients with coronary 
artery disease. Maenza et al.37 reported a meta-analysis 
of 2210 patients collected prospectively with BCI. 
Of these, only 58 (2.6%) developed cardiac com-
plications, defined as arrhythmias or other findings 
that had required therapy as decided by the treating 
physician. Of these “complications,” 41% involved 
ventricular ectopy and another 36% were supraven-
tricular arrhythmias. 
Many studies• 36,47,57 recommend that if admission ECG 
is normal and patient hemodynamically stable, the 
patient can be discharged without monitoring. 

COMPLICATIONS OF BCI

A number of different complications can occur from BCI, 
many of which are similar to those listed under penetrating 
injuries. The most important complication is that of heart 
failure when a significant amount of ventricular myocardium 
is damaged. The clinical manifestations are similar to those 
seen in heart failure of any etiology: shortness of breath, or-
thopnea, paroxysmal nocturnal dyspnea, pulmonary conges-
tion and edema, elevated neck veins, and ankle edema. When 
there is extensive myocardial contusion with subsequent ne-
crosis, a true ventricular aneurysm may develop, involving all 
layers of the ventricular wall and with the same consequences 
as a ventricular aneurysm after a myocardial infarction. These 
include thrombus formation and systemic embolization, ven-
tricular arrhythmias, and, if extensive, cardiac failure.

With BCI, pericardial laceration can result in herniation of the 
heart into the pleural cavity. If the pericardial tear is relatively 
small, the heart may not be displaced and the tear discovered 
during surgery for other injuries, or may herniate and become 
strangulated.51 Most people with a ruptured pericardium with 
herniation die, usually at the site of the accident. Reportedly, 
hemodynamic instability with marked changes in blood pres-
sure on shifting position should raise suspicion of cardiac her-
niation. The heart sounds may be loudest in unusual places on 
the chest and the diagnosis is made on imaging the heart in 
abnormal positions, usually by chest X-ray, but occasionally by 
echocardiography, MRI, or computed tomography.51,52

Aorto-cameral, inter-cameral, and coronary-cameral fistu-
lae have been reported with BCI and have the same conse-
quences seen with penetrating injury.53 In addition to cardiac 
tamponade, injury to the heart can result in a late pericarditis 
7-21 days after the trauma, presumably on the basis of autoim-
munity.54 The clinical picture is identical to that of viral and 
other etiologies of pericarditis. Since it is usually self-limited, 
aspirin and occasionally steroids are the treatment.

Valvular regurgitation as a result of papillary muscle or 
 valvular injury can occur with BCI.53,55

BCI is associated with arrhythmias, premature atrial and 
ventricular contraction, atrial fibrillation and flutter, and 
more serious arrhythmias such as ventricular tachycardia. 
All degrees of heart block and left and right bundle branch 
block are occasionally seen.5,37,38,55

TREATMENT OF SUSPECTED BCI5,38

Assess clinically and hemodynamically to determine • 
the severity of the injury.
If the patient is pulseless and not breathing, in cardiac • 
arrest, resuscitate immediately with an airway and 
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injuries. A definitive diagnosis of presence and severity of 
previous aortic laceration requires aortography. At the pres-
ent, in places with the required expertise, helical computed 
tomography is the preferred diagnostic image medium.62 
Until recently, treatment of aortic laceration was done by 
surgical repair.61 In 1994, Dake and colleagues reported the 
first successful repair of thoracic aortic disease.69 At present, 
in centers where the expertise exists, increasingly endovas-
cular stenting has become the preferred therapy.70 Mortality 
in open repair of traumatic aortic laceration, especially 
in the presence of other associated injuries is 8-15%.71 In 
a prospective multicenter study of operative repair versus 
endovascular stent graft in BCI thoracic aortic injuries in 
193 patients, 65% were selected for stent grafting and 35% 
for open repair.70 The overall mortality of open repair was 
23.5% and for stenting it was 7.2%. In patients with endo-
vascular stents there were 32 device-related complications. 
Procedure-related paraplegia occurred in 2.9% of the surgi-
cal patients and 0.8% of the stented patients (p = 0.28), 
The major procedure-related complications were endoleaks, 
which occurred in 18 (14%) of the 125 patients with en-
dovascular stents, some of which required open repair, oc-
clusion of one or more aortic arch branches, arterial access 
injury, and stent migration. In other studies, the incidence 
of procedure-related paraplegia in patients with open repair 
is high, from 2.3 to 14%.71,72 Canaud and colleagues in a re-
view of the literature found 220 cases of endovascular repair 
of traumatic aortic lacerations in series of 10 or more pa-
tients.73 In their series of 27 patients there were no instances 
of paraplegia, and the literature review revealed 2 patients 
(0.9%) with paraplegia. One technique used in open repair 
to avoid paraplegia is some method of aortic bypass such 
as the external heparin-bonded shunt. However, Whitson 
and colleagues74 have reported that distal aortic perfusion in 
traumatic aortic injuries is not necessary to avoid periopera-
tive paraplegia. 

In patients discovered to have a false aneurysm, frequently 
seen by the presence of calcification in the wall of the aneu-
rysm weeks to years after the traumatic episode, a decision to 
repair the pseudoaneurysm is difficult. In an asymptomatic 
patient, the possibility of operative mortality and morbidity 
must be balanced by the knowledge that symptoms and late 
rupture are not unusual.75 Most often, the possibility of late 
rupture leads to the recommendation for repair,76 at present, 
by endovascular stenting.

RETAINED FOREIGN BODIES

Low velocity missiles lose energy in passing through the body 
and can come to rest in the heart muscle, any of its cham-
bers, or in arteries or veins. The missile can be sterilized by 
the heat of friction or can carry in contaminated material 

AORTIC RUPTURE 
AND VASCULAR INJURY

The aorta, its branches, and great veins can be affected either 
by penetrating or nonpenetrating injuries.8, 58 The injuries 
include laceration, thrombosis, intimal tears, pseudoan-
eurysm formation, and the development of arteriovenous 
fistulae.59 Although relatively rare, the most frequent im-
portant injury seen in BCI is laceration of the thoracic 
aorta, a highly lethal injury. Nonpenetrating thoracic aortic 
laceration occurs most frequently with vehicular crashes, 
less commonly with falls and other types of trauma. Studies 
show that 6.8 per 10,000 occupants in motor vehicle crashes 
have this type of injury, accounting for 18% of motor ve-
hicle deaths.60 Only 10-15% of patients with this lesion live 
to reach the hospital alive, the rest dying at the scene of the 
crash.61 Of those making it to the hospital, another 20% will 
die of aortic rupture.62

There is debate about the mechanism of aortic laceration, but 
the most likely explanation is that it results from stress on the 
aortic wall from sudden forceful displacement of the aorta. 
The points of greatest stress are the root of the ascending 
aorta and the aortic isthmus at the ligamentum arteriosus and 
just distal to the origin of the left subclavian artery.8, 9, 63 Most 
patients with laceration at the aortic root die immediately, 
so it is only those with a contained distal aortic arch rupture 
who survive to be a clinical problem. The degree of injury can 
vary from a minor intimal tear resulting in a luminal flap seen 
on CT scan, through pseudoaneurysm formation to complete 
laceration of all layers of the aorta and exsanguinations into 
the pleural cavity.64 If the adventitia is not disrupted, then a 
false or pseudoaneurysm develops, which contains the rup-
ture and prevents massive hemorrhage.65

The diagnosis of aortic laceration requires a high index of 
suspicion. Like significant myocardial contusion with BCI, 
aortic laceration frequently occurs together with a variety of 
other serious noncardiovascular head, thoracic, and abdomi-
nal injuries, rather than as an isolated injury.61 The diagnosis 
is most often suspected by finding a widened mediastinum 
on chest X-ray.61, 66 An abnormal contour of the aortic knob 
or descending aorta can be clue to the presence of a false an-
eurysm. However, there are a significant number of patients 
with laceration of the aorta where the chest X-ray is virtu-
ally normal.67 The triad of findings described by Symbas and 
colleagues68 of upper extremity hypertension, difference in 
pulse amplitude in upper and lower extremities, and widen-
ing of the mediastinum on chest X-ray is helpful in diagnosis 
when present.

The treatment of the patient with aortic rupture or aortic 
pseudoaneurysm requires, first, stabilization of the hemody-
namics and the most life-threatening of the extrathoracic 
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passage into the aorta has resulted in aortic-to-right atrial fis-
tula and cardiac perforation with pericardial tamponade.88 
Electrophysiologic procedures, with their multiple catheters 
and ablation techniques, are complicated by cardiac perfora-
tion89 and injury to mitral and tricuspid valves and coronary 
arteries. Finally, percutaneous catheter placement into the 
subclavian and internal jugular veins has proven to be com-
plicated by numerous problems including hemopneumotho-
rax and inadvertent passage into or laceration of subclavian 
and carotid arteries, at times leading to exsanguinations. 
With emerging interventional therapeutic techniques such 
as percutaneous valvuloplasty and pulmonic and aortic valve 
placement, device closure of intracardiac septal defects and 
embolization of shunts and fistulae, more reports of iatrogenic 
cardiovascular injury are expected. 
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• Consider 2:1 sinoatrial exit block for sinus bradycar-
dia with a rate <40 bpm.

• When a pause occurs of less than twice the usual RR 
interval, look for deformation of the T wave preced-
ing the pause. If the T wave is of different morphol-
ogy from the usual T wave, suspect a nonconducted 
APC.

• Distinguish a rhythm originating from a low atrial 
focus from an AV junctional rhythm by the PR in-
terval! Although a low atrial focus may activate the 
atrium in a retrograde manner (resulting in inverted 
P waves in II, III, aVF), the PR interval will be greater 
than 0.11 second, differentiating it from an AV junc-
tional rhythm.

• Be careful to distinguish multifocal atrial tachycardia 
from NSR with multifocal APCs. The key with MAT is the 
absence of any single dominant P wave morphology. 

• Consider atrial flutter with 2:1 block if the rate of the 
SVT is 150 bpm.

• Consider Wolff–Parkinson–White syndrome if the atrial 
rate is >200 bpm with a QRS complex duration greater 
than 0.12 second, or in the presence of a “ concertina 
effect”—constant variance of QRS duration. 

• Identify the underlying sinus mechanism, if possible.

• Consider “digitalis toxicity” when a junctional rhythm 
is present, especially if atrial fibrillation is evident or 
a history of congestive heart failure is provided. 

• If you see an electrocardiogram with frequent VPCs 
and fusion beats, measure the intervals between ec-
topic beats to ensure you have not missed ventricu-
lar parasystole.

• In addition to coding for VT, be sure to code for 
“AV dissociation,” the underlying sinus rhythm, and 
the abnormal QRS axis, if they are present. 

• If a P wave is associated with a QRS complex, even 
for only 1 beat, the patient is not in complete heart 
block. Look for complete heart block in patients with 
a ventricular pacemaker. 

• Consider WPW with atrial fibrillation when there is a 
wide complex tachycardia with an irregular rhythm, 
especially if the QRS duration is variable. 

• Remember to code for the associated findings of 
ventricular hypertrophy, including conduction delays, 
atrial abnormalities, and ST-segment abnormalities. 

• Ventricular hypertrophy and myocardial infarction 
(Q waves) can still be interpreted in the presence of 
RBBB—look carefully for these!

• The two major causes of a right axis deviation are 
LPFB and RVH—the precordial leads can yield 
 important clues to RVH (R>S lead V1, S>R lead V6)!

• In the presence of bundle branch blocks, do not for-
get to still code axis deviations, AV delay, and atrial 
abnormalities when present!

• ST-segment depression with T wave inversion in the 
early precordial leads may accompany RVH and should 
be coded separately as “secondary to hypertrophy.”

• ST depression should be coded as “suggesting 
myocardial ischemia,” ST elevation as  “suggesting 
 myocardial injury,” and pathologic Q waves as “in-
farction.” ST elevation/injury should always be con-
sidered the primary event, and if Q waves are present, 
infarction should also be coded. 

d PRACTICAL POINTS

(continued)
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Electrocardiographic interpretation is a skill that all cardiolo-
gists are expected to master. The integration of this informa-
tion into clinical decision-making is as important as history 
and physical examination in the care of patients with com-
plex heart disease. Because of its importance, the American 
Board of Internal Medicine (ABIM) incorporates a specific 
section on the board examination for ECG interpretation, 
which must be passed—regardless of performance on the re-
mainder of the exam—for certification. Successful comple-
tion of this section requires both a working knowledge of 
the rules governing ECG diagnoses and familiarity with the 
ABIM coding algorithms. On most of the ECGs presented 
on the examination, there will be one to three major findings 
for coding, and points are given for correct identification of 
these. Overdiagnosis (checking off more major findings than 
are present) or misdiagnosis may result in either failure to ac-
crue points or actual subtraction of points. Because of this 
system, guessing about a diagnosis is more likely to lead to 
point subtraction and should be avoided.

In order to correctly identify the most abnormalities and 
maximize scoring, it is essential the physician follow a plan, 
as outlined here: 

Devise a routine method of analyzing each tracing, • 
starting with rate, rhythm, intervals, and axis. 
Follow with examination of the P waves for regular-• 
ity, and morphology and axis as they relate to atrial 
enlargement and origin of activation respectively.
Inspect the QRS morphology for infarction and • 
 hypertrophy.
Evaluate the ST segment for acute injury, pericarditis, • 
and— along with the T/U waves—electrolyte disorders.
Lastly, look for important clues that are often given in the • 
brief clinical vignettes supplied. For example, one should 
look carefully for signs of hyperkalemia if the clinical pre-
sentation is that of a noncompliant dialysis patient. 

GENERAL FEATURES

It is not uncommon for a normal ECG to be included on 
the examination, since it is as important to recognize what 
is “normal” as what is “abnormal.” There are, however, sev-
eral normal variants that should be recognized and coded 
accordingly:

Juvenile T waves are small, asymmetric T wave inver-• 
sions present in leads V1-V3. It is important to dif-
ferentiate this from ischemia, where the T waves may 
be deeper (often ≥3 mm) and are symmetric. Most 
often, the clinical vignette is that of a young, healthy 
woman without chest pain. 
An rSr´ in V1 may be a normal variant, and it is im-• 
portant not to code this as an incomplete or complete 
RBBB if the QRS duration is <0.10 second, the r´ is 
the smallest of the peaks, and the entire complex is 
<7 mm in height.

The most common “borderline” ECG presented is that 
of early repolarization. The diagnosis is suggested by the 
presence of J point elevation, with a concave upwards ST 
segment, and perhaps a notch on the downstroke of the 
R wave in otherwise healthy, young individuals. This fea-
ture is most commonly appreciated in the precordial leads, 
and it should be differentiated from what is seen in peri-
carditis (widespread ST change, and perhaps PR depres-
sion) and acute injury (straight ST segment or concave 
downwards). 

The most common examples of incorrect lead placement 
are right arm–left arm reversal (Figure 12-1) and misplace-
ment of a precordial lead. Arm lead reversal should be sus-
pected when the P wave, QRS complex, and T wave are 
upright in lead aVR, and inverted in lead I. It is important 
one distinguish this from dextrocardia, which demonstrates 

• The clinical history plays an integral role in the diag-
nosis for a clinical disorder.

• Do not forget to code for the individual abnormal 
intervals and repolarization abnormalities observed 
with digitalis.

• Digitalis toxicity is the most common cause of par-
oxysmal atrial tachycardia. PAT with atrioventricular 
block is pathognomonic of digitalis toxicity. 

• Do not forget to code for the abnormal intervals, re-
polarization abnormalities, and rhythm disturbances 
 observed with antiarrhythmic medications.

• Hypocalcemia is a common finding in end-stage 
renal disease patients. Note that only hypocalcemia 
and hypothermia result in QT prolongation with a 
normal T wave duration. 

• Distinguish dextrocardia from lead reversal by identi-
fying a decrease in R wave amplitude from V1-V6. 

• Clues that distinguish pericarditis from abnormal re-
polarization include PR-segment deviation, recipro-
cal changes in aVR, decreased T wave amplitude, and 
a history of pleuritic chest pain.

d PRACTICAL POINTS (continued)
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the same limb lead findings, but in which R wave pro-
gression in the precordial leads is distinctly abnormal. In 
limb-lead reversal, the precordial leads are not affected and 
remain normal. 

Precordial lead misplacement should be suspected when 
there is a sudden decrement in the R wave height present 
for only one lead with recovery in the next lead. 

Far and away the most common artifact presented is that 
of the undulating baseline sometimes seen on the ECG of 
patients with Parkinson’s disease. This is easily mistaken 
for atrial flutter. Differentiation can be made by recogniz-
ing the presence of P waves, most often in the early pre-
cordial leads, preceding each QRS, and by the tremor rate 
(500/min) which is much faster than usual atrial flutter 
(300/min). 

P WAVE ABNORMALITIES

Atrial activation is represented by the P wave. Right atrial 
activation precedes left atrial activation in normal depo-
larization resulting in a biphasic P wave in V1 and often a 
notched P wave in the limb leads.

Right Atrial Abnormality 
or Enlargement (Figure 12-2)

Right atrial abnormality or enlargement is characterized by:

P wave amplitude • >than 2.5 mm in leads II, III, or 
aVF with normal P wave duration
positive amplitude • >than 1.5 mm in V1 or V2
P wave frontal axis 70 or greater (rightward axis). • 

CODING POINTER: Code for right atrial enlargement/
abnormality if any of the criteria above are present.

Left Atrial Abnormality or Enlargement

Left atrial abnormality or enlargement is characterized by:

notched P wave with duration • >0.12 second in leads 
II, III, or aVF 
downward terminal deflection of P wave in V1 with neg-• 
ative amplitude of 1 mm and duration of 0.04  second. 

ATRIAL RHYTHMS

This section reviews sinus rhythms as well as rhythms 
 originating from ectopic pacemakers within the atria. 
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Figure 12-1. This ECG demonstrates arm lead reversal. Note the inverted P waves in lead I and inverted P waves in lead aVR. 

aVRI

II

III

aVL

aVF

V1

V2

V3

V4

V5

V6

Figure 12-2. An ECG from a 65-year-old with emphysema has characteristics of a pulmonary disease pattern. Right atrial enlargement, 
right ventricular hypertrophy, and right axis deviation are present. 
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Sinus Rhythm, Sinus Bradycardia, 
and Sinus Tachycardia

All sinus rhythms require a normal P wave axis (15 to 75°) 
and originate with depolarization of the sinus node. Sinus 
rhythm has a rate of 60-100 bpm. Sinus bradycardia has 
a rate <60 bpm. Sinus tachycardia has a rate >100 bpm 
and can demonstrate an increase in P wave amplitude and 
decrease in PR interval with increasing rates. Usually sinus 
tachycardia does not exceed 160 bpm in adults.

CODING POINTER: Consider 2:1 sinoatrial exit block 
for sinus bradycardia with a rate <40 bpm. 

Sinus Arrhythmia

While the impulse arises normally in the SA node, this ar-
rhythmia is characterized by alternating periods of slower 
and more rapid heart rates:

Normal P wave morphology and normal axis• 
The PP interval varies by • >0.16 second or 10%.

Sinus Pause or Arrest

A sinus pause is defined as a pause >2.0 second without a 
P wave. The differential for this includes:

Sinus arrhythmia: note a phasic gradual PP interval • 
change
Sinoatrial exit block: the pause is an exact multiple of • 
the PP interval (2×, 3×)
Nonconducted atrial premature complexes: evident • 
by a P wave deforming the preceding t wave
Sinus arrest. • 

Sino-atrial Exit Block

When a sino-atrial block is present, the sinus node dis-
charges, but there is no atrial depolarization because of 
the exit block. It is not possible to detect 1° and 3° sino-
atrial exit block on an electrocardiogram. Distinguishing 
 between 2° sino-atrial block type I and II requires an 
evaluation of the response of the perinodal tissues, or 
P waves. 

Type I (Mobitz I) is characterized by:

grouped beating with progressive shortening of the PP • 
interval
constant PR interval• 
PP pause duration less than twice the normal • 
PP  interval.

Type II (Mobitz II) is characterized by:

Constant PP interval followed by a dropped P wave• 
Pause is a near multiple of the normal PP interval• 
Interval pause may be slightly less than 2X normal PP • 
interval, but usually within 0.1 second.

Atrial Premature Complexes—Conducted

An atrial premature complex arises from an ectopic focus any-
where in either atrium and usually initiates a ventricular com-
plex with a normal QRS configuration. It is characterized by:

Premature P wave in relation to the normal sinus • 
rhythm
P wave differs in configuration from sinus P wave• 
PR interval can be normal or can be increased or • 
 decreased
QRS complex is similar in appearance to the QRS • 
complex present during the sinus rhythm
The post extrasystolic pause is generally non-• 
 compensatory. However, if sino-atrial entrance block 
is present and the SA node is not reset, the result can 
be an interpolated beat or fully compensatory pause. 
An APC can have aberrant intraventricular conduc-• 
tion, suggested by a P wave that occurs very early with 
a RBBB pattern. LBBB and variable QRS morphology 
can be seen but are not as common as a RBBB pattern. 

Atrial Premature Complexes—Nonconducted

Atrial premature complexes of the nonconducted type are 
characterized by:

premature P wave that are abnormal in morphology • 
but not followed by a QRS complex
P waves often hidden in the T wave.• 

CODING POINTER: When a pause occurs of less than 
twice the usual RR interval, look for deformation of the 
T wave preceding the pause. If the T wave is of different 
morphology from the usual T wave, suspect a noncon-
ducted APC.

Ectopic Atrial Rhythms

Ectopic atrial rhythms are characterized by:

P wave morphology or axis different from that in sinus • 
rhythm
rate • <100 bpm
PR interval • >0.11 second.

CODING POINTER: Distinguish a rhythm originating 
from a low atrial focus from an AV junctional rhythm by the 
PR interval! Although a low atrial focus may activate the 
atrium in a retrograde manner (resulting in inverted P waves 
in II, III, aVF), the PR interval will be greater than 0.11 
second, differentiating it from an AV junctional rhythm.

Atrial Tachycardia

In contrast to atrial flutter or atrial fibrillation, atrial tachy-
cardias arise from a single focus within the right or left 
atrium and are characterized by the following:

A P wave with abnormal morphology, different than • 
sinus P waves
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Each P wave is followed by a QRS complex that usu-• 
ally resembles the QRS morphology present during 
sinus 
3 or more beats in succession• 
An atrial rate that ranges from 100 to 180 bpm• 
A regular rhythm with a constant RR interval • 
( exception would be the warm-up period in automatic 
type AT)
Atrial parasystole is characterized by recurring short • 
runs of atrial tachycardia interrupted by, but not reset 
by, normal sinus rhythm.

Atrial Tachycardia, Multifocal

Chaotic atrial tachycardia occurs when there are 3 or more 
different types of P waves activating the ventricles. It re-
quires the following:

at least 3 morphologically distinct P wave patterns • 
with variable configuration and direction
absence of 1 dominant atrial pacemaker• 
variable length of PR, RR, and RP intervals• 
an atrial rate • >100 bpm
an isoelectric baseline between P waves.• 

CODING POINTER: Be careful to distinguish multi-
focal atrial tachycardia from NSR with multifocal APCs. 
The key with MAT is the absence of any single dominant 
P wave morphology. 

Supraventricular Tachycardia (Figure 12-3)

The most common regular supraventricular tachycardia, 
atrioventricular nodal re-entract tachycardia occurs due to 
reentry within the compact AV node. It is character ized by:

Regular rhythm• 
Cannot easily identify P wave• 
Narrow QRS complex (occasionally can be wide with • 
aberrancy)
Sudden onset and termination• 
Possible retrograde P waves in the terminal portion of • 
the QRS in V1.

CODING POINTER: Consider atrial flutter with 2:1 
block if the rate of the SVT is 150 bpm.

Atrial Flutter (Figure 12-4)

Atrial flutter is characterized by a regular atrial rate with a 
variable degree of AV block that rises from a single ectopic 
atrial focus:

Rapid regular P waves with sawtooth pattern (F waves) • 
seen best in the inferior leads and V1
Atrial rate of 240-340 bpm• 
AV conduction usually manifests with varying de-• 
grees of block (2:1, 4:1, or more), but complete block 
can also occur with or without an AV junctional 
tachycardia 
QRS complex can be normal morphology or aberrant• 

aVR V4

V5

V6

V1

V2

V3

aVL

aVF

I

II

III

V5

V1

II

Figure 12-3. Supraventricular tachycardia. 
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Rate and regularity of QRS complexes are variable • 
and reflect varying AV block.

Atrial Fibrillation (Figure 12-5)

Atrial fibrillation is commonly seen in patients with coro-
nary artery disease, hyperthyroidism, and rheumatic mitral 
valve disease. It can also be found in normal patients. It is 
characterized by:

Absence of P wave• 
Atrial impulses appear as small, irregular waves with • 
varying amplitudes, duration and morphology caus-
ing random oscillation of the baseline (fibrillatory or 
f waves)
Irregularly irregular ventricular rhythm• 
Rate is 100-180 bpm in the absence of drugs• 
Differential includes multifocal atrial tachycardia, • 
paroxysmal atrial tachycardia with block or atrial 
flutter.

CODING POINTER: Consider Wolff–Parkinson–White 
syndrome if the atrial rate is >200 bpm with a QRS  complex 
duration greater than 0.12 second, or in the presence of a 
“concertina effect”—constant variance of QRS duration. 

AV JUNCTIONAL RHYTHMS

Impulses arising from the AV junction attempt to travel 
retrograde through the atrium and anterograde through the 
ventricle.

AV Junctional Premature Complexes

An AV junctional premature complex is an ectopic beat 
arising from the AV node before the next expected sinus 
beat. It is characterized by:

P wave location (if present): • 
°  Immediately prior to (<0.12 second)
°  Coincides with the QRS complex with beats aris-

ing high in the node
°  Follows the QRS complex if the beat arises lower 

in the AV junction
P wave morphology (if present):• 
°  Inverted in the lateral lead (I, aVL) 
°  Upright in the inferior lead (II, III, aVF)
Usually associated with a noncompensatory pause• 
QRS complex may exhibit aberration, depending on • 
timing of beat.
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Figure 12-4. Atrial flutter with variable block.
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Figure 12-5. Atrial fibrillation. The P waves are absent. There is also a right bundle branch block. 
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AV Junctional Escape Complexes

In contrast to premature junctional complexes, AV junc-
tional escape complexes are produced due to the inherent 
automaticity of AV node. The AV node will function as a 
pacemaker when the sinus node fails to conduct a timely im-
pulse to the AV node. The features of these complexes are: 

decreased sinus impulse formation or high-grade • 
AV block
normal QRS complex• 
may or may not be associated with retrograde P • 
wave conduction (depending on integrity of AV 
 conduction)
P wave location: the P wave may occur immediately • 
prior to (<0.12 second) or coincide with the QRS 
complex with beats arising high in the node. The 
P-wave may follow the QRS complex if the beat arises 
lower in the AV junction. 
results in irregular rhythm.• 

AV Junctional Rhythm

An AV junctional rhythm is simply a series of uninterrupted 
AV junctional escape complexes. The AV junction effec-
tively takes over as the dominant pacemaker. This rhythm is 
observed with increased vagal tone, sinus node dysfunction, 
or heart block. it is characterized by:

Normal QRS complexes, unless preexisting conduc-• 
tion disease present
Rate of 40-60 bpm, constant RR interval• 
P wave morphology: inverted in the lateral lead • 
(I, aVL) and upright in the inferior lead (II, III, aVF)
P wave location: the P wave may occur immediately • 
prior to (<0.12 second) or coincide with the QRS 
complex with beats arising high in the node. The 
P-wave may follow the QRS complex if the beat arises 
lower in the AV junction. 
Isorhythmic dissociation may be present.• 

CODING POINTER: Identify the underlying sinus 
mechanism, if possible.

AV Junctional Tachycardia (Nonparoxysmal)

Nonparoxysmal AV junctional tachycardia is a narrow com-
plex tachycardia due to increased automaticity in the bundle 
of His. The arrhythmia is of gradual onset and slows, with-
out terminating, with increased vagal tone. The ventricular 
rates range from 100 to 140 bpm. They are seen most often 
with inferior infarctions, myocarditis, open heart surgery, 
and especially digitalis toxicity. 

This is a distinct entity from paroxysmal junctional tachy-
cardias, which have a reentrant mechanism and present 
with higher ventricular rates (140-220 bpm),

CODING POINTER: Consider “digitalis toxicity” when 
a junctional rhythm is present, especially if atrial fibrilla-
tion is evident or a history of congestive heart failure is 
provided. 

VENTRICULAR RHYTHMS

Ventricular Premature Complexes 
(Figures 12-6, 12-15, and 12-21)

Ventricular premature complexes (VPC) (Figure 12-6), 
premature ventricular contractions (PVC) (Figure 12-15 
and 12-21), and extrasystoles all describe premature QRS 
complexes originating in the ventricle. VPC’s are charac-
terized by:

Premature relative to RR interval• 
Wide, slurred QRS complex, • ≥0.12 second (unless 
ectopic focus near intraventricular septum) 
QRS vector markedly different from normal sinus beat• 
Marked ST-segment and T-wave deviation in the • 
 direction opposite of the major deflection of the QRS 
complex
Retrograde conduction possible, however, P wave • 
often buried in ST segment or T wave
Compensatory pause usually present (retrograde con-• 
duction may reset the sinus node or the VPC may be 
interpolated between two normally conducted QRS 
complexes). 

Ventricular Parasystole

Ventricular parasystole describes an ectopic ventricular 
pacemaker with an entrance block. The focus generates 
impulses at a fixed interval and depolarizes the ventricle 
whenever it is not refractory. It functions independently of 
the supraventricular pacemaker. On a surface electrocardio-
gram, it presents as VPCs occurring at a fixed interval or 
multiples of that fixed interval. 

VPC occurring at a fixed interval or multiples of the • 
shortest fixed interval
No relationship (grouped beating) with underlying • 
sinus rhythm
Fusion beats often present.• 

CODING POINTER: If you see an electrocardiogram 
with frequent VPCs and fusion beats, measure the inter-
vals between ectopic beats to ensure you have not missed 
ventricular parasystole.

Ventricular Tachycardia (Figure 12-7)

Ventricular tachycardia (VT) is defined as 3 or more con-
secutive premature ventricular complexes. Monomorphic VT 
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Figure 12-7. Monomorphic ventricular tachycardia with right bundle branch morphology. AV dissociation distinguishes this arrhyth-
mia from a supraventricular tachycardia with aberrancy. 
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Figure 12-6. Interpolated ventricular premature complexes. 
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is a regular tachycardia with a constant QRS morphology. 
Polymorphic VT is an irregular tachycardia with QRS com-
plexes of varying morphology. 

It is challenging to distinguish monomophic VT from a su-
praventricular tachycardia with aberrant conduction or an 
antidromic A-V reciprocating tachycardia. The following 
characteristics favor the diagnosis of VT:

wide complex, regular QRS complexes with second-• 
ary ST segment and T wave abnormalities (similar 
morphology to VPCs)
aV dissociation commonly present 50% of the time • 
(highly specific finding)
capture beats and fusion beats • 
concordance of QRS deflection in precordial leads• 
northwest QRS axis• 
initiated by VPC, abrupt onset• 
morphology characteristics (• Table 12-1).

CODING POINTER: In addition to coding for VT, 
be sure to code for “AV dissociation,” the underlying 
sinus rhythm, and the abnormal QRS axis, if they are 
present. 

Accelerated Idioventricular 
Rhythm (Figure 12-8)

Accelerated idioventricular rhythm is a ventricular arrhyth-
mia with a rate greater than the intrinsic ventricular escape 
rate and slower than ventricular tachycardia. It is often seen 

after successful reperfusion and digitalis toxicity. ECG charac-
teristics are:

60-110 bpm• 
AV dissociation• 
fusion beats and capture beats usually present.• 

CODING POINTER: An underlying sinus rhythm and 
AV dissociation may be present with this arrhythmia. 

Ventricular Escape Complexes or Rhythm

A ventricular escape beat is a protective mechanism in 
response to a failure of upstream impulse generation and 

Table 12-1 • Morphology of QRS Complex Favoring 
Diagnosis of Ventricular Tachycardia

RBBB Pattern LBBB Pattern

QRS ≥ 0.14 sec
Left axis deviation

QRS ≥ 0.16 sec
Right axis deviation

V1
Monophasic R or 

qR complex
or
Rsr’ pattern only

if first R wave is 
dominant

V1 or V2
Broad (≥0.4 sec) R wave
or
Onset of QRC complex to nadir 

of S wave ≥ 0.6 sec
or
Slurred/notched downstroke of S wave

V6
rS complex 

(R wave < S wave)
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Figure 12-8. Accelerated idioventricular rhythm. (Note the very slow sinus rate – AV dissociation is also present.) 
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conduction. If a sinus beat or junctional escape beat fail to 
depolarize the ventricle, a focus originating in the ventricle 
generates an impulse. The features of a ventricular escape 
beat are:

Wide, regular QRS complexes of similar morphology to • 
VPC’s
Rate of 30 – 40 bpm• 
Seen with sinus node disease or high-grade AV block, • 
after abrupt termination of atrial arrhythmia.

CODING POINTER: Identify the underlying conduc-
tion disease. 

Ventricular Fibrillation

This is an easily recognized terminal rhythm. It presents in 
ECG as:

chaotic, with no discernable wave forms• 
irregular deflections.• 

AV CONDUCTION

AV Block, 1°

First degree AV block usually represents slowed impulse 
progagation from the sinus node through the AV node. It is 
characterized by:

PR interval • ≥0.20 second (1 large box) 

Every P wave is associated with a QRS complex at a • 
fixed interval.

AV Block, 2°-Mobitz Type I (Figure 12-9)

Mobitz type I block is characterized by progressive prolon-
gation of the PR interval until a P wave is blocked from 
conducting a QRS complex. The block occurs at the level of 
the AV node and is benign in asymptomatic patients. ECG 
characteristics are:

Grouped beating• 
Progressive PR interval prolongation (• compare PR 
 intervals immediately before and after blocked QRS 
 complex)
Progressive RR interval shortening, fixed PP  interval• 
RR interval encompassing the nonconducted beat is • 
less than 2 × PP interval.

AV Block, 2°-Mobitz Type II

Mobitz type II block typically occurs within the bundle 
of His and has a high predeliction to progress to com-
plete heart block. The PR interval in this arrhythmia is 
constant with intermittantly dropped QRS complexes. It 
is seen as:

Fixed PR interval • 
Intermittant nonconducted P wave• 
RR interval encompassing the nonconducted beat is • 
2 × PP interval.

I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

V1

II

V5

Figure 12-9. Second degree AV block, Mobitz type 1 (Wenchebach). A left anterior fascicular block is also present.
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AV Block, 2:1

When an atrial rhythm exhibits 2:1 conduction, it is not pos-
sible to distinguish between Mobitz Type I and Type II block:

Regular atrial rhythm, conducting 1 QRS complex for • 
2 P waves.

AV Block, 3° (Complete Heart 
Block Figure 12-10)

Complete heart block occurs when the atrial impulse con-
sistently fails to reach the ventricle. ECG is characterized 
by:

atrial and ventricular impulses conducting indepen-• 
dently of each other
constant PP and RR intervals• 
variable PR intervals• 
atrial rate greater than ventricular rate• 
AV dissociation.• 

CODING POINTER: If a P wave is associated with a 
QRS complex, even for only 1 beat, the patient is not in 
complete heart block. Look for complete heart block in 
patients with a ventricular pacemaker. 

Wolf–Parkinson–White Pattern
Wolf–Parkinson–White (WPW) syndrome occurs when 
there is an accessory communication between atria to the 

ventricles, bypassing the AV node. The WPW pattern 
refers to the ECG findings associated with the accessory 
pathway. Anterograde conduction through the accessory 
pathway creates an early slurring in the QRS complex 
(delta wave) due to preexcitation of the ventricular myo-
cardium. The delta wave can be a positive or negative de-
flection, giving clues to the location of the pathway. ECG 
includes:

Short PR interval• 
Delta wave from preexcitation of the QRS complex• 
QRS complex can be narrow or widened• 
Secondary ST-T wave changes, especially with higher • 
degrees of preexcitation.

CODING POINTER: Consider WPW with atrial fibril-
lation when there is a wide complex tachycardia with 
an irregular rhythm, especially if the QRS duration is 
variable. 

AV Dissociation

AV dissociation is characterized by a failure of commu-
nication between the atria and the ventricles. Features 
include:

No association between atrial and ventricular depo-• 
larizations
Ventricular rate greater than atrial rate, as occurs in • 
ventricular tachycardia, or 
Complete heart block • 

I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

V1

II

V5

Figure 12-10. Complete heart block. 
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ABNORMALITIES OF QRS 
VOLTAGE OR AXIS

Abnormalities such a low QRS voltage or deviation 
from normal axis can be clues to underlying clinical 
disorders.

Low Voltage Present in Limb Leads Only

This coding may be used when voltage is normal in the 
precordial leads but low in the limb leads.  It can be an 
important clue to the possibility of underlying chronic lung 
disease, the presence of a pericardial effusion, or myxedema.  
It is characterized by:

QRS amplitude (R • + S) less than 5 mm in all limb 
leads; normal amplitude in precordial leads. 

Low Voltage Present in Limb 
and Precordial Leads

QRS amplitude (R • + S) < 5 mm in all limb leads, and 
QRS amplitude (R • + S) in each precordial lead is 
<10 mm.

Left Axis Deviation (>-30°)

Axis measured –30° to –105°• 
Caution in diagnosing LAD in presence of inferior • 
infarct.

Right Axis Deviation (>+100° Figure 12-2)

Axis measured 101° to –106° • 
Causes include: right ventricle hypertrophy, vertical • 
heart, chronic lung disease, pulmonary embolus, or 
left posterior fascicular block.

Electrical Alternans (Figure 12-11)

Height of P wave, QRS complex or T wave alternates • 
with each beat
Indication of organic heart disease and strongly sug-• 
gestive of pericardial effusion.

VENTRICULAR HYPERTROPHY

Left Ventricular Hypertrophy (LVH)

The voltage criteria for diagnosing left ventricular hyper-
trophy (LVH) are listed in Table 12-2. While the criteria 
have limited sensitivity for clinical application, if any are 
present on the ECG, LVH must be diagnosed. Below are 
listed some of the key ECG features associated with LVH. 
In general, the limb lead criteria have higher specificities 
and the precordial lead criteria have higher sensitivities:

Left axis deviation• 
Left atrial enlargement• 
Intraventricular conduction delay• 
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25mm/s 10mm/mV 100Hz 12SI 206 CID: 16005F

Figure 12-11. Pericardial effusion. The voltage is decreased and electrical alternans is present.
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Small R waves in early precordial leads• 
Prominent R waves in lateral leads, with V6 • >V5
Intrinsicoid deflection in V5 or V6 greater than 0.05 • 
second
May be associated with ST segment and T wave • 
changes in the direction opposite of the major deflec-
tion of the QRS complex (strain pattern).

Right Ventricular Hypertrophy (RVH)

Prominent R waves in the early anterior precordial lead 
and prominent S waves in the lateral precordial lead sug-
gest increased myocardial mass of the antero-medially 
situated right ventricle. Additionally, associated findings 
help distinguish RVH from other causes of right axis de-
viation (LPFB) or prominent R waves in V1 (posterior 
wall MI): 

R wave in V1 • ≥7 mm
R/S ratio in V1 • >1
R/S ratio in V5 or V6 • ≤1
If rsR’ pattern present, R’ • >10 mm
qR complex in V1• 
R wave in V1 • + S wave in V5/V6 ≥10.5.

Associated findings help distinguish RVH from other causes 
of right axis deviation (LPFB) or prominent R waves in V1 
(posterior wall MI): 

right axis deviation• 
right atrial enlargement• 
incomplete RBBB (or an rSr’ in lead V1)• 
persistent precordial S waves• 
“strain” in right ventricular leads. • 

Combined Ventricular Hypertrophy

The diagnoses if biventricular hypertrophy is often difficult, 
as vectors from both hypertrophied ventricles cancel each 

other out. Usually, diagnostic criteria for LVH are met with 
additional ECG features that suggest RVH:

LVH • + RVH criteria met 
LVH criteria met • +

°  right axis deviation or
°  right atrial enlargement or
°  aVR: R wave > S wave and V5: S wave > R wave 

and T wave inversion in V1 or
LVH or RVH criteria met • +

°  V3 or V4: large amplitude R wave and S wave that 
are of equal amplitude

CODING POINTER: Remember to code for the as-
sociated findings of ventricular hypertrophy, including 
conduction delays, atrial abnormalities, and ST-segment 
abnormalities. 

INTRAVENTRICULAR CONDUCTION

Right and left bundle branch blocks can be chronic or inter-
mittent and usually reflect an intrinsic defect with conduc-
tion in the right or left bundle system.

Right Bundle Branch Block (RBBB), 
Complete (Figure 12-12)

A common ECG finding, RBBB is not always indica-
tive of underlying cardiac pathology. It requires all of the 
following:

QRS prolongation • ≥0.12 second
Presence of R’ in the right precordial leads with • 
 amplitude greater than initial R
Wide S wave in I, V5, and V6• 
Delayed intrisicoid deflection in right precordial leads • 
>0.05 second
Demonstration of ST-T secondary changes in V1-V3• 
QRS axis in the first .08 second should be normal un-• 
less a left anterior fascicular block (LAFB) is present 
as well

CODING POINTER: Ventricular hypertrophy and myo-
cardial infarction (Q waves) can still be interpreted in the 
presence of RBBB—look carefully for these!

Right Bundle Branch Block, Incomplete

Presence of RBBB morphology (rSR’) but with nar-• 
row QRS complex (0.09 to 0.11 second)

Left Anterior Fascicular Block (LAFB) 
(Figures 12-9 and 12-13)

When a left anterior fascicular block is present, conduc-
tion spreads through the left posterior fascicle, resulting in 

Table 12-2 • Criteria for Left Ventricular Hypertrophy

Sokolow and Lyon criteria S wave in V1 + R wave V5 or V6 
>35 mm (>30 y)
>40 mm (20-30 y)
>60 mm (<20 y)

Cornell criteria R wave in aVL + S wave in V3
>20 mm males 
>24 mm females

Framingham criteria R wave in aVL >11mm
R wave in V4-V6 >25mm
S wave V1-3 >25 mm
S wave in V1 or V2 + R wave 

V5 or V6 >35 mm 
R wave in I + S wave in III >25 mm

Other R wave in aVF >20 mm
S wave in aVR >14 mm



136 SECTION II /  General Topics II
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Figure 12-12. Rate-dependent right bundle branch block.

a QRS axis that is inferior and rightward. It requires all of 
the following:

Mean QRS axis is displaced between –45° and –90°• 
Normal or slightly longer QRS duration (0.08 to 0.10 • 
second)
qR complex in leads I and aVL• 
rs in lead III• 
No other factors responsible for LAD, including left • 
ventricular hypertrophy, inferior infarct, emphysema 
(chronic lung disease)

Left Posterior Fascicular Block (LPFB)

To diagnose LPFB, one must exclude other causes of right axis 
deviation such as right ventricular hypertrophy, lateral wall 
myocardial infarction, vertical heart, or emphysema (chronic 
lung disease). Diagnosis requires all of the following:

normal or slightly longer QRS duration (0.08 to • 
0.10 second)
deep S wave in lead I and Q wave in lead III (S• 1Q3 
pattern)
mean frontal plane QRS axis • +110° or greater. 
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Figure 12-13. Anterolateral myocardial infarction (LAFB is also present). 
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CODING POINTER: The two major causes of a right 
axis deviation are LPFB and RVH—the precordial 
leads can yield important clues to RVH (R > S lead V1, 
S > R lead V6)!

Left Bundle Branch 
Block (LBBB), Complete

In contrast to RBBB, left bundle branch block is seen com-
monly in patients with underlying coronary artery disease. 
It is characterized by all of the following:

QRS duration • ≥0.12 second
slurred or notched broad R wave in leads I, V5, • 
and V6
delayed intrinsicoid deflection in left precordial leads • 
and lead I >0.05 second.

CODING POINTER: In the presence of bundle 
branch blocks, do not forget to still code axis devia-
tions when present, AV delay, and atrial abnormalities 
when  present!

Complete LBBB may complicate acute myocardial injury 
or infarction. This should be considered in the presence of 
complete LBBB or an artificial pacemaker when the follow-
ing ST changes are present:

≥• 1 mm ST elevation concordant with QRS 
 complex
≥• 1 mm ST depression in leads V1 to V3
≥• 5 mm ST elevation discordant with the QRS 
 complex. 

Left Bundle Branch Block, 
Incomplete

A delay or slowing through the conduction system can cre-
ate a QRS morphology similar to LBBB. However, the QRS 
is usually <0.12 second in duration and septal activation is 
still normal. 

Intraventricular Conduction 
Disturbance, Nonspecific Type

When an intraventricular conduction defect (IVCD) is 
seen that cannot be placed in any of the above categories, 
then the disturbance is called indeterminate or nonspecific 
type. Such a defect is characterized by:

QRS • > 0.11 second, but morphology of the QRS 
 complex does not fulfill criteria for LBBB or RBBB
Can be used when QRS duration is not pro-• 
longed, but there is abnormal notching of the QRS 
 complex.

CODING POINTER: Consider antiarrhythmic drug tox-
icity, hyperkalemia, or hypothermia.

Functional (Rate-related) Aberrancy

This condition presents with the following traits:

QRS complex is wider during a tachycardia (usually • 
>0.12 second) compared to the QRS duration during 
a slower sinus rhythm
Aberrated QRS complexes may have the appearance • 
of RBBB, LBBB, or IVCD
Expression is rate-related. • 

Q WAVE MYOCARDIAL INFARCTION 
(FIGURES 12-13, 12-14, and 12-15)

A “transmural” myocardial infarction is defined by presence of 
Q waves with duration ≥0.04 second present in at least 2 con-
tiguous leads. Associated ST and T changes can help define the 
timing of infarction (Table 12-3) and the leads involved can 
help determine infarct location (Table 12-4). ST elevations 
after myocardial infarction can persist for 48 hours to 4 weeks. 
Aneurysm should be considered if ST elevations remain pres-
ent after 1 month. While Q wave  criteria apply for all infarcts 
in RBBB, it is difficult to diagnose any infarct in presence of 
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Figure 12-14. Lateral myocardial infarction. 
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LBBB. Lead aVF may have a Q wave present intermittently as 
a result of respiratory effects and low voltage inferiorly. 

REPOLARIZATION ABNORMALITIES

The T wave should normally be upright in all leads except 
lead aVR. When T waves are flattened or low (<0.5 mm), or 
mildly inverted (<3 mm), one should code for “nonspecific 
ST-T wave abnormality.” Similarly, the ST segment should 
be horizontal, and at baseline, mild (<1 mm) elevation or 
depression should be coded as nonspecific.

Abnormally tall (≥10 mm precordial, ≥6 mm limb leads), 
symmetric T waves with mild prolongation of the QT in-
terval (“hyperacute T waves”) or symmetric and deep (≥3 
mm) T wave inversion should be coded as “suggesting myo-
cardial ischemia.” The clinical scenario provided should 
help in differentiating hyperacute T waves of ischemia from 
those of hyperkalemia. Additionally, the latter may be as-
sociated with PR prolongation and/or QRS widening. 

Flat or down-sloping ST depression should be coded as 
“ suggesting myocardial ischemia.” ST-segment depression 
associated with LVH should be coded when LVH is present 
and the ST segment is convex upwards with T wave inver-
sion in lateral precordial leads.

CODING POINTER: Convex upwards ST-segment de-
pression with T wave inversion in the early precordial 
leads may accompany RVH and should be coded sepa-
rately as “secondary to hypertrophy.”

“Myocardial injury” should be selected when the ST seg-
ment is elevated ≥1 mm in a convex upwards pattern, with 
or without reciprocal ST depression in the opposing leads. 

CODING POINTER: ST depression should be coded as 
“suggesting myocardial ischemia,” ST elevation as “sug-
gesting myocardial injury,” and pathologic Q waves as 
“infarction.” ST elevation/injury should always be con-
sidered the primary event, and if Q waves are present, 
infarction should also be coded. 

“Prominent U waves” should be scored when the U waves, 
best seen in the early precordial leads, are >one-fourth the 
height of the associated T wave, or ≥1.5 mm. 

CLINICAL DISORDERS

CODING POINTER: The clinical history plays an inte-
gral role in the diagnosis for a clinical disorder.

Digitalis Effect

Digitalis has a distinctive effect on the electrocardiogram. 
The ST segment appears “scooped out,” downsloping, or sag-
ging. The QT interval shortens and U waves become prom-
inent. A summary of the features of digitalis effect:

sagging ST segment• 
prolongation of the PR interval• 
shortening of the QT interval• 
U waves• 
T wave flattening or inversion.• 

CODING POINTER: Do not forget to code for the 
 individual abnormal intervals and wave abnormalities ob-
served with digitalis.

Table 12-3 • Electrocardiographic determinants 
of infarct age

Q Waves ST Segment T Wave

Acute MI + ST elevation
+/-reciprocal

ST depression

Recent MI + Isoelectric ST Ischemic T waves

Old MI + Isoelectric ST or 
normal ST

Nonspecific
T wave 
abnormalities or 
normal t wave
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Figure 12-15. Inferior wall myocardial infarction (PVC also present). 
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Digitalis Toxicity (Figure 12-16) 

Digitalis has a narrow therapeutic window. Consider this di-
agnosis if the clinical history or ECG suggests digitalis use 
and the patient is presenting with symptoms of headache, 
nausea, vomiting, malaise, fatigue, or altered color perception 
and/or one of the following arrhythmias:

atrial fibrillation with complete heart block (regular • 
escape)
paroxysmal atrial tachycardia• 
junctional tachycardia• 
complete heart block• 
bidirectional ventricular tachycardia.• 

CODING POINTER: Digitalis toxicity is the most 
 common cause of paroxysmal atrial tachycardia, and 
the presence of PAT with heart block is pathog nomonic. 

Antiarrhythmic Drug Effect

Antiarrhythmic medications modulate myocyte ion chan-
nels leading to expected ECG changes. Present in the anti-
arrhythmic drug effect are:

QT interval prolongation (mild)• 
prominent U waves• 
nonspecific ST segment and T wave abnormalities• 
slowing of atrial flutter rate.• 

Antiarrhythmic Drug Toxicity

Toxic levels of antiarrhythmic medication can lead to se-
vere sinus node dysfunction or torsades de pointes. This is 
characterized by:

sinus node dysfunction• 
°  sinus arrest
°  sinus bradycardia
°  SA exit block
AV conduction bock• 
QRS widening• 
severe QT interval prolongation• 
torsades de pointes• 

CODING POINTER: Do not forget to code for 
the  abnormal intervals, wave abnormalities, and 
rhythm  disturbances observed with antiarrhythmic 
medications.

Hyperkalemia (Figure 12-17)

hyperkalemia presents as: Mild • 
°  tall, narrow based T waves
°  QT interval shortening
°  left anterior or posterior fascicular block
moderate• 
°  PR interval prolongation

Table 12-4 • Electrocardiographic determinants of infarct location

Age Probably Acute or Recent Age Probably Old or Indeterminate 

Anterolateral  Abnormal Q waves in leads V4-V6 with •
amplitude >15% total QRS complex
ST elevation in V4-V6•

 Abnormal Q waves in leads V4-V6 with amplitude •
>15% total QRS complex
No ST elevation•

Anterior or 
anteroseptal

Anterior:
rS in V1 followed by QS or QR in leads V2-V4•
ST elevation•

Anteroseptal
 Q or QS deflection in V1-V3 and occ V4 with •
Q wave amplitude >25% of the QRS
 Q in V1 helps distinguish anteroseptal from •
anterior infarct
ST elevation •

Anterior:
rS in V1 followed by QS or QR in leads V2-V4•
No ST elevation•

Anteroseptal
 Q or QS deflection in V1-V3 and occ V4 with •
Q wave amplitude >25% of the QRS
 Q in V1 helps distinguish anteroseptal from •
anterior infarct
No ST elevation•

Lateral  Q wave in lead I • >10% of the amplitude 
of the QRS
 Q wave in lead aVL • >50% of the amplitude 
of the QRS
ST elevation•

 Q wave in lead I • >10% of the amplitude 
of the QRS
 Q wave in lead aVL • >50% of the amplitude 
of the QRS
No ST elevation•

Inferior Q waves in leads II, III, aVF•
Q wave in aVF • >25% amplitude of the R wave
ST elevation•

Q waves in leads II, III, aVF•
Q wave in aVF • >25% amplitude of the R wave
No ST elevation•

Posterior  Initial R wave in leads V1 and V2 • ≥0.04 sec 
with R ≥ S
with ST depression•
Upright T wave in anterior precordial leads •

No ST changes•
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°  flattening of the P wave
°  QRS interval widening
severe• 
°  sinus node dysfunction

 sinus arrest –
 sinoventricular conduction –

°  significant widening of QRS complex (sine wave 
pattern)

°  ST-segment elevation
°  associated with ventricular arrhythmias, idioven-

tricular rhythms, and asystole.

CODING POINTER: If QT interval prolongation 
is also present, consider also the diagnosis of hypocal-
cemia (common in patients with end-stage renal 
disease).

Hypokalemia (Figure 12-18)

Hypokalemia presents as:

prominent U waves• 
ST-segment depression • 
T wave flattening• 
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Figure 12-17. An electrocardiogram from a patient who missed dialysis and developed hypocalcemia (prolonged, flat QT interval) and 
hyperkalemia (peaked T waves). 
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Figure 12-16. Digitalis toxicity. This patient has atrial flutter with significant bradycardia. Note the scooped out ST segments.
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increased P wave amplitude and duration• 
QT interval prolongation• 
associated with paroxysmal atrial tachycardia, AV • 
block, and ventricular arrhythmias.

Hypercalcemia

Increased extracellular calcium shortens ventricular action 
potential (phase 2), decreasing the QT interval. Thus, char-
acteristics of hypocalcemia are:

QT interval shortening (short ST segment)• 
T wave flattening, notching or inversion in severe • 
cases.

Hypocalcemia (Figure 12-17)

Decreased extracellular calcium lengthens the ventricular 
action potential (phase 2), increasing the QT interval:

QT interval prolongation (long ST segment), with • 
normal T wave duration.

CODING POINTER: Hypocalcemia is a common find-
ing in end-stage renal disease patients. Note that only hy-
pocalcemia and hypothermia result in QT prolongation 
with a normal T wave duration. 

Atrial Septal Defect, Secundum 
(ASD–secundum)

Consider a diagnosis of atrial septal defect, secundum, if the 
patient is a young child presenting with a murmur and the 
following findings:

incomplete RBBB• 
right axis deviation•  
associated findings • 
°  right ventricular hypertrophy
°  right atrial enlargement
°  1º AV block.

Atrial Septal Defect, Primum 
(ASD–primum)

Consider a diagnosis of atrial septal defect, primum, if the 
patient is a young child presenting with a murmur and the 
following findings:

incomplete RBBB• 
left axis deviation• 
associated findings:• 
°  1º AV block
°  biventricular hypertrophy.

Dextrocardia, Mirror Image

This is seen in the following:

left lateral leads (I, aVL) inverted waveforms• 
right axis deviation• 
decreasing R wave amplitude across precordium.• 

CODING POINTER: Distinguish dextrocardia from 
lead reversal by identifying a decrease in R wave ampli-
tude from V1-V6. 

Chronic Lung Disease (Figure 12-2)

Consider a chronic lung disease diagnosis if the following 
constellation of ECG findings is present: 

right ventricular hypertrophy• 
right atrial abnormality• 
RBBB (complete or incomplete)• 
right axis deviation• 
PR-segment depression• 
low voltage • 
pseudoinfarction pattern in early precordial leads • 
(mimics anterior wall myocardial infarction)
poor R wave progression over the precordium• 
rhythm disturbance• 
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Figure 12-18. Hypokalemia. Note prolonged QT interval and U waves. 
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°  sinus tachycardia
°  multifocal atrial tachycardia
°  junctional rhythm
AV nodal and intraventricular conduction disease.• 

Acute Cor Pulmonale Including 
Pulmonary Embolism

The changes on an electrocardiogram from an acute 
 pulmonary embolism are related to the acute right ven-
tricular dilation, right-sided strain, and rotation of the 
heart. The changes are often transient. ECG character-
istics are:

S1-Q3-T3 pattern• 
RBBB (complete or incomplete)• 
ST-segment depression and T wave inversion in early • 
precordial leads
right atrial dilation• 
right axis deviation• 
arrhythmia• 
°  sinus tachycardia
°  atrial fibrillation
°  atrial flutter.

Pericardial Effusion

The features of pericardial effusion are:

low voltage QRS complexes• 
electrical alternans of QRS complexes• 
often associated with ECG findings of pericarditis.• 

Acute Pericarditis (Figure 12-19)

The ST segment and T wave changes observed in acute 
pericarditis represent epicardial injury that can be dif-
fuse or localized. While evolution of the electrocardio-
gram can be observed in patients with pericarditis, the 

most likely presentation on the board examination will 
be stage 1. 

Stage 1• 
°  diffuse concave-down ST-segment elevation 

(ST-segment depression in aVR)
°  diffuse PR-segment depression (PR-segment 

 elevation in aVR)
Stage 2• 
°  ST segments return to baseline
°  T wave flattening
Stage 3• 
°  T wave inversion (after ST segments return baseline)
Stage 4• 
°  ECG returns to baseline
Associated findings• 
°  sinus tachycardia
°  low voltage
°  electrical alternans of QRS complexes.

CODING POINTER: Clues that distinguish pericarditis 
from abnormal repolarization include PR-segment devia-
tion, reciprocal changes in aVR, decreased T wave ampli-
tude, and a history of pleuritic chest pain.

Hypertrophic Cardiomyopathy

The diagnosis of hypertrophic cardiomyopathy should be 
considered in patients meeting criteria for ventricular hy-
pertrophy. This is especially the case in patients of younger 
age presenting with a history of syncope, sudden cardiac 
death, or dyspnea on exertion.

In the apical variant, there are deep symmetrical T wave 
inversions in the lateral leads and: 

increased QRS amplitude• 
left ventricular hypertrophy• 
right ventricular hypertrophy• 
left axis deviation• 
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Figure 12-19. Acute pericarditis.
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markedly abnormal ST segment and T wave changes• 
left or right atrial abnormalities.• 

Central Nervous System 
Disorder (Figure 12-20)

This diagnosis should be considered if there are:

deep inverted or large upright symmetrical T waves• 
prolonged QT interval• 
U waves• 
ST-segment deviations (elevation or depression)• 
Q waves• 
broad range of rhythm disturbances.• 

Myxedema

This disorder is marked by ECG characteristics of:

low voltage• 
PR interval prolongation• 
sinus bradycardia• 
T wave flattening• 
electrical alternans (pericardial effusion).• 

Hypothermia

A diagnosis of hypothermia should be considered for the 
 following traits:

sinus bradycardia• 
osborne or J wave• 

prolongation of PR, QRS and QT interval• 
artifact (shivering/muscle tremor) • 
rhythm disturbances• 
°  atrial fibrillation (often with slow ventricular 

 response)
°  junction rhythm
°  ventricular tachycardia or fibrillation.

Sick Sinus Syndrome

This diagnosis refers to any of the following disorders 
 involving the sinus node: 

marked sinus bradycardia• 
sinus arrest• 
sinoatrial exit block• 
tachy-brady syndrome• 
prolonged sinus node recovery time after a premature • 
atrial complex or cessation of an atrial tachycardia
junctional escape rhythm.• 

PACEMAKER FUNCTION

Once it is evident that a pacemaker is present, the cli-
nician can identify the chambers that are sensed, paced, 
and the pacing intervals. With this information, pace-
maker type and whether it is functioning correctly can be 
determined.
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Figure 12-20. Central nervous system injury. 
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Figure 12-21. Dual chamber pacemaker, with normal sinus rhythm, atrial sensing and coupled ventricular pacing. A PVC is also 
 present. 
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Figure 12-22. Pacemaker malfunction. There is intermittent failure to sense ventricular depolarization. 
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Atrial or Coronary Sinus Pacing

With simple atrial pacing, a spike is followed by a P wave, 
which then conducts through the remainder of the heart. If 
the sensing function is activated, the pacemaker generates 
an impulse when it does not sense atrial depolarization after 
a programmed amount of time, the A-A interval (measured 
as the distance between two uninterrupted paced beats). On 
the ECG, a spike is followed by a P wave and QRS complex 
identical to the patient’s native QRS complexes. 

Ventricular Demand Pacemaker (VVI), 
Normally Functioning

A ventricular demand pacemaker describes a pacemaker 
that senses and paces in the right ventricle. On the electro-
cardiogram, a pacer spike appears if an intrinsic ventricular 
depolarization is not sensed after a preprogrammed time in-
terval, the V-V interval (measured as the distance between 
two uninterrupted paced beats). Thus, if the  intrinsic 
rhythm should fall below a certain rate, the pacemaker is 
activated. On ECG, there is a spike that appears before a 
wide QRS complex with morphology similar to a VPC. 

Dual-chamber Pacemaker (DDD), 
Normally Functioning (Figure 12-21)

If the patient has a normally functioning dual chamber 
pacemaker, one will be able to identify either (1) a pacer 
spike preceding atrial and ventricular depolarization (atrial 
pacing, ventricular pacing) or (2) a pacer spike occurring 
at a fixed interval after the patient’s native P waves (atrial 
sensing, ventricular pacing). 

The programmed time interval from atrial depolarization to 
ventricular pacing is the A-V interval. The programmed time 
interval from ventricular depolarization to atrial pacing is the 
V-A interval. 

Pacemaker Malfunction, not Constantly 
Capturing (Atrium or Ventricle)

In this instance, pacemaker spikes are not followed by myo-
cardial depolarization.

Pacemaker Malfunction, not Constantly 
Sensing (Atrium or Ventricle)

Determining if a pacemaker is sensing inappropriately is 
simple once the programmed pacing intervals are identified. 
Sensing malfunction occurs if (1) the pacemaker attempts 
generate an impulse before the programmed time interval and 
the device has failed to sense the intrinsic rhythm (undersens-
ing, Figure 12-22) or (2) the pacemaker fails to generate an 
impulse at the programmed interval because it has inappropri-
ately sensed a native beat that never actually existed (over-
sensing). The ECG characteristics for these diagnoses are as 
follows:

Atrial pacemaker sensing failure • 
°  Atrial pacemaker impulse occurs after a native 

P wave at an interval <A-A interval (under-
sensing)

°  No atrial pacemaker generated impulse at the A-A 
interval (oversensing)

Ventricular demand pacemaker sensing failure • 
°  Ventricular pacemaker impulse occurs after a na-

tive QRS complex, at an interval <V-V interval 
(undersensing)

°  No ventricular pacemaker generated impulse at 
the V-V interval (oversensing)

Dual chamber pacemaker sensing failure• 
°  Atrial component

 No QRS complex associated with native P  –
waves, atrial pacemaker impulse may be gener-
ated despite native P wave (undersensing)
Isolated paced ventricular complexes not associ- –

ated with atrial depolarization (oversensing) 
°  Ventricular component

 Atrial pacemaker impulse generated  – <V-A in-
terval (undersensing)
 No atrial pacemaker generated impulse at the  –
V-A interval (oversensing)
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HYPERTROPHIC CARDIOMYOPATHY

Hypertrophic cardiomyopathy (HCM) is a well-recognized 
cause of sudden cardiac death among athletic individuals. 
The prevalence of HCM in the general public is roughly 
1/500 individuals. This condition is the most common 

cardiovascular cause of exercise-related sudden death among 
athletes in the United States and has the propensity to  affect 
individuals at all levels of competition. 

HCM is characterized by significant hypertrophy of the left 
ventricular (LV) free walls and the interventricular septum 
with normal to reduced LV cavity size. LV hypertrophy at-
tributable to HCM can involve the entire LV in producing 
a symmetrically enlarged chamber. Alternatively, variants 
with hypertrophy confined to discrete regions are commonly 
encountered (Figure 13-1). The most common of these vari-
ants is one characterized by isolated interventricular septal 
hypertrophy with consequent obstruction of the LV outflow 
tract. This form of HCM is termed hypertrophic obstructive 
cardiomyopathy (HOCM). HOCM is commonly accompa-
nied by mitral valve abnormalities including redundancy of 
subvalvular structures (chords and papillary muscles) lead-
ing to functional mitral valve abnormalities including re-
gurgitation, prolapse, and systolic anterior motion.

It has been recently shown that HCM/HOCM is caused by 
mutations in genes that code for the production of myocar-
dial proteins. Sporadic and heritable mutations in sarcom-
ere proteins, including troponin, myosin, and actin, have 
been demonstrated to be causal. Histologic inspection of 
myocardium from afflicted individuals reveals characteristic 
myofibrillar disarray and patchy fibrocellular replacement 
(Figure 13-2).

Individuals with underlying HCM/HOCM often present 
with sudden cardiac death in the absence of antecedent 
symptoms. Such a catastrophe is thought to result from 
malignant ventricular tachyarrhythmia. Although precise 
mechanistic understanding of arrhythmias in the context 
of HCM/HOCM is elusive, most experts believe that they 
arise from reentry pathways that are facilitated by underly-
ing myofibrillar disarray. Some individuals, most frequently 
those with the HOCM variant, do present with symptoms 
prior to sudden death. These symptoms are most frequently 
a consequence of dynamic, exercise-induced, LV outflow 

• Normal cardiac adaptations in athletes include 
atrial and ventricular enlargement.

• The presence of either symptomatic bradycardia 
or high degree AV block should prompt a thor-
ough cardiac evaluation. 

• There is a higher prevalence of lone atrial fibril-
lation in athletes compared to sedentary indi-
viduals. This appears to be related to heightened 
sympathetic and parasympathetic tone as well as 
presence of biatrial dilatation. 

• Athletes frequently exhibit ECG changes includ-
ing incomplete right bundle branch block, atrial 
enlargement, first degree AV block, and early 
repolarization.

• ECG changes, including high degree AV block, 
marked LVH with T wave inversion, should not 
be considered normal variants and thus require 
follow-up.

• The current ACC/AHA preparticipation evalua-
tion in athletes includes a screening history and 
physical but not an ECG. 

• Athletes with symptoms of chest pain, syncope, 
shortness of breath with exertion, or symptom-
atic tachycardia should undergo a thorough car-
diac evaluation.

d PRACTICAL POINTS
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tract obstruction and include syncope, chest pain, palpita-
tions, and disproportionate dyspnea. 

The diagnosis of HCM/HOCM requires a high index of sus-
picion. All individuals who participate in organized athlet-
ics should undergo a preparticipation medical history and 
physical examination as suggested by most recent ACC/
AHA guidelines. A family history of unexplained syncope, 
“cardiac enlargement,” or premature/exertional death 
should serve as suggestive of this diagnosis. Physical exami-
nation revealing a harsh cardiac systolic ejection murmur 
that increases in intensity with the Valsalva maneuver is 
suggestive of LV outflow tract obstruction. Individuals with 
any abnormality during preparticipation screening should 
be referred for further disease specific diagnosis. 

Roughly 80% of individuals with HCM/HOCM have ECG 
abnormalities, including interventricular conduction delay, 

voltage criteria for left ventricular hypertrophy, ST-segment 
depression, T wave inversion, and anterior/inferior Q waves 
producing a “pseudo-infarct” pattern. While such findings 
are typical of HCM, they are encountered commonly among 
trained athletes with no underlying structural heart disease. 
As such, the ECG can, at best, be considered suggestive of 
HCM/HOCM. The presence of any of the above findings is 
justification for transthoracic echocardiography (TTE).

TTE is the preferred test for confirming or excluding the 
diagnosis of HCM. Echocardiographic findings in HCM 
include increased wall thickness, normal or reduced LV 
cavity dimensions, altered indices of diastolic filling, and 
mitral valve abnormalities, including systolic anterior mo-
tion and regurgitation. The magnitude of wall thickness 
increase varies considerably among individuals with HCM. 
Severity classification schemes based on wall thickness have 
been proposed, and this metric has been shown to provide 
important prognostic information. Mild phenotypic ex-
pression of HCM can lead to wall thickness that exceeds 
sedentary population-based limits of normal (<12 mm) by 
only  several millimeters. Similar-appearing hypertrophy 
can also as a component of adaptive remodeling in athletes 
without HCM. 

Several studies have provided important data defining the 
magnitude of LV wall thickness increase that typically occurs 
in athletes without HCM. Current evidence suggests that a 
small but significant percentage of athletes (~2%) have LV 
wall thicknesses greater than or equal to 13 mm and that all 
of these individuals have concomitant LV cavity dilation, 
a combination not typically found among individuals with 
HCM. Although there may be a relatively low incidence of 
abnormally increased LV wall thickness measurements among 
athletes, a small but significant number of individuals do 
have wall thickness values in the 13-15-mm range. This find-
ing may be particularly common among elite athletes, such 

A B C

Figure 13-1. Transthoracic echocardiographic images demonstrating normal left ventricular architecture 
(A), hypertrophic cardiomyopathy (B) with symmetric enlargement of both the interventricular septum 
and the posterior left ventricular free wall (double red arrow), and hypertrophic obstructive cardiomy-
popathy (C) with asymmetric enlargement of involving only the interventricular septum (single red arrow).

Figure 13- 2. Post-mortem histopathologic specimen of LV ven-
tricular myocardium from an athlete with hypertrophic cardiomy-
opathy showing (A) myofibrillar disarray and (B) patchy fibrosis.



CHAPTER 13 /  The Athlete’s Heart 149

as American National Football League players. Such athletes 
are often termed “gray zone” individuals, a term used to re-
flect the uncertainty of the cause of their LV hypertrophy. 

Evaluation of the gray zone athlete can present a clinical 
challenge. The first step in the work-up of an athletic in-
dividual with LV enlargement is to define the magnitude 
of abnormality and to consider it in the context of other 
cardiac structural and functional imaging data. LV wall 
thickness greater equal to 16 mm is very rare among healthy 
athletes and this finding must be considered as highly sug-
gestive of HCM. For individuals with mild LV wall thick-
ness increase, adaptive remodeling can be differentiated 
from structural heart disease by concomitant consideration 
of LV cavity dimensions. Either isolated LV wall thickness 
increase or isolated LV dilation should prompt further as-
sessment for potential pathology. 

Several recently developed echocardiographic imaging 
techniques provide information that complements basic 
structural measurements in the assessment of individuals 
with suspected HCM/HOCM. One such technique is tissue 
Doppler imaging, which provides a direct measure of tissue 
velocities, and thus tissue function, during the systolic and 
diastolic phases of the cardiac cycle. Several studies have 
shown that diastolic tissue velocities are reduced among in-
dividuals with HCM/HOCM but normal or elevated among 
athletic individuals even in the context of LV enlargement 
and low-normal LV ejection fraction. Echocardiographic 
strain and strain rate imaging also provide valuable infor-
mation about tissue function. Strain measurements define 
changes in muscle fiber length as they contract and relax 
during the cardiac cycle, while strain rate measures these 
length changes as a function of time. Individuals with HCM 
have lower LV systolic strain values than normal controls, 
while individuals with athletic remodeling have strain val-
ues that are normal or higher than those found in sedentary 
healthy controls. Both tissue Doppler and strain imaging 
can be performed during routine echocardiographic exami-
nation and should performed in all athletes with LV hyper-
trophy of indeterminate cause.

Occasionally, TTE does not provide sufficient informa-
tion for definitive diagnosis and risk assessment of HCM/
HOCM. Complementary options in the assessment of indi-
viduals with suspect HCM/HOCM included exercise stress 
testing, Holter-monitoring, prescribed deconditioning, and 
magnetic resonance imaging. MRI has emerged as a valu-
able option in such cases. Although the cost and time com-
mitment of MRI do not compare favorably with TTE, it may 
serve as a valuable step in the assessment of athletes with 
suboptimal echocardiographic acoustic windows or in those 
whose with ECGs that show cause for concern or otherwise 
indeterminate echocardiograms. Ongoing work promises to 
define the optimal role of MRI in this context. 

Management of the athlete diagnosed with HCM/HOCM 
presents a challenge. Athletes who present following a clini-
cally relevant event attributable to HCM/HOCM should be 
prohibited from further athletic activity once diagnosis and 
causality have been established as HCM/HOCM-related 
sudden death appears to occur most frequently during pe-
riods of exercise. Some forms of sport that require only low 
level exertion may be appropriate for individuals with HCM/
HOCM, and consensus committee guidelines have been de-
veloped to assist with decision-making regarding further ath-
letic participation. In addition, family members of afflicted 
individuals should be screened for asymptomatic disease. 
The decision to prohibit athletic participation among in-
dividuals found to have HCM/HOCM during preparticipa-
tion screening can be difficult. Until more is learned about 
prognosis in this patient population, a cautious approach 
centered on sport avoidance is recommended. 

Beyond avoidance of athletic participation, clinical manage-
ment of athletes with HCM/HOCM must focus on the relief 
of symptoms and prevention of malignant arrhythmias. The 
use of medications with negative inotropic and antiarrhyth-
mic action such as nondihydropyridine calcium channel 
blockers and beta-blockers may reduce HCM/HOCM symp-
toms. These medications have, however, not been shown to 
affect the likelihood of arrhythmia or sudden death. Athletes 
with HOCM and medication refractory symptoms such as 
heart failure or recurrent syncope may be considered for 
surgical or percutaneous septal reduction therapy. It must 
be emphasized that these therapies should be reserved for 
management of medication refractory symptoms and do not 
reduce risk adequately to permit return to athletic activity.

Prevention of malignant arrhythmias among athletes with 
HCM/HOCM may be accomplished with the use of auto-
matic implantable cardiac defibrillators. Defibrillator im-
plantation is clearly indicated for individuals with HCM/
HOCM who present following survival of cardiac arrest or 
in those with documented ventricular arrhythmias. Such 
secondary prevention has been shown to reduce the likeli-
hood of future catastrophe. While defibrillator placement 
leads to a reduction in arrhythmic complications, it does 
not reduce risk adequately to make return to athletics a 
completely safe option. Further work is needed to examine 
the long-term prognosis of individuals afflicted with HCM/
HOCM that receive defibrillator implants. 

 The decision to place a defibrillator in individuals who 
have not experienced an arrhythmic episode is contro-
versial. Risk factors including absolute LV wall thickness, 
family history of HCM/HOCM-related complications, 
unexplained syncope, and exercise-induced hypotension 
are commonly used to risk-stratify patients in this situ-
ation. At the present time there are insufficient data to 
provide recommendations regarding primary prevention 
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defibrillator implantation that are universally applicable. 
This difficult decision must therefore be considered on a 
case by case basis. 

In summary, HCM/HOCM is an important cause of sud-
den death among otherwise healthy athletes. Presentation 
with exertional syncope, chest pain, or cardiac arrest should 
prompt an immediate diagnostic evaluation for this condition. 
Asymptomatic athletes identified by a concerning physical 
examination, a family history HCM/HOCM, or by an abnor-
mal ECG obtained during preparticipation screening should 
be similarly evaluated. Until more accurate risk stratification 
is possible, athletes diagnosed with HCM/HOCM should 
be counseled to abstain from further athletic participation. 
Disease-specific therapy to reduce symptoms and the likeli-
hood of future adverse events must be considered for each 
individual athlete. Definitive risk stratification and long-term 
management of athletes with HCM/HOCM remain fraught 
with uncertainty and thus constitute important areas of future 
work. 
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PART II ANOMALIES OF THE 
CORONARY CIRCULATION

The most common cause of exertional myocardial ischemia 
in young athletes (<35 years of age) is congenital anomalies 
of the coronary artery circulation. This condition accounts 
for approximately 15-20% of sudden death among athletes. 
Sudden death attributed to a coronary artery anomaly is 
caused by transient myocardial ischemia occurring during 
vigorous physical exertion. 

The normal coronary circulation is made up of three distinct 
arteries, each responsible for blood supply to a specific por-
tion of the ventricular myocardium. The left and right main 
coronary arteries originate from their respective sinuses of 
Valsalva behind the adjacent leaflets of the aortic valve. 
The right coronary artery extends over the right atrioven-
tricular groove (right ventricular and inferior left ventricu-
lar blood supply), terminating in the posterior descending 
artery (posterior left ventricular blood supply) in the major-
ity of individuals. The left main coronary artery bifurcates 
2 mm to 10 mm beyond its aortic root origin into the left 
circumflex artery (lateral left ventricular blood supply) and 
the left anterior descending artery (anterior left ventricular 
blood supply).

An origin of either the left or right coronary artery from 
the contralateral sinus of Valsalva has been associated with 
sudden death in athletes. A left coronary artery originating 
from the right sinus of Valsalva or the proximal right coro-
nary artery is the most common anomaly found in athletes. 
In this setting, the left main coronary artery has several pos-
sible routes to the left heart: 1) anterior to the pulmonary 
artery; 2) posterior to the aorta; 3) within the intraven-
tricular septum beneath the right ventricular infundibulum; 
4) between the great vessels. The first three are generally 
benign and have not been associated with exercise-related 
death, whereas passage of the left main coronary artery be-
tween the great vessels is a well-established cause of exercise 
related death. 

The diagnosis of anomalous coronary circulation in ath-
letes is challenging and requires a high index of suspicion. 
Preparticipation screening with resting ECG cannot accu-
rately detect or exclude the presence of anomalous coronary 
circulation. This condition should be considered in young 
athletes presenting with symptoms of possible exercise-
induced myocardial ischemia including chest discomfort, 
exercise intolerance, palpitations, and exercise-induced 
syncope. Such individuals should be referred for exercise 
stress testing to confirm or exclude the presence of objec-
tive evidence of myocardial ischemia. 

It is essential that individuals with suspected coronary 
anomalies undergo exercise stress testing during which they 
reach or exceed the level of exertion at which the originally 
concerning symptoms developed. Although not essential, 
this may be best accomplished in competitive single-sport 
athletes by the use of a stress test that employs the exercise 
modality with which the athlete is most familiar. Signs of 
myocardial ischemia during stress testing include dynamic 
ECG changes, paroxysmal or persistent ventricular tachyar-
rhythmias, or syncope. The presence of one or more of these 
findings during the exercise or recovery portion of a stress 
test should prompt definitive image-based testing that is ca-
pable of defining coronary anatomy.
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Conventional coronary artery angiography and aortography 
has long been the gold standard for the diagnosis of coronary 
anomalies and remains a useful diagnostic option when this 
condition is suspected. However, newer noninvasive imag-
ing techniques, including transthoracic echocardiography 
(TTE), transesophageal echocardiography (TEE), coronary 
artery computed tomography (CT), and magnetic resonance 
imaging (MRI), have gained recent popularity.

The widespread availability and relatively low cost of TTE 
make it an attractive option for the detection of coronary 
anomalies and this modality has been examined in several 
large population screening studies. In aggregate, avail-
able data suggest that proximal coronary artery anatomy 
is determinable in roughly 95% of individuals using TTE. 
Transthoracic echocardiography serves as the primary mo-
dality for evaluating for diseases of the heart muscle that 
are of relevance to athletes and, as such, attempts to define 
coronary anatomy should be a performed in all symptomatic 
athletes referred for this test. 

Occasionally, inability to obtain definitive imaging and or 
a limited capacity to visualize coronary artery course and 
relationship to adjacent structures limits the utility of TTE. 
Transesophageal echocardiography (TEE) is a reasonable 
option for confirming the diagnosis of coronary anomaly. It 
is an alternative form of ultrasound imaging during which 
the camera is placed in the esophagus. This procedure re-
quires conscious sedation but has the advantage of provid-
ing superior images to those obtained by TTE. TEE provides 

the added benefits of direct visualization of blood flow direc-
tion, blood velocity, and characterization of coronary artery 
relationship to adjacent structures. It is noteworthy that 
neither TTE nor TEE involve radiation exposure and are 
thus feasible options in athletes in which radiation exposure 
must be avoided.

CT of the coronary circulation has emerged as a robust 
method of defining coronary artery origin and course 
(Figures 13-3A and B). A number of small studies dem-
onstrate comparable diagnostic accuracy between conven-
tional angiography and CT angiography. CT angiography 
can be performed rapidly, and access to this test has increased 
dramatically in recent years. MRI has also been shown to be 
a viable modality for the detection of coronary anomalies. 
MRI may be of additive utility for the detection of diseases 
of the myocardium such as hypertrophic cardiomyopathy 
and arrhythmogenic right ventricular cardiomyopathy. At 
the present time, MRI is relatively time-consuming, and 
there are only a limited number of clinical centers that per-
form this diagnostic test. 

At the present time, no imaging modality has emerged as the 
single best option for the evaluation of coronary anatomy 
in athletes. An attempt to define coronary anatomy should 
be included in all TTE exams in symptomatic athletes. In 
cases that TTE imaging is inadequate or if TTE documents 
a coronary abnormality, TEE, CT, MRI, and conventional 
angiography are all reasonable steps to further pursue the 
diagnosis. The decision of which test to use must be based 

Figure 13-3. Computed tomography (CT) three-dimensional reconstruction demonstrating an anoma-
lous right coronary artery (RCA) arising from the left sinus of Valsalva (Panel A) and coursing between the 
aorta and pulmonary artery (PA) (Panel B). LCA, left coronary artery.
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on local resource availability and need to evaluate for alter-
native diagnoses. 

Diagnosis of anomalous coronary circulation with objective 
evidence of exertional myocardial ischemia is reason for im-
mediate prohibition from athletic participation. When coro-
nary anomalies are incidentally detected, it is recommended 
that athletes be advised to avoid further participation until 
the anatomy is defined and the functional significance de-
termined. Treatment of coronary anomalies is best accom-
plished with surgical correction. Removal of an anomalous 
coronary artery followed by subsequent reimplantation in 
the anatomically correct sinus of Valsalva can be performed 
in the vast majority of individuals. Several decades of expe-
rience with this procedure suggest that it is curative and that 
the results are durable. Postoperative stress testing can be 
used to document resolution of ischemia prior to the indi-
vidual’s return to athletic endeavors. Percutaneous implan-
tation of intracoronary stents with ample rigidity to prevent 
compression by extravascular structures such as great vessels 
has been proposed. Although this approach may obviate the 
need for surgical intervention, there are currently insuffi-
cient data to support this approach. 

In conclusion, anomalies of the coronary circulation are an 
important cause of sudden death and exertional symptoms 
in otherwise healthy young athletes. The diagnosis of anom-
alous coronary circulation in athletes is challenging and re-
quires a high index of suspicion. A combination of exercise 
stress testing and cardiovascular imaging is required to de-
termine coronary anatomy and the functional significance 
of anomalous circulation. Athletes with coronary anoma-
lies and evidence of ischemia should be advised to abstain 
from further athletic participation as the time of diagnosis. 
Surgical correction of coronary anatomy is feasible, durable, 
and curative in the majority of cases. 
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PART III ARVD IN ATHLETES

A 23-year-old male cross-country skier presents with pal-
pitations. He has been skiing competitively for 4 years and 
has no past medical or relevant family history. He recounts 
both exertional and rest palpitations lasting approximately 
15 to 30 seconds in duration occurring 2-3 times per week. 
Episodes are accompanied by occasional feelings of dizzi-
ness and presyncope. Physical exam is normal but a rest-
ing ECG demonstrates normal sinus rhythm, an incomplete 
right bundle branch block, and left ventricular hypertrophy 
by voltage criteria. An echocardiogram reveals normal left 
ventricular (LV) size, function, and moderate right ven-
tricular (RV) dilation with preserved systolic function. A 
48-hour Holter monitor reveals several runs of wide com-
plex tachycardia of left bundle branch morphology. A subse-
quent echocardiogram demonstrated normal left ventricular 
(LV) size and function and mild right ventricular (RV) dila-
tion with preserved systolic function. Magnetic resonance 
imaging (MRI) confirmed the RV dilation and in addition 
showed evidence of fibrofatty replacement within the ante-
rior wall of the RV. 

The most common and potentially serious cause of paroxys-
mal ventricular tachycardia originating from the right heart 
in otherwise healthy athletes is arrhythmogenic right ven-
tricular dysplasia/cardiomyopathy (ARVD/C). 

ARRHYTHMOGENIC RIGHT 
VENTRICULAR DYSPLASIA/
CARDIOMYOPATHY

ARVD/C is a form of inherited cardiomyopathy that pre-
dominantly affects the right ventricle and is characterized 
pathologically by progressive replacement of RV myocar-
dium with fibrofatty tissue, RV dilation, with or without 
the presence of RV sacculations or aneurysms. According 
to the 1994 Task Force Report on ARVD/C, the diagnosis 
of ARVD/C is based on the presence of structural, histo-
logic, electrocardiographic, arrhythmic, and genetic factors 
(Table 13-1). Detection of functional and structural altera-
tions can be performed with echocardiography, conventional 
angiography, magnetic resonance imaging (MRI), or radio-
nuclide angiography; however, the diagnosis of myocardial 
fibrofatty changes remains a histological one. To fulfill the 
appropriate criteria for ARVD/C, patients must have either 
two major criteria or one major and two minor criteria or 
four minor criteria.
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Incidence

ARVD/C occurs in young adults with a male-to-female ratio 
of 2.7:1.0, but the true incidence is unknown. The preva-
lence of the disease in the general population is estimated at 
0.02 to 0.1%, but seems to exhibit regional differences, with 
an increased prevalence in areas such as the Veneto region 
of Italy or the island of Naxos in Greece.

Genetics

The genetic basis of ARVD/C is becoming clearer. There is 
a familial occurrence in about 50% of cases, with autosomal 
dominant inheritance with variable penetrance. Several loci 
for ARVD have already been mapped. If a pathogenetic mu-
tation is identified during genetic analysis of the family of a 
proband with ARVD/C, it then becomes possible to estab-
lish a presymptomatic diagnosis of the disease among family 
members and to provide them with genetic counseling. On 
the basis of current knowledge, however, genetic analysis 
does not contribute to risk stratification of ARVD/C.

Structural Changes

At autopsy, hearts demonstrate regional or diffuse fibrofatty 
infiltration, a thinned free wall of the RV, and mild to mod-
erate RV dilation. Discrete aneurysmal pockets of the pos-
terobasal, apical, and outflow tract regions are also typical 
and are often referred to as the “triangle of dysplasia.” Areas 
of the RV that demonstrate fibrosis or fatty infiltration are 
usually associated with focal myocardial necrosis and patchy 
inflammatory infiltrates; these areas can serve as potential 
sources of life-threatening ventricular arrhythmias. 

Arrhythmias and the Risk 
of Sudden Cardiac Death

ARVD/C usually presents in between the second and fourth 
decades of life and accounts for up to 5% of all sudden deaths 
in the United States, and up to 25% of exercise-related 
deaths in the Italian Veneto region. Most of the arrhythmias 
seen in elite athletes with ARVD/C are of ventricular origin. 
Atrial fibrillation, though, has previously been reported. 

Table 13-1 • Task Force Criteria for the Diagnosis of ARVD/C and Reliability to Diagnose Each Criterion 
by Imaging Modality.

Criteria for Diagnosis of Right Ventricular 
Dysplasia/Cardiomyopathy Reliability of Imaging Modality

Major Minor RV Angiography Echo CT MRI

Global and/or regional 
dysfunction and 
structural alterations

Severe dilation and reduction 
in RVEF; no (or mild) reduction 
in LVEF

Mild global dilation and 
reduction in RVEF; normal 
LVEF

++ ++ +++ +++

Localized RV aneurysm Regional RV hypokinesis ++ ++ +++ +++

Severe segmental dilation of RV Mild segmental dilation of RV

Tissue characterization Fibrofatty replacement 
of myocardium on 
endomyocardial biopsy

– – – +++

Repolarization
abnormalities

Inverted T waves in right 
precordial leads (>12 y), in 
absence of RBBB

Depolarization
abnormalities

Epsilon waves or localized 
prolongation of QRS (>110ms)
in right precordial leads

Late potentials (SAECG)

Arrhythmias LBBB-type VT by ECG, 
Holter, ET

Frequent ventricular 
extrasystoles (>1000/24h)

Family history Familial disease confirmed at 
necropsy or surgery

Family history of premature 
sudden death (<35y) due to 
suspected ARVD/C

Family history based on 
present criteria

RVEF, right ventricular ejection fraction; LVEF, left ventricular ejection fraction; y, years; RBBB, right bundle branch block; SAECG, signal averaged electrocardiogram, LBBB, left 
bundle branch block; ET, exercise testing.
Adapted from McKenna et al. Br Heart J. 1994.
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ARVC/D can lead to sudden cardiac death (SCD), which 
presents an estimated 5.4 times greater risk during com-
petitive sports than during sedentary activity. In contrast, 
adolescent and young adults (without ARVD/C) involved 
in sports are at 2.8 times the risk of SCD than their non-
athletic counterparts. Sudden death does not occur as a 
direct result of the activity; rather sports participation can 
trigger SCD in those athletes with morbid cardiovascular 
conditions (e.g., congenital coronary artery anomalies, car-
diomyopathy, or premature coronary artery disease). The 
reason for the propensity for ARVC/D to precipitate effort-
dependent sudden cardiac arrest is not completely known. 
One theory states that physical exercise acutely increases 
right ventricular afterload and cavity enlargement which, 
in turn, may elicit ventricular arrhythmias by stretching the 
diseased right ventricular myocardium or favoring reentrant 
arrhythmic mechanisms. 

Clinical Presentation

The clinical presentation of ARVD/C varies widely. The 
different processes involved in the pathophysiology of 
ARVD/C may manifest a diversity of symptoms such as 
fatigue, atypical chest pain, syncope, acute coronary syn-
drome, or even SCD. This disease may progress over time 
and it may present differently according to the time of pre-
sentation. There may be a symptomatic form with transient 
or sustained ventricular tachycardia usually of left bundle 
branch block (LBBB) configuration; an asymptomatic form 
consisting of ventricular ectopic beats (usually >1000/24 
h); right ventricular failure with or without arrhythmias; 

and a masked form in which sudden death, usually during 
exercise, is the first clinical presentation. 

Diagnosis

Electrocardiography
Abnormalities on the electrocardiogram (ECG) can be seen 
in up to 90% of patients diagnosed with ARVD/C. The 
ECG in patients with ARVD/C usually shows sinus rhythm, 
QRS duration >110 ms in lead V1, a terminal deflection 
within or at the end of the QRS complex (epsilon wave) 
in leads V1-V3 (seen in ~30% of patients), and inversion 
of T waves in the right precordial leads (seen in ~50-70%) 
(Figure 13-4) On the resting ECG, right bundle branch 
block (RBBB), both incomplete and complete, is found in 
approximately 30% of patients with ARVD/C. In the pres-
ence of a RBBB pattern, selective prolongation of the QRS 
duration in leads V1-V3 compared with lead V6 (>25 ms) 
is an important hallmark of ARVD/C.

Echocardiography
Two-dimensional echocardiography, by virtue of its wide-
spread availability, low cost, and ease of performance and 
interpretation, has been one of the essential tools for es-
tablishing the diagnosis of ARVD. The most frequent RV 
morphologic abnormalities found in a study of probands 
with ARVD/C were trabecular derangement, hyperreflec-
tive mode rator band, and RV sacculations (Figure 13-5). 
Quantitatively, global RV function was impaired in two-
thirds of probands. An RVOT long-axis dimension of 
>30 mm had the highest sensitivity and specificity for the 
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Figure 13-4. Electrocardiogram obtained from a patient with diagnosed ARVD/C. Note the presence of an epsilon wave throughout 
the precordial leads.
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diagnosis of ARVD (89 and 86%, respectively). Imaging 
patients with suspected ARVD/C with three-dimensional 
echocardiography has been shown to be feasible and pro-
vides an accurate assessment of right ventricular structure 
and function, when performed alone and when compared 
to cardiac magnetic resonance imaging. As well, imaging 
the right ventricle during electrophysiological interven-
tions using intracardiac echocardiography (ICE) has also 
demonstrated reliability and superiority compared to RV 
angiography.

Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) uses nonionizing ra-
diofrequency stimulation to perform noninvasive multipla-
nar imaging. MRI allows for accurate morphological and 
functional evaluation of the RV without any geometric as-
sumptions (as is done in echocardiography). Detection of 
intramyocardial fat and fibrosis in the RV is possible because 
of its ability for excellent tissue characterization. A good as-
sociation between the area of fat infiltration and the area of 
regional dysfunction has been reported in probands whose 
members had fat infiltration reported on MR imaging. In 
these same probands, aneurysmal dilation of the RV wall was 
most notable in the RV apex, RVOT, and in the RV basal 
and mid-free walls–confirming the presence of an often re-
ferred to “triangle of dysplasia.”  MRI can also be used to 
assess both systolic and diastolic function in great detail. 

One of the remaining challenges of imaging in the diagnosis 
of ARVD/C is the detection of subtle changes in RV struc-
ture and/or function. This becomes important in individuals 
with Naxos disease (plakoglobin mutation), for example, as 
the disease phenotype does not appear until adolescence. 
As mentioned previously, sudden cardiac death has been 

reported in athletes who have very mild or unapparent 
structural abnormalities. 

Treatment

There are five common therapeutic options in patients with 
ARVD/C: 1) antiarrhythmic agents, 2) radiofrequency ab-
lation, 3) implantable cardioverter-defibrillator therapy, 4) 
heart failure treatment, and 5) surgical treatment.

The current experience with antiarrhythmic medications is 
limited to studies with small numbers of patients and short 
follow-up periods. There are reports that sotalol is more 
effective than beta-blockers or amiodarone at suppressing 
ventricular tachycardia; however; it is not known whether 
sotalol is able to prevent sudden death. Catheter ablation 
can be considered in those with drug intolerance or inef-
fectiveness. Success of the ablation procedure may be af-
fected by the progressive and diffuse nature of the disease, 
resulting in multiple arrhythmogenic foci, which are diffi-
cult to abolish. Despite initial success with ablation, some 
patients do return with recurrent arrhythmias. Implantable 
cardioverter-defibrillator therapy is indicated in case of seri-
ous risk of sudden death. Patients at highest risk are those 
who have been resuscitated, those who are unresponsive or 
intolerant of antiarrhythmic therapy (e.g., secondary pre-
vention), and those with the disease who have a family his-
tory of cardiac arrest in first-degree relatives (e.g., primary 
prevention). There is no evidence that patients who have 
a positive family history but no evidence of the disease are 
at exceptional high risk. When the disease has progressed 
to right ventricular or biventricular failure, treatment is 
similar to the current therapy for heart failure, and includes 
diuretics, beta-blocking agents, and angiotensin-converting 
enzyme inhibitors. In case of intractable right ventricular 
failure, cardiac transplantation may be the only remaining 
alternative.

SUMMARY

ARVD/C is a heart muscle disorder of an as yet unknown 
course that is characterized pathologically by fibrofatty re-
placement of the right ventricular myocardium and elec-
trical instability. Clinical manifestations include structural 
and functional alterations of the right ventricle, ECG ab-
normalities, and presentation with ventricular tachycardia 
with LBBB pattern or SCD. In most centers, echocardiog-
raphy will remain the initial imaging approach for pa-
tients suspected of having ARVD/C. In more specialized 
centers, cardiovascular MRI provides important anatomic, 
morphologic, and functional detail essential to the diag-
nosis. Nevertheless, the diagnosis of ARVD/C consists of 
a combination of ECG and morphologic abnormalities as 
well as evidence of familial disease. Genetic evaluation is 

Figure 13-5. Transthoracic echocardiogram. Subcostal view 
demonstrating two discrete aneurysmal outpouchings of the 
right ventricular free wall (arrows).
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becoming increasingly important in confirming the di-
agnosis in probands and family members; however, it still 
does not play a role in the risk stratification of a person 
with ARVD/C. Pharmacologic treatment remains useful, 
but radiofrequency ablation and implantable cardioverter-
defibrillator therapy are increasingly important therapeutic 
approaches in these patients.

ARVD/C has been shown to contribute a significant per-
centage of sudden cardiac death in athletes. A high level of 
clinical suspicion should be maintained once one is faced 
with an athlete who complains of unexplained palpitations, 
presyncope, syncope, or aborted sudden death, especially if 
accompanied by a positive family history or an abnormal 
ECG or imaging study. However, uncertainties remain 
about the specific etiology of the disease, the genetic basis, 
the clinical course of patients, and the appropriate diagnosis 
and therapy. Large clinical trials of ARVD/C patients such 
as the European ARVD Registry and the Multidisciplinary 
Study of Right Ventricular Dysplasia will hopefully improve 
our knowledge of ARVD/C. 
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PART IV ARRHYTHMIAS IN ATHLETES

Case presentation: VP is a 21-year-old elite swimmer who 
presented with the complaint of new onset palpitations noted 
at rest and immediately following exercise. He reported that 

he experienced dizziness and lightheadedness with the symp-
toms but denied chest pain, shortness of breath, or syncope. 
His physical exam was unremarkable and his resting elec-
trocardiogram revealed a heart rate of 40 bpm but was oth-
erwise normal. An event monitor was placed and revealed 
evidence of a narrow complex supraventricular arrhythmia 
at a rate of 180 bpm, consistent with atrioventricular (AV) 
node reentrant tachycardia. Due to his high level of ath-
letic activity and resting bradycardia the decision was made 
not to medically manage his arrhythmia but to refer him 
for electrophysiologic (EPS) evaluation and possible abla-
tion. EPS indeed revealed an inducible AV nodal reentrant 
which was successfully treated with radiofrequency ablation. 
He remains asymptomatic.

The notoriety associated with the death of a prominent ath-
lete attracts a great deal of media attention and leads to the 
assumption by many that the arrhythmic death in athletes is 
common. While the risk of sudden cardiac death is rare, elec-
trocardiographic abnormalities or the presence of cardiac ar-
rhythmias may herald the presence of underlying heart disease, 
which could place an athlete at risk of sudden cardiac death. 
In this section we will review common physiologic electro-
cardiographic features of athletes, common arrhythmias in 
athletes, and less common arrhythmias which, when present, 
should lead to further cardiovascular diagnostic investigation. 

The incidence of supraventricular and ventricular tachyar-
rhythmias as well as bradyarrhythmias is increased in athletes 
and cardiac arrhythmias remains one of the major reasons for 
disqualification from athletic participation. Differentiation 
of the physiologic from pathologic substrates is imperative 
in the athlete who presents with an arrhythmia. Thankfully, 
few athletes die every year due to underlying cardiac ar-
rhythmias; however, those responsible for the healthcare of 
athletes need to understand the types of arrhythmias and 
ECG abnormalities that may be present both in healthy 
athletes and in those with cardiovascular disease. 

Bradyarrhythmias

Sinus bradyarrhythmias are frequently encountered in ath-
letes and are rarely a cause for concern. The cardiovascular 
adaptations of athletic training include atrial and ventricu-
lar enlargement and resting bradycardia. While some ath-
letes may exhibit first and second degree heart block, the 
presence of symptomatic bradycardia or high degree heart 
block should lead to a thorough cardiovascular evaluation 
(Thompson 2007).

Ventricular Arrhythmias

The clinical presentation of ventricular tachyarrhythmias in 
athletes can vary from rare palpitations and isolated PVCs to 
sudden death in athletes with arrhythmic right ventricular 
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cardiomyopathy (ARVC), hypertrophic, or other cardiomy-
opathy. It is estimated that fewer than 10% of athletes who 
present with symptomatic ventricular tachyarrhythmias 
have structurally normal hearts, thus, the presence of a ven-
tricular arrhythmia in an athlete should prompt a thorough 
clinical investigation. There does not appear to be any asso-
ciation between training-associated left ventricular hyper-
trophy and the degree of left ventricular arrhythmias, in fact 
there was a great frequency and complexity of ventricular 
arrhythmias in those with lower left ventricular mass (Biffi 
et al. 2008).

The types of arrhythmias that may be present in structur-
ally normal hearts include right ventricular monomorphic 
extrasytoles, right ventricular outflow tract (RVOT) and left 
ventricular outflow tract (LVOT) tachycardia, idiopathic 
left ventricular tachycardia, idiopathic propanolol sensitive 
 (automatic) ventricular tachycardia, catecholaminergic poly-
morphic ventricular tachycardia, Brugada syndrome, and long 
QT syndrome. 

It is important to identify ARVC when present due to the 
increased risk of sudden cardiac death it presents. RVOT 
ventricular tachycardia (VT), in contrast, carries a benign 
prognosis and is characterized by a LBBB pattern and in-
ferior axis. RVOT VT can present as either nonsustained 
repetitive monomorphic VT or paroxysmal exercise-in-
duced sustained ventricular tachycardia. When present, the 
resting extrasystoles decrease or disappear during exercise 
while sustained VT can be induced by physical activity. 
Treatment of the RVOT tachycardia includes IV adenosine 
in the acute setting, beta-blockers, and calcium channel 
blockers, while the highest degree of treatment success is 
associated with radiofrequency ablation. The presence of 
chronic sustained or nonsustained ventricular tachycar-
dia can result in biventricular systolic dysfunction which 
improves following successful ablation of the arrhythmia 
(Bauce et al. 2008).

ARVC is associated with both structural and functional 
abnormalities of the right ventricle due to fibrofatty re-
placement of the myocardium, and affected individuals 
are predisposed to developing reentrant ventricular tach-
yarrhythmias. Diagnostic criteria for ARVC have been 
developed and include clinical, electrocardiographic, and 
structural features. While echocardiographic imaging with 
intravenous echo contrast is helpful in identifying focal right 
ventricular wall motion abnormalities, chamber dilatation 
and sacculations, magnetic resonance imaging remains the 
gold standard for diagnosing ARVC. 

Electrocardiographic features of ARVC include T wave 
inversion in the right precordial leads and epsilon waves 
in V1-V2. The resting electrocardiogram in RVOT ven-
tricular tachycardia is usually normal. While morphologic 

features of VT associated with ARVC may resemble those 
of RVOT, the tachycardia associated with ARVC usu-
ally exhibits a QRS duration >120 ms and an axis <30 
degrees. 

Atrial Fibrillation in Athletes

Several studies have demonstrated a higher prevalence of 
athletic activity in individuals with lone atrial fibrillation. 
One study demonstrated up to a three-fold increase in the 
incidence of atrial fibrillation in athletes compared with 
sedentary controls. The potential mechanisms responsible 
for the predisposition to atrial fibrillation include both 
the heightened sympathetic and parasympathetic tone as 
well as biatrial dilatation, which are present in many well-
trained athletes. The presence of both increased sympa-
thetic and vagal tone results in a reduction in a reduction 
in the RR interval, increased heart rate variability, and 
reduced effective atrial refractory period, all of which lead 
to the increased incidence of atrial fibrillation (Lampert 
2008).

The presence of atrial fibrillation in athletic individuals 
results in reduced quality of life and impaired athletic per-
formance. The success of pulmonary vein isolation in the 
treatment of atrial fibrillation in athletes with resultant im-
provement in exercise capacity has recently been reported 
(Pellicia et al. 2008). This method of treatment is favored 
in many athletes who prefer to avoid cardiovascular medica-
tions and their associated side effects. 

Electrocardiography in Athletes 

Electrocardiographic (ECG) screening has been recom-
mended as part of preathletic participation screening by 
many international, national, and regional organizations. 
The implementation of ECG screening in Italy has re-
sulted in decreased mortality in a population of competi-
tive athletes. In Italy, ECG screening of 32,652 athletes 
revealed that the ECG was normal in 88%. Of the abnor-
malities encountered, the most common abnormalities 
encountered included first degree AV block, incomplete 
RBBB, and early repolarization. Less frequently encoun-
tered abnormalities included evidence of left ventricular 
hypertrophy, RBBB, LAF, LBBB, increased QTc, and pre-
excitation. Such abnormalities in the absence of clinical 
or echocardiographic evidence of structural heart disease 
are generally considered to be innocent consequences of 
athletic training. While the prevalence of QTc prolonga-
tion in elite athletes is 0.4%, a QTc <0.50 msec in the 
absence of symptoms or familial disease is unlikely to rep-
resent long QT syndrome. 

Pellicia and colleagues examined the clinical significance 
of deep precordial T wave inversion in 12,550 athletes 
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without other evidence of cardiovascular disease. The 
athletes were followed for a mean of 9+/–3 years, and 
during that time 5 athletes (6%) developed evidence of 
a cardiomyopathy, including one with sudden cardiac 
death and ARVD, three with hypertrophic cardiomyopa-
thy, and one with a dilated cardiomyopathy (Furlanello 
et al. 2008). The authors concluded that this individuals 
with deep T wave inversion warranted long term clinical 
follow-up.

The evaluation of cardiac arrhythmias in the athlete who 
presents a structurally normal heart and normal resting 
electrocardiogram should also include a detailed history 
of medication use, including use of possible performance-
enhancing drugs. Many illicit drugs taken by athletes to en-
hance performance are associated with cardiac arrhythmias. 
Potentially arrhythmogenic illicit drugs include anabolic 
steroids (atrial and ventricular arrhythmias), beta agonists 
(particularly in individuals with underlying cardiomyopa-
thies), stimulants (atrial and ventricular arrhythmias, QTc 
prolongation), cannabinoids (atrial fibrillation), gluco-
corticoids (arrhythmias secondary to metabolic perturba-
tions), alcohol (atrial and ventricular arrhythmias), and 
beta-blockers (bradycardia and heart block) (White et al. 
2008).
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INTRODUCTION

With the growing elderly population, in the number of pa-
tients with heart disease undergoing surgery will increase. 
The purpose of the cardiologist’s preoperative consultation 
is to thoroughly evaluate and address any questions sug-
gested by the patient, surgeon, or anesthesiologist. In many 
cases the patient will be well known to the cardiologist, and 

therefore the goal of the evaluation may simply be commu-
nication of known information. In other patients, the car-
diologist may be asked specific questions by members of the 
perioperative team in order to modify care. A cardiologist 
should not “clear” a patient for surgery, but rather should 
communicate the information from the consultation with 
the anesthesiologists and surgeons. 

PREOPERATIVE MANAGEMENT

Assessment

As part of the evaluation, the consultant should be able to 
communicate the extent and stability of the patient’s cardio-
vascular disease, assess the implication of the cardiovascular 
disease on perioperative risk, and perhaps suggest changes in 
medical management of the patient, including the need for 
further testing. In some cases, this evaluation may lead to 
delay or cancellation of surgery. Further testing should only 
be performed if the results may affect the patient’s periop-
erative management.

An overall assessment of risk can be performed utilizing 
the American Society of Anesthesiologists (ASA) Physical 
Status Index (Table 14-1). The ASA index, or score, is a 
simple way to communicate the severity of disease, but it 
does not directly address disease-specific risk. The specific 
identification of perioperative cardiac risk has been an area 
of active study for three decades, and much of the work 
has focused on the development of clinical risk indices. 
The most recent Index was developed in a study of 4315 
patients aged 50 years or older undergoing elective major 
noncardiac procedures in a tertiary-care teaching hospital. 

Perioperative Management 
of Patients with 

Cardiovascular Disease
Kara Barnett and Lee A. Fleisher

14

• ECG is not indicated in low risk patients undergo-
ing low risk surgery. 

• Emergency surgeries should not be delayed for 
cardiac evaluation.

• Low risk patients with stable or no heart disease 
can undergo low risk surgery without further test-
ing or intervention 

• For those with a left bundle branch block, a phar-
macological stress test is preferred over an exer-
cise stress test. 

• Perioperative beta-blockade should be used in pa-
tients previously on beta-blockers (Class I) and 
considered for those with a positive stress test 
undergoing major vascular surgery (Class IIa). 
Statins and clonidine should be continued peri-
operatively, and aspirin should be continued, un-
less the risks outweigh the benefits.

d PRACTICAL POINTS
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Six independent predictors of complications were identi-
fied, and included in a Revised Cardiac Risk Index (RCRI):  
(1) high risk type of surgery, (2) history of ischemic heart 
disease, (3) history of congestive heart failure, (4) history 
of cerebrovascular disease, (5) preoperative treatment with 
insulin, and (6) preoperative serum creatinine >2.0 mg/dL 
Cardiac complication rates were noted to increase with an 
increasing number of risk factors. The RCRI has become the 
standard tool in the literature in assessing the prior prob-
ability of perioperative cardiac risk in a given individual and 
has been used to direct the decision to perform cardiovascu-
lar testing and implement perioperative management pro-
tocols in the most recent American College of Cardiology/
American Heart Association (ACC/AHA) Guidelines 
on Perioperative Cardiovascular Evaluation. The Revised 
Cardiac Risk Index will be discussed throughout the rest of 
the chapter. 

Approach to the Patient

The preoperative evaluation/consultation begins with a 
thorough history and physical examination. Frequently, pa-
tients are evaluated because of the presence of overt coro-
nary artery disease. It is critical the examiner ensure that the 
patient’s underlying disease is stable. The perioperative pe-
riod is associated with a hypercoagulable state, and therefore 
the presence of unstable coronary artery disease is associated 
with a very high rate of perioperative cardiac morbidity and 
mortality. In one study the presence of unstable angina was 
associated with a 28% risk of perioperative myocardial in-
farction (MI) and death. For patients with stable coronary 

artery disease (CAD), it is important one assess the amount 
of myocardium in jeopardy, ischemic threshold, and ven-
tricular function. This information may already have been 
gathered from previous evaluations or by history or physical 
examination, but further diagnostic testing to obtain more 
objective data may be warranted if the results might change 
perioperative management. It is also important the cardi-
ologist assess the patient’s current medication regimen. 

Traditionally, coronary risk assessment for noncardiac sur-
gery in patients with a prior myocardial infarction was based 
upon the time interval between the MI and surgery. The 
AHA/ACC Task Force on Perioperative Evaluation of the 
Cardiac Patient undergoing Noncardiac Surgery currently 
suggests that the highest risk cohort, those with active car-
diac conditions, are patients who are within 6 weeks of their 
MI, a time period during which plaque and myocardial sta-
bilization occur. Other active cardiac conditions that war-
rant further evaluation before noncardiac surgery include 
those found in Table 14-2. 

In virtually all studies to date, the presence of symptomatic 
heart failure (HF) preoperatively has been associated with 
an increased incidence of perioperative cardiac morbidity. 
Stabilizing symptoms of pulmonary congestion is a prudent 
move prior to elective surgery. It is important to determine 
the etiology of the left heart failure since the type of peri-
operative monitoring and treatments would be different for 
such conditions as ischemic or nonischemic cardiomyopa-
thy, systolic or nonsystolic HF, or mitral or aortic valvular 
insufficiency and/or stenosis. Diastolic filling abnormalities 
are particularly common in older patients and may point 
to an increased risk of these patients developing symptom-
atic heart failure or atrial fibrillation in the perioperative 
period. 

In patients undergoing elective noncardiac surgery, the 
presence of aortic stenosis places the patient at the same 
level of increased risk. The presence of any of the clas-
sic triad of angina, syncope, and heart failure in a patient 
with aortic stenosis should alert the clinician to the need 
for further evaluation and potential interventions, usually 
valve replacement. However, many patients with severe 
or critical aortic stenosis may be asymptomatic, and pre-
operative patients with aortic systolic murmurs warrant 
a careful history and physical examination and often fur-
ther evaluation. Mitral valve disease tends to cause less 
risk of perioperative complications than aortic stenosis. 
However, occult mitral stenosis from rheumatic heart dis-
ease is still encountered on occasion and can lead to severe 
left heart failure in the presence of tachycardia and/or vol-
ume loading. 

In the perioperative patient with a functioning prosthetic 
heart valve, the major issues are antibiotic prophylaxis and 

Table 14-1 • ASA Physical Status Index

ASA-I: Healthy patient without systemic disease 
(e.g., 21-year-old patient undergoing breast augmentation.)

ASA-II: Mild systemic disease without functional limitations 
(e.g., 45-year-old patient with mild hypertension and 
well-controlled diabetes mellitus undergoing a breast 
augmentation.)

ASA-III: Moderate to severe systemic disease that has 
some functional limitations (e.g., Morbidly obese 45-year-
old patient with hypertensive kidney disease and diabetes 
mellitus undergoing an exploratory laparotomy.)

ASA-IV: Severe systemic disease that is incapacitating and 
a constant threat to life (e.g., Morbidly obese 45-year-old 
patient with necrotizing fasciitis and decreased mental status 
undergoing an exploratory laparotomy.)

ASA-V: Moribund patient who is not expected to survive 
>24 hours without surgery (e.g., 45-year-old patient with 
a ruptured aortic aneurysm in severe shock.)

ASA-VI: Brain-dead patient undergoing organ harvest

Add the letter “E” to the classification for a surgery that is an emergency 
(e.g., The patient with the ruptured aortic aneurysm going into surgery is a ASA-VE)
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anticoagulation. For most surgical procedures, oral anticoag-
ulation should be stopped three days before surgery with the 
goal of an international normalized ratio <1.5. Patients may 
receive heparin perioperatively with discontinuation 4 to 6 
hours prior to surgery. Current recommendations regarding 
both perioperative anticoagulation and endocarditis pro-
phylaxis should be reviewed in the appropriate AHA/ACC 
and American College of Chest Physician Guidelines.

Although hypertension is a risk factor for CAD, it has only 
been shown to be a risk factor for developing perioperative 
myocardial ischemia and not perioperative cardiac mor-
bidity or mortality. Based upon one randomized trial, one 
may conclude that there is no benefit in delaying surgery in 
hypertensive patients without overt CAD with blood pres-
sure greater than 180/110 (stage 3 hypertension). If neces-
sary, antihypertensives can be administered intravenously 
in the perioperative period to acutely lower blood pressure. 
Patients with signs of unstable hypertension such as angina 
or headache should have surgery delayed and the blood 
pressure treated first.

Patients with congenital heart disease should be evaluated 
for Eisenmenger syndrome and pulmonary hypertension. 
These patients may not tolerate hypoxia during surgery. 
Prophylaxis for endocarditis is also an important part of 
their management. A full review of this topic is beyond the 
scope of this chapter; it can be found elsewhere.

Asymptomatic ventricular arrhythmias have not been associ-
ated with an increase in cardiac complications. Patients with 
ventricular arrhythmias should only be treated if the arrhyth-
mia causes hemodynamic compromise. Cardioversion should 
be performed for those with unstable arrhythmias; otherwise, 
rate control with medication is sufficient. Beta-blockade 
should be considered for rate control of arrhythmias.

Decision to Perform Preoperative 
Diagnostic Testing

In the decision of whether to perform additional diagnos-
tic testing, the consultant needs to evaluate the patient’s 
functional status/exercise tolerance and identify clinical 
predictors and risks of surgery (Figure 14-1). The figure 
presents in algorithmic form a framework for determining 
which patients are candidates for cardiac testing. Given 
the availability of this evidence, the ACC/AHA Writing 
Committee chose to include the level of the recommenda-
tions and strength of evidence for many of the pathways:

Step 1: The consultant should determine the urgency • 
of noncardiac surgery. In many instances, patient- or 
surgery-specific factors dictate an obvious strategy 
(e.g., emergent surgery) that may not allow for further 
cardiac assessment or treatment.
Step 2: Does the patient have one of the active car-• 
diac conditions? In patients being considered for 
elective noncardiac surgery, the presence of unstable 

Table 14-2 • Active Cardiac Conditions for which the Patient Should Undergo Evaluation and 
Treatment Before Noncardiac Surgery**

Condition Examples

Unstable coronary syndromes

Decompensated HF (NYHA functional class IV; worsening 
or new-onset HF)

Significant arrhythmias

Severe valvular disease

Unstable or severe angina* (CCS class III or IV)†

Recent MI‡

High-grade atrioventricular block
Mobitz II atrioventricular block
Third-degree atrioventricular heart block
Symptomatic ventricular arrhythmias
Supraventricular arrhythmias (including atrial fibrillation) with 

uncontrolled ventricular rate (HR greater than 100 bpm at rest)
Symptomatic bradycardia
Newly recognized ventricular tachycardia

Severe aortic stenosis (mean pressure gradient greater than 
40 mm Hg, aortic valve area less than 1.0 cm2, or symptomatic)

Symptomatic mitral stenosis (progressive dyspnea on exertion, 
exertional presyncope, or HF)

CCS, Canadian Cardiovascular Society; HF, heart failure; HR, heart rate; MI, myocardial infarction; NYHA, New York Heart Association.
* According to Campeau.10

†May include “stable” angina in patients who are unusually sedentary.
‡The American College of Cardiology National Database Library defines recent MI as more than 7 days but less than or equal to 1 month (within 30 days).
**From the ACC/AHA 2007 guidelines.
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coronary disease, decompensated heart failure, or se-
vere arrhythmia or valvular heart disease usually leads 
to cancellation or delay of surgery until the cardiac 
problem has been clarified and treated appropriately. 
Examples of unstable coronary syndromes include pre-
vious MI with evidence of important ischemic risk by 

clinical symptoms or noninvasive study, unstable or 
severe angina, and new or poorly controlled ischemia-
mediated heart failure. Depending on the results of 
the test or interventions and the risk of delaying sur-
gery, it may be appropriate to proceed to the planned 
surgery with maximal medical therapy.

Need for
emergency
noncardiac
surgery?

Active
cardiac

conditions

No

Yes
(Class I, LOE C)

Yes
(Class I, LOE B)

Yes
(Class IIa, LOE B)

1–2 clinical
risk factors

3 or more clinical
risk factors

Intermediate
risk surgery

Intermediate
risk surgery

Proceed with planned surgery with HR control (Class IIa,
LOE B) or consider noninvasive testing (Class IIb LOE B)

if it will change management

Vascular
surgery

Vascular
surgery

No clinical
risk factors

Operating
room

Perioperative
surveillance and

postoperative
risk stratification
and risk factor
management

Consider testing
if it will change
management

Evaluate and
treat per

ACC/AHA
guidelines

Proceed with
planned
surgery

Proceed with
planned
surgery

Class I,
LOE B

Proceed with
planned
surgery

Consider
operating room

No

Low risk
surgery

Functional capacity greater
than or equal to 4 METS

without symptoms

No or unknownStep 5

Step 4

Step 3

Step 2

Step 1

Yes
(Class I, LOE B)

Class IIa,
LOE B

No

Figure 14-1. Cardiac evaluation and care algorithm for noncardiac surgery based on active clinical conditions, known cardiovascular 
disease, or cardiac risk factors for patients 50 years of age or older. (Reproduced with permission from Fleisher LA et al. Circulation.
2007;116:e418–499.)
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Step 3: Is the patient undergoing low risk surgery? In • 
these patients, interventions based on cardiovascu-
lar testing in stable patients would rarely result in a 
change in management, and it would be appropriate 
to proceed with the planned surgical procedure. 
Step 4: Does the patient have moderate functional ca-• 
pacity without symptoms? In highly functional asymp-
tomatic patients, management will rarely be changed 
on the basis of results of any further cardiovascular 
testing and it is therefore appropriate to proceed with 
the planned surgery. If the patient has poor functional 
capacity, is symptomatic, or has unknown functional 
capacity, then the presence of clinical risk factors will 
determine the need for further evaluation. If the pa-
tient has no clinical risk factors, then it is appropriate 
to proceed with the planned surgery, and no further 
change in management is indicated.
Step 5: If the patient has one or two clinical risk fac-• 
tors, then it is reasonable either to proceed with the 
planned surgery, with heart rate control, or to con-
sider testing, if the outcome of testing could change 
management. In patients with three or more clinical 
risk factors or if the patient is undergoing vascular sur-
gery, recent studies suggest that testing should only be 
considered if its outcome could change management. 
In nonvascular surgery in which the perioperative 
morbidity related to the procedures ranges from 1 to 
5% (intermediate risk surgery), there are insufficient 
data to determine the best strategy (proceeding with 
the planned surgery with tight heart rate control with 
beta-blockade or further cardiovascular testing if it 
could change management).

Tests

An ECG should be performed within 30 days if the patient 
has stable cardiovascular disease. It is not indicated in low-
risk patients undergoing low-risk surgery. However, many 
anesthesia departments continue to have indications for a 
preoperative ECG based upon patient age or some other 
criteria, and a local discussion to determine best practice 
should be performed. 

There are no Class I recommendations for performing a 
static assessment of ventricular function. It is reasonable to 
order this for patients with dyspnea of unknown origin or 
current or prior heart failure with worsening symptoms or 
other change in clinical status if an assessment has not been 
performed within 12 months. 

Exercise stress testing is rarely a diagnostic benefit for patients 
with good exercise tolerance. For those who cannot exercise, a 
pharmacologic stress test is necessary. Stress nuclear perfusion 
imaging has a high sensitivity for detecting patients at risk for 
perioperative cardiac events, with the risk being proportional 

to the amount of myocardium at risk. It has a low positive 
predictive value, so it is best used in those with high clinical 
risk for cardiac events. For those with a left bundle branch 
block, a pharmacological stress test is preferred over an ex-
ercise stress test. The optimal test is best left to the discre-
tion of the cardiologist based upon local expertise, although 
several meta-analyses have suggested that dobutamine stress 
echocardiography has the best sensitivity and specificity for 
predicting perioperative cardiovascular complications. 

Permanent Pacemakers 
and Cardioverter Defibrillators

Electromagnetic interference (EMI) from the widely used 
unipolar electrocautery during surgery can interfere with 
permanent pacemakers (PPMs) and automatic implantable 
cardioverter defibrillators (AICDs). Electrocautery uses ra-
diofrequency current with cut and coagulation. The amount 
of interference depends on the amount of current near the 
PPM or AICD. The grounding pad or indifferent plate is 
usually placed on the thigh away from unit so that the cur-
rent does not pass through the PPM or AICD. 

The ASA 2005 advisory recommends that if EMI will be 
used during surgery, the PPM should be reprogrammed to 
an asynchronous mode (VOO or DOO) with the rate-
 responsive function disabled. The original program should 
be resumed after surgery. The AICD should have the an-
titachyarrhythmia function suspended. A magnet may be 
useful during surgery to disable the unit; however, not all 
units behave in the same manner with magnet placement, 
and an electrophysiologist or the manufacturer of the device 
should be contacted for information. EMI will be decreased 
significantly with a bipolar unit or harmonic scalpel; thus, 
the ASA recommends using these devices instead of the 
unipolar electrocautery if possible. If a unipolar unit must 
be used, then short, intermittent, and irregular bursts should 
be employed as far as is possible from the unit and leads. 
Temporary pacing and defibrillation equipment should also 
be available. If a patient is pacer-dependent, then the device 
and battery status should be evaluated within 3 to 6 months 
before the surgical procedure. The unit may also need a 
postoperative evaluation to ensure its integrity. 

Medications

There is increasing evidence that patients should continue 
to take their cardiovascular medications in the periopera-
tive period. Specifically, beta-blockers and statins should be 
continued throughout the perioperative period. Medications 
should be taken on the day of surgery, with small sips of 
water with anticoagulation and aspirin per the surgeon’s re-
quest. Diuretics, ACEIs, and ARBs may be held on the day 
of surgery, since the interaction of these agents and anes-
thetics can lead to profound hypotenstion.
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There has been a great deal of controversy regarding the 
risks and benefits of administering beta-blockers in the 
perioperative period for patients not already taking these 
agents. Multiple studies have demonstrated improved out-
come in patients that are given perioperative beta-blockers, 
especially if heart rate is controlled. However, newer stud-
ies have demonstrated that beta-blockers may not be ben-
eficial if heart rate is not well-controlled or in lower risk 
patients. Recently, the POISE trial was published, in which 
8351 high risk beta-blocker-naive patients were randomized 
to high dose metoprolol CR versus placebo. There was a 
significant reduction of the primary outcome of cardiovas-
cular events, associated with a 30% reduction in MI rate, 
but with a significantly increased rate of 30-day all-cause 
mortality and stroke. The current ACC/AHA Guidelines 
on perioperative beta-blockade advocate that perioperative 
beta-blockade is a Class I indication and should be used in 
patients who had previously been on beta-blockers. In the 
2009 update, beta blocked titrated to heart rate and blood 
pressure are probably recommand in those with a positive 
stress test undergoing major vascular surgery, although acute 
administration without titration may be associated with 
harm. (Class IIa) The use of these agents in those without 
active CAD or undergoing less invasive procedures is cur-
rently being reviewed in light of the POISE results. 

The cholesterol lower statins also have antiinflammatory and 
plaque-stabilizing properties. Therapy should be continued 
in the perioperative period because of the statins’ protective 
effect on cardiac complications. Durazzo and colleagues pub-
lished a randomized trial of 200 vascular surgery patients in 
which statins were started an average of 30 days prior to vas-
cular surgery. A significant reduction in cardiovascular com-
plications was demonstrated using this protocol. Le Manach 
and colleagues demonstrated that statin withdrawal greater 
than 4 days was associated with a 2.9 odds ratio of increased 
risk of cardiac morbidity in vascular surgery. It is reasonable 
to prescribe statins for those undergoing vascular surgery or 
those with at least one clinical risk factor and undergoing 
intermediate risk. Poldermans and colleagues demonstrated 
reduced perioperative cardiac morbidity with administration 
of 30 days of preoperative fluvastatin compared to placebo 
in intermediate risk patients.

Central alpha-2-agonists, such as clonidine, may be useful in 
those who cannot tolerate beta-blockers. These drugs are as-
sociated with better hemodynamic stability, suppress sympa-
thetic stimulation, and also have a sedating effect. There is a 
reduced mortality in intermediate and vascular surgery and for 
those with at least one clinical risk factor with clonidine use. 

There is not enough evidence to support the use of calcium 
channel blockers. They do not decrease myocardial isch-
emia; however, verapamil is associated with a decreased in-
cidence of supraventricular tachycardia.

There is anecdotal evidence that aspirin discontinuation is 
associated with an increased incidence of perioperative car-
diac complications. This has been shown in patients with 
drug-eluting stents, but may also be true in other patients 
with high risk coronary lesions. The perioperative of aspirin 
withdrawal between 7 and 14 days may be associated with 
hypercoagulability.

Coronary Revascularization

McFalls and colleagues reported the results of a multicenter 
randomized trail in the Veterans Administration Health 
System in which patients with documented coronary ar-
tery disease on coronary angiography, excluding those with 
left main disease or severely depressed ejection fraction 
(<20%), were randomized to coronary artery bypass graft-
ing (CABG) (59%) or percutaneous coronary interventions 
(PCI) (41%) versus routine medical therapy. At 2.7 years 
after randomization, mortality in the revascularization group 
was not significantly different (22%) percent compared to 
the no-revascularization group (23%). Within 30 days after 
the vascular operation a postoperative myocardial infarc-
tion, defined by elevated troponin levels, occurred in 12%of 
the revascularization group and 14%of the no-revasculariza-
tion group (p = 0.37). The authors suggested that coronary 
revascularization is not indicated in patients with stable 
coronary artery disease. However, in a follow-up analysis 
Ward and colleagues reported improved outcome in the sub-
set that underwent CABG compared to PCI. Additionally, 
patients with left main disease have a long-term survival 
benefit from coronary revascularization. Poldermans and 
colleagues randomized 770 patients having major vascu-
lar surgery and considered as having intermediate cardiac 
risk, defined as the presence of one or two cardiac risk fac-
tors, to either undergo further risk stratification with stress 
imaging or proceed right to surgery. All patients received 
preoperative bisoprolol with a targeted heart rate (HR) of 
60-65 initiated before and continued after surgery. The 30-
day incidence of cardiac death and nonfatal MI was similar 
in both groups (1.8% in the no-testing group versus 2.3% in 
the tested group). The conclusion of the authors was that 
further risk stratification in this group of patients considered 
at intermediate risk based on clinical history alone was un-
necessary as long as perioperative beta-blockers were used, 
and testing only delayed necessary vascular surgery. 

The current evidence does not support the use of percuta-
neous transluminal coronary angioplasty (PTCA) beyond 
established indications for nonoperative patients, since the 
incidence of perioperative complications does not appear to 
be reduced in those patients in whom PTCA was performed 
less than 90 days prior to surgery. Based upon the prevailing 
evidence, the indications for CABG and PTCA are identical 
to those in the nonoperative setting, and simply performing 
coronary revascularization to “get the patient through surgery” 
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is not indicated. Coronary stent placement may be a unique 
issue, and several studies suggest that a minimum of 30 days is 
required before the rate of perioperative complications is low. 
Several reports suggest that drug-eluting stents may represent 
an additional risk over a prolonged period (up to 12 months), 
particularly if antiplatelet agents are discontinued. The new 
guidelines suggest continuing aspirin therapy in all patients 
with a coronary stent and discontinuing clopidogrel for as 
short a time interval as possible for patients with bare-metal 
stents <30 days or drug-eluting stents <1 year. 

INTRAOPERATIVE MANAGEMENT

Monitors

Intraoperative monitors are selected to fit the patient dis-
ease and surgery. Standard monitors include ECG rhythm 
(commonly II and V5), noninvasive blood pressure, pulse 
oximetry, and temperature.

Pulmonary artery catheters (PACs) in major surgery are a 
point of contention. Per the ASA 2003 practice guidelines, 
the anesthesiologist should take into account the patient, sur-
gery, and practice setting. PAC placement should not be per-
formed routinely, but is useful in those with an increased risk 
of hemodynamic disturbances and significant disease, such 
as cardiac, pulmonary, renal, older age, septic, and trauma. 
Surgeries with hemodynamic changes, damage to heart, lung, 
vasculature, kidney, liver, and brain are also important in the 
consideration of PAC use. One should take into account the 
level of training of those using the equipment and interpreting 
the information, and type of equipment available. Adverse 
effects of PAC placement includes malposition and damag-
ing vessels, bleeding, embolism, pneumothorax, pulmonary 
infarction, arrhythmias, pulmonary artery hemorrhage, and 
endocardial damage. Because of the potential complications, 
using less invasive monitoring is best when possible.

Transesophageal echocardiography (TEE) is of minimal 
value over standard monitors for routine monitoring for 

myocardial ischemia. It may be useful in emergencies since 
it detects wall motion abnormalities before ECG changes 
are evident and can be very helpful in directing periop-
erative management. Some anesthesiologists avoid PAC 
placement and utilize TEE if diagnostic dilemmas develop. 

Blood Pressure and Heart Rate Management

Hypertensive patients tend to have exaggerated intraop-
erative blood pressure fluctuations and lability. Low blood 
pressure should be avoided because of the shift of the auto-
regulation curve of cerebral perfusion in hypertensive pa-
tients. Table 14-3 lists the optimal management of blood 
pressure, heart rate, and contractility for those with several 
difference kinds of heart lesions.

Anesthesia Technique

The type of anesthesia technique should be tailored to the 
type of surgery and patient and should be left to the discretion 
of the anesthesiologist. Advantages and disadvantages are 
listed in Table 14-4. General anesthesia is drug-induced am-
nesia, analgesia, unconsciousness, paralysis, and autonomic 
system control. The patient is unarousable, even to painful 
stimuli, and often needs ventilation either with a mask, la-
ryngeal mask airway, or endotracheal tube. Intravenous and/
or inhalational agents are used as a balanced anesthetic tech-
nique. Most general anesthetic drugs are cardiac depressants.

Inhalational agents in addition to nitrous oxide are used 
most commonly and include desflurane, isoflurane, and sevo-
flurane. They depress cardiac output in a concentration-de-
pendent manner by decreasing systemic vascular resistance, 
preload, afterload, and contractility. There is no increase in 
myocardial ischemia or infarction with inhalational versus 
noninhalational techniques. Inhalational agents may possess 
a protective effect on the myocardium similar to ischemic pre-
conditioning. Propofol, which is a common induction agent 
and maintenance infusion drug, can decrease heart rate, pre-
load, afterload, and contractility. Opiods can decrease heart 
rate, preload, and afterload; this is especially the case with 
opiods that cause histamine release such as morphine.

Table 14-3 • Optimal Management of Patients with Valve Lesions and Hypertrophic Obstructive 
Cardiomyopathy (HOCM)

Lesion Preload Afterload Rate Rhythm Contractility PVR

Mitral stenosis Normal to high Normal to high Low Sinus rhythm Normal Decreased

Aortic stenosis Normal to high Normal to high Normal to low Sinus rhythm Normal No difference

Mitral regurgitation Low Low High Sinus rhythm High No difference

Aortic regurgitation Low Low High Sinus rhythm High No difference

HOCM High High Low Sinus rhythm Low No difference

PVR, pulmonary vascular resistance
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Regional anesthesia includes peripheral nerve blocks and spi-
nal or regional anesthesia. There are minimal hemodynamic 
effects with nerve blocks and they may be supplemented with 
sedation or general anesthesia. Spinal or epidural anesthe-
sia causes a sympathetic blockade with vasodilation, in turn 
causing a drop in blood pressure and inhibition of the cardiac 
acceleration fibers slowing the patient’s heart rate. Treatment 
includes pressor support with ephedrine or phenylephrine 
and intravascular fluid support. High levels above a T4 der-
matomal level have the greatest effect on sympathetic stimu-
lation of the heart. Contraindications to epidural and spinal 
anesthesia include patient refusal, coagulopathy, allergy to 
the agents used, systemic or local infection, and neurologi-
cal abnormalities. If there is inadequate nerve blockade, the 
anesthesiologist may have to convert to a general anesthetic. 
Epidural catheters are also useful for postoperative pain relief 
in some abdominal, orthopedic, and thoracic surgeries. 

Monitored anesthesia care (MAC) is sedation with local 
anesthesia. The patient is arousable and spontaneously 
ventilating. Tachycardia will occur with inadequate local 
anesthesia. There is also a high incidence of respiratory 

complications because of sedation without airway protec-
tion. Conversion to a general anesthetic is a possibility if 
the patient is unable to tolerate the procedure under MAC 
or the patient has received too much medication and is ex-
periencing airway obstruction. 

Other Considerations During Surgery

Normothernia can reduce perioperative morbidity. Preop erative 
antibiotics are routine before almost all surgeries. Aggressive 
glucose control may reduce postoperative wound infections 
and other morbidities, although this remains controversial.

In the absence of randomized trials, current nonrandomized 
evidence suggests that hemoglobin should be maintained 
at greater than 9 mg/dL in those with active cardiovascular 
disease. Fluid overload should be avoided especially in those 
with a low ejection fraction. 

Several randomized trials in patients undergoing noncar-
diac surgery have not demonstrated that intraoperative pro-
phylactic use of nitroglycerin is associated with a reduced 

Table 14-4 • Advantages and Disadvantages of the Different Anesthetic Techniques in Relation 
to Cardiovascular Disease

Type of Anesthetic 
Technique Advantages Disadvantages

General anesthesia  Needed for most major surgeries •
(e.g., vascular, cardiac)
 Amnesia, analgesia, unconsciousness, paralysis, •
control of autonomic nervous system
Airway protection•

Many drugs cause cardiac depression•
 Positive pressure ventilation can •
decrease preload

Regional anesthesia: 
epidural

 May provide better post-operative pain •
control with epidural catheter (except for 
labor and delivery, usually use in conjunction 
with general anesthesia

 Decrease in sympathetic activation may •
lower blood pressure and slow heart rate
 May be patchy and one-sided, causing the •
need for general anesthesia
 Toxicity may cause dysrhythmias, cardiac •
collapse and seizures

Regional anesthesia: 
spinal

 Quicker onset than epidural anesthesia, •
will know if it is working right away

 Faster onset and decrease in sympathetic •
activation may lower blood pressure and 
slow heart rate quickly
 Toxicity may cause dysrhythmias, cardiac •
collapse and seizures
 One-time dose that may wear off before •
procedure is completed
 May get a “total spinal,” causing the •
diaphragm paralysis and loss of the 
cardiac accelerator fibers

Monitored
anesthesia care

 Decrease in medication and avoid use of •
ventilator and positive pressure ventilation

 Limited to minimally invasive and •
less painful procedures
 May not give adequate anesthesia and •
have sympathetic stimulation
 Overdosing anesthesia can cause an •
emergent need for general anesthetic and 
airway because loss of airway control
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incidence of perioperative myocardial infarction. The de-
crease in preload associated with nitroglycerin may lead to 
hypotension, and therefore use of this agent is not recom-
mended prophylactically.

POSTOPERATIVE MANAGEMENT

Surgery is a stress, but postoperative ECG and cardiac bio 
markers are unnecessary in low risk patients with low risk 
surgery. Postoperative troponin levels should be measured 
in those with ECG changes or chest pain typical of acute 
coronary syndromes. The levels are not necessarily useful in 
those with clinically stable disease who have had vascular or 
intermediate risk surgery. 

Postoperative myocardial infarctions are multifactorial in 
origin. They may be caused by plaque disruption and coro-
nary thrombosis in a critical fixed stenotic area or noncritical 
stenotic area, as seen with tachycardia and the hypercoagu-
lable postoperative state. The nidus may be associated with 
an area of noncritical stenosis and may not be detected be-
fore surgery. Noncritical stenotic areas do not have collat-
eral coronary flow and a prolonged increase in myocardial 
oxygen demand may result in ischemia or infarction. 

Postoperative arrhythmias may be due to infection, hy-
potension, metabolic derangements or hypoxia. Premature 
ventricular contractions are not worrisome if the patient is 
hemodynamically stable. Magnesium or potassium repletion 
may be useful.

Pain control is important in avoiding the tachycardia and 
sympathetic surge after surgery. Pain management should be 
tailored to the patient and procedure when one is choos-
ing between a patient-controlled analgesia pump versus an 
epidural catheter.

Blood pressure-lowering agents, especially beta-blockers and 
clonidine, should be continued postoperatively.

The benefit versus risk of anticoagulation after surgery must be 
taken into account when a patient develops a postoperative 
MI. Anticoagulation may be more beneficial for medical man-
agement with heart rate and blood pressure control. Left ven-
tricular evaluation, angiography, and the assessment of long 
term risk should take place during the same hospital stay.

CONCLUSIONS

Emergency surgeries should not be delayed for cardiac • 
evaluation.
Preoperative testing should only be ordered with a • 
purpose and if the results might affect the manage-
ment of the patient. 

Low risk patients with stable or no heart disease can • 
undergo low risk surgery without further testing or 
 intervention.
Patients with unstable heart disease should undergo • 
cardiac evaluation and possibly treatment before 
 surgery.
Aortic stenosis is the highest risk of all valvular • 
 lesions.
Statins, beta-blockers, and clonidine should be con-• 
tinued perioperatively, and aspirin should be contin-
ued, unless the risks outweigh the benefits.
Postoperative pain management is important in order • 
to avoid high sympathetic stimulation.
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DEFINITION

Pulmonary arterial hypertension (PAH) is defined as a 
mean pulmonary artery pressure (mPAP) >25 mm Hg, in 
the  setting of normal pulmonary capillary wedge pressure 
(PW ≤ 15 mm Hg) (Figure 15-1 and 15-2). The pulmonary 
 vascular resistance (PVR) is not require for the diagnosis but 
is monitor during follow-up and is obtained by the following 
equation:

PVR =   
pulmonary artery pressure – pulmonary venous pressure

     _____________________________________________   cardiac output   .

The criterion of pulmonary hypertension (PH) when de-
tected by Doppler echocardiography is a right ventricular 
systolic pressure (RVSP) >40 mm Hg or a resting tricuspid 
regurgitant velocity of 2.8-3.4 m/s. However, the echocar-
diographic criterion is not precisely defined, as careful 

Doppler examination by experienced sonographers yields 
quantifiable tricuspid regurgitant signals in only 74% of 
cases, and the estimation of PH is dependent on an esti-
mated value from jugular venous distention. Further, an 
RVSP > 40 mm Hg per echocardiogram is present in 6% of 
otherwise normal individuals older than 50 years and 5% of 
people with body mass index (BMI) >30 kg/m2. Therefore, 
right heart catheterization is required to confirm a diagnosis of 
pulmonary arterial hypertension.

Pulmonary Arterial Hypertension
Veronica Franco

15

• The only method to diagnose pulmonary arte-
rial hypertension is right heart catheterization 
(mean PAP ≥25 mm Hg and wedge pressure 
≤15 mm Hg). 

• High right atrial pressure and low cardiac index 
are associated with worse prognosis.

• Walking <300 minutes during the 6-minute walk 
test is associated with worse prognosis. 

• Epoprostenol is the only medication that has 
been shown to improve survival in clinical trials.

• Calcium channel blockers are beneficial only in 
those patients that are responders in a vasodila-
tor study.

d PRACTICAL POINTS

Figure 15-1. Cardiac catheterization to assess diagnosis  
and severity of PAH.

Cardiac catheterization to assess severity
and prognosis of PAH

•  To measure wedge pressure or 
   LVEDP:
   • Scrutinize wedge tracings!
   • Wedge saturation; end expiration
•  To exclude or evaluate CHD
•  To establish severity and prognosis
•  To test vasodilator therapy  

Catheterization is required for every patient with
suspected pulmonary HTN. 

LVEDP = left ventricular end diastolic pressure.

           Diagnosis PAH

• Mean pulmonary artery   ≥25 mm Hg (rest)
     ≥30 mm Hg (exercise).
• Wedge pressure, LVEDP, LAP ≤15 mm Hg

Figure 15-2. Diagnosis of PAH.
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CLASSIFICATION

Pulmonary Arterial Hypertension 

The nomenclature and classification of PH was revised 
in 2009 by the World Health Organization (Table 15-1). 
Idiopathic PAH is now used, instead of primary PH. The 
classification is easy to remember if one thinks of PH as a 
“disease of triggers.” In either idiopathic or familial PAH, 
the trigger is a mutation or polymorphism. In PAH associ-
ated with connective tissue disease, congenital disease, HIV, 
anorexigens, or portal hypertension, the trigger is permis-
sive phenotype. This also helps one differentiate PAH from 
non-PAH etiologies (Figure 15-3). 

Idiopathic
Idiopathic PAH has an undetermined cause. It is a rare dis-
ease, with a prevalence <0.2%. It is more common in women, 
predominantly of child-bearing age. The mean age at onset is 
35 years old. The natural course of this disease is of inevitable 
progression toward death. Studies have shown that among 
patients that do not undergo lung transplantation or treat-
ment with specific PAH medications, survival is 68-77% at 
1 year, and 22-38% at 5 years. One of the most important 
determinants of survival is functional capacity and the most 
common cause of death is right ventricular failure. 

Familial (Genetic)
Families with PAH exhibit a pattern of autosomal dominant 
inheritance. The mutation has been found on the chromo-
some 2q31-32, which codes for bone morphogenetic protein 
receptor 2 (BMPR2), a member of the TGF-β family. 

Expression of this mutation is quite variable and incomplete. 
Siblings or children of familial PAH patients have a risk of 
50% of inheriting the gene; with an overall penetrance of 
only 20%, therefore, their risk of actually acquiring the dis-
ease is 10%. 

Females are more commonly affected and the disease has a 
tendency to develop at earlier ages in subsequent generations 
(genetic anticipation). The natural history of familial PAH 
is identical to that of idiopathic PAH, including response 
to treatment. Mutations of the BMPR2 gene have been re-
ported in PAH associated with fenfluramine derivates, sug-
gesting that some individuals have the genetic substrate but 
the disease does not develop until they are exposed to trig-
gers such as diet pills. 

Table 15-1 • WHO Classification of Pulmonary 
Hypertension

Pulmonary arterial hypertension

Idiopathic
Heritable
Drug- and toxin-induced
Associated with:

Collagen vascular disease
Congenital systemic-to-pulmonary shunts
HIV infection
Schistosomiasis
Chronic hemolytic anemia

Persistent pulmonary hypertension of the newborn
Pulmonary veno-occlusive disease and pulmonary capillary 

hemangiomatosis

Pulmonary hypertension with left heart disease

Heart Failure (systolic or diastolic)
Valvular heart disease

Pulmonary hypertension associated with 
lung disease and/or hypoxemia

Chronic obstructive pulmonary disease
Interstitial lung disease
Sleep-disordered breathing
Alveolar hypoventilation disorder
Chronic exposure to high altitude
Developmental abnormalities

Pulmonary hypertension due to chronic 
thromboembolic disease

Pulmonary hypertension with unclear 
multifactorial  mechanisms

Hematologic disorders: myeloproliferative disorders, 
splenectomy

Systemic disorders: sarcoidosis, pulmonary Langerhans 
cell histiocytosis: lymphangioleiomyomatosis, 
neurofibromatosis, vasculitis

Metabolic disorders: glycogen storage disease, Gaucher 
disease, thyroid disorders

Others: tumoral obstruction, fibrosing mediastinitis, 
chronic renal failure on dialysis

- Pulmonary hypertension (PH) with
  left heart disease – WHO Class 2

Trigger: High LA Pressure

- PH with lung disease/hypoxemia –
WHO Class 3

Trigger: Hypoxemia and
     Parenchyma Distortion

- PH due to chronic thrombotic and/or
  embolic disease – WHO Class 4

Trigger: Obstruction

Non-PAH pulmonary hypertension

Figure 15-3. Non-PAH pulmonary hypertension.
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Associated with Collagen Vascular Disease
PAH has been associated with all of the connective tissue 
diseases, and if it develops, it is the most common cause of 
death in individuals so afflicted. It is most common and 
severe in patients with limited scleroderma (CREST) and 
presents in up to 60% of the population. Systemic sclero-
derma patients have a 16-33% risk of developing PAH, 
usually not isolated but in association with the antinuclear 
antibody anti-U3-RNP. PAH is less frequently observed 
in patients with systemic lupus erythamatosus (4-14%), 
rheumatoid arthritis (up to 21% but mild), or polymyositis. 
Anticardiolipin antibodies are associated with PAH in up 
to 68% of patients with lupus. Importantly, 40% of patients 
with idiopathic PAH and no other signs of connective tis-
sue disease have positive antinuclear antibodies. Treatment 
for PAH associated with connective tissue disease is that of 
idiopathic PAH, although their prognosis is not as good. 

Associated with Congenital Heart Disease
The severity of the intracardiac defect is the major deter-
minant of development of pulmonary arterial hypertension. 
Eisenmenger syndrome refers to left-to-right shunts that 
lead to PAH and as a consequence reverse the shunt from 
right-to-left. Patients with ventricular septal defects develop 
PAH more frequently than those with atrial septal defects. 
The likelihood of developing PAH is correlated with the 
severity and site of the defect. Rarely, PAH develops after 
the defect is corrected, although some have proposed that 
atrial septal defect is a trigger for PAH, which could develop 
even after the defect has been closed. 

Other Associations
Appetite suppressants and stimulants, like amphetamines, 
have been linked to pulmonary arterial hypertension. 
Dexfenfluramine increases the risk of developing PAH by 
20 times if taken for more than 3 months. Twenty percent 
of patients with portal hypertension due to liver disease 
develop PAH, usually discovered when they undergo liver 
transplant evaluation. The mortality after liver transplanta-
tion increases if mPAP > 35 mm Hg and in some centers is 
considered a contraindication for transplantation. A minor-
ity of patients with HIV develops PAH (0.5%), and screen-
ing for HIV infection is done routinely for new patients with 
elevated pulmonary pressures. Schistosomiasis and hemo-
lytic anemias are now considered associated causes of PAH.

Pulmonary Venous Hypertension 
(Associated with Left Heart Disease) 

Left heart disease, including congestive heart failure, val-
vular abnormalities, pericardial disease, and left atrium 
disorders, raise pulmonary venous pressures leading to an 
elevated pulmonary artery pressure. Initially, left heart dis-
ease produces elevated filling pressures but the transpul-
monary gradient remains normal. However, chronically 

elevated wedge pressure leads to arterial remodeling and 
results in a high transpulmonary gradient due to high PVR. 
In the current cardiovascular clinical practice, this is the 
most common form of PH and must be excluded with car-
diac imaging and hemodynamic measurements in patients 
with suspected PAH (Figure 15-4). Specific PAH medica-
tions are not indicated in this patient population, and if 
used they produce further increase of the wedge pressure 
and could precipitate episodes of pulmonary edema. 

Pulmonary Hypertension 
Associated with Hypoxemia 

Pulmonary diseases must be excluded as well in the evalu-
ation of patients with PH (Figure 15-5). Chronic hypoxia 
produces mild to moderate elevations of pulmonary pres-
sures, and usually mPAP is <35 mm Hg. Pulmonary function 

Treat primary problem

Pulmonary venous hypertension:

• Valvular heart disease (AS, AI, MS, MR)
• Hypertensive heart disease
• Cardiomyopathies (dilated CM, HCM, restrictive CM)
• Constrictive pericarditis
• Left atrial myxomas, ball-valve thrombus
• Aortic coartation

 Transmitted pressure results in reactive vasoconstriction
 (and subsequent  PVR)

Figure 15-4. Pulmonary venous hypertension.

PH associated with hypoxia

• Parenchymal lung disease (IPF, granulomatous
  disease, scleroderma, rheumatoid lung,
  pneumoconioses, alveolar disease)

• Obstructive lung disease (COPD, asthma,
  bronchiectasis, CF)

• Upper airway disease (OSA, congenital webs,
  enlarged tonsils)

• Restrictive lung disease (obesity, pleural fibrosis,
   kyphoscoliosis, neuromuscular disorders)

• Chronic exposure to high-altitude

Figure 15-5. Pulmonary hypertension associated with  hypoxia.
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tests and exclusion of interstitial lung disease and sleep dis-
orders are part of the diagnostic evaluation in patients with 
suspected pulmonary arterial hypertension. 

Pulmonary Hypertension Associated 
with Chronic Thromboembolic Disease 

Up to 4% of survivors of acute pulmonary embolism will de-
velop PH within 2 years. Importantly, patients with chronic 
thromboembolic PH (CTEPH) usually do not recall an 
acute event. A ventilatory perfusion scan should be part of 
every evaluation in patients with PH, even in the absence of 
history of pulmonary embolism, as proximal CTEPH could 
be cure with surgical intervention. 

PATHOPHYSIOLOGY OF PAH

This disease is believed to be a result of “two hits”: an under-
lying susceptibility for PAH (i.e., BMPR2 mutation) and an 
associated risk factor (i.e., HIV, cirrhosis, anorexic drugs). 
Pulmonary vasoconstriction is the earliest component of 
the process, promoted by overexpression of vasoconstric-
tors, such as endothelin (ET)-1 and reduced production 
of vasodilators, such as nitric oxide (NO) and prostacyclin 
(Figure 15-6). There is endothelial dysfunction and over 
time, vasoconstriction leads to vascular remodeling and loss 
of vasodilator responsiveness (Figure 15-7). 

The plexiform lesion is a focal proliferation typical of id-
iopathic pulmonary arterial hypertension. It may be found 
also in other disorders associated with PAH, as HIV and 
portopulmonary hypertension. Thickening of medial and 
adventitial layers and proliferation of endothelial cells 
within the intima characterize the plexiform lesion. This 

results in obliteration of the pulmonary arteriole and is also 
associated with in situ thrombosis of the narrowed vascular 
channels. The plexiform lesions of idiopathic PAH have 
been reported to be monoclonal in origin and express vascu-
lar endothelial growth factor (VEGF), and they are thought 
to represent a neoplastic-like disordered angiogenesis. 

ASSESSMENT OF THE PATIENT 
WITH SUSPECTED PH

Prevention

Genetic Screening
Screening for mutations in BMPR2 screening is available, 
though such screening must be accompanied by full coun-
seling. Screening is recommended in patients without other 
identifiable PAH-associated diseases (e.g. idiopathic and 
heritable PAH).

Echocardiogram for High Risk Populations
Echocardiogram (ECG) screening is recommended for those 
with known genetic defect, first degree relatives in familial 
PAH, connective tissue disease, liver transplant candidates 
and known intracardiac shunts. Patients that abuse amphet-
amine derivates are at a higher risk and should be encour-
aged to avoid known toxins. Echocardiographic screening is 
not recommended in these cases. 

Treat Underlying Cause

Identification and treatment of contributing factors can 
have an important effect on symptoms; these factors include 
supplemental oxygen for hypoxemia, continuous positive 
airway pressure therapy for sleep apnea, anticoagulation and 
possible thromboendarterectomy for pulmonary embolism. 
Importantly, the adequate recognition of type of PH will 
prevent potentially lethal complications. Indeed, the use of 
epoprostenol therapy in patients with prominent pulmonary 
vein involvement, such as pulmonary veno-occlusive disease, 
pulmonary capillary hemangiomatosis, or left-side heart dis-
ease, can be harmful as severe pulmonary edema and death 
may occur, presumably because of increased pulmonary per-
fusion in the presence of downstream vascular obstruction.

Detection

Exertional dyspnea is present in 99% of patients at the 
time of initial diagnosis. Angina is reported in 40% of pa-
tients and syncope may develop in 30% of them. Signs of 
PH include: loud P2, right ventricular (RV) lift, tricuspid 
regurgitation (systolic) murmur, pulmonary regurgitation 
(diastolic) murmur, and RV S4. Signs that are suggestive of 
RV failure are JVD with V waves, RV S3, hepatomegaly or 
pulsatile liver, edema, and ascitis. The typical chest x-ray 

↓ Nitric oxide
 production
↓ Prostacyclin
 production

↑ Endothelin
 production
↑ Thromboxane
 production

Figure 15-6. Pathophysiology of PAH. Dysfunctional pul-
monary artery endothelial cells have decreased production of 
prostacyclin and endogenous nitric oxide, with an increased pro-
duction of endothelin-1— a condition promoting vasoconstric-
tion and proliferation of smooth-muscle cells. (Adapted from 
Gaine S. J Am Med Assoc. 2000;284:3160–3168.)
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shows peripheral pruning, dilated hilar pulmonary arteries 
and RV enlargement, particularly noted in the lateral x-ray, 
where it occupies the retrosternal area (Figure 15-8). The 
typical ECG has signs of RV enlargement and strain, right 
axis deviation , and P pulmonale (Figure 15-9). 

Diagnosis

Initial evaluation should be oriented to confirm the diagno-
sis, identify the underlying cause and/or associated disease, 
determine the prognosis, and identify the most appropriate 
therapy (Figure 15-10). Echocardiogram is a good and ini-
tial screening test, as it can estimate systolic pulmonary ar-
terial pressure. Importantly, systolic pressure is extrapolated 
from RVSP only in the absence of pulmonary stenosis. The 
right atrial pressure (RAP) can either be a standardized value 
(10 mm Hg), or it can be estimated from characteristics of 
the inferior vena cava ultrasound or from degree of JVD:

RVSP = 4 [TR velocity]2 + RAP.

Pulmonary arterial pressure estimated by ECG is an observa-
tion but does not represent a diagnosis of pulmonary arterial 
hypertension. A right heart catheterization is mandatory to 
confirm the diagnosis of PAH (see Figure 15-1). Important 
hemodynamic measurements that should be obtained are pul-
monary wedge pressure, cardiac output, and pulmonary vas-
cular resistance. Cardiac output usually is calculated by Fick 
method (using pulmonary artery saturation) because signifi-
cant TR may alter the result using thermodilution method. 
Intracardiac shunting should be ruled out by measuring SVC, 
IVC, PA and occasionally pulmonary vein saturations.

A vasodilatory study is performed routinely after confirmation 
of PAH, typically with inhaled nitric oxide or intravenous 
epoprostenol. A decrease in mPAP ≥ 10 mm Hg to mPAP 
≤ 40 mm Hg, with a preserved cardiac output, is determined 

Normal artery Reversible disease Irreversible disease

Intima

Media

Adventitia

Smooth
muscle
hypertrophy

Smooth
muscle
hypertrophy

Adventitial and
intimal proliferation

Vasoconstriction

Thrombosis

Flow
Flow

Flow
Plexiform lesion

Early intimal
proliferation

Figure 15-7. Stages in the development of pulmonary arterial hypertension.

Figure 15-8. Chest x-ray in PAH. Evidence of RV enlargement (retrosternal area), prominent 
hilar pulmonary arteries and peripheral pruning.
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as a “responder” and only those patients who present with 
this may benefit from the use of calcium channel blocker 
treatment. The abrupt development of pulmonary edema or 
rise in wedge pressure during vasodilatory testing suggests 
pulmonary venopathy or microvasculopathy and is a con-
traindication to specific PAH vasodilator therapy. 

PROGNOSTIC FACTORS IN PAH

Hemodynamic Measurements

Right atrial pressure is an important prognosticator as it re-
flects decompensated RV failure. An RAP < 10 mm Hg is 
associated with better survival; an RAP > 20 mm Hg points 
to median survival of 1 month and is an indication for refer-
ral to lung transplantation. 

A cardiac index ≥4 L/m2/min is associated with a better 
outcome, while a cardiac index <2 L/m2/min with a me-
dian survival of 17 months. Mean PAP is also important, 
and those with mPAP ≥ 85 mm Hg have a median survival 
of 12 months (Figure 15-11). 

Six-Minute Walk Test

The Six-Minute Walk Test (6MWT), in which the patient 
walks as far as possible in 6 minutes, is a simple, safe, and 
highly reproducible tool performed in the outpatient setting 
for the assessment of exercise capacity. Patients who walk 
<332 meters have significantly lower survival rate than 

those who walk farther, and is an independent predictor of 
mortality in PAH patients. Oxygen desaturation >10% dur-
ing the 6MWT increases mortality risk by a factor of 3 over 
a median in a follow-up of 26 months. 

Observations from cardiopulmonary exercise testing indi-
cate that the mechanisms of exercise limitations in PAH 
include V/Q mismatching, lactic acidosis at a low work rate, 
arterial hypoxemia, and inability to adequately increase 
stroke volume and cardiac output. 

Functional Capacity

There is a linear correlation between functional capacity 
and 6MWT. Patients with WHO class I-II have a median 
survival of 59 months, WHO class III of 32 months, and 
WHO class IV is associated with very poor prognosis and 
median survival of only 6 months. The WHO classification 
uses similar parameters as the NYHA functional classifica-
tion for heart failure patients. 

TREATMENT OF PAH

General Measures

The guidelines recommend low-graded aerobic exercise to 
avoid exertional syncope. Avoidance of exposure to high 
altitudes is warranted because such exposure may produce 
hypoxic pulmonary vasoconstriction; the use of oxygen on 
commercial aircraft is recommended. Other medications that 

AVR

AVL

AVP

I

II

II

V1

V2

V3

V4

V5

V6III

Figure 15-9. ECG in pulmonary arterial hypertension. Evidence of RV hypertrophy and strain, 
P pulmonale, and right axis deviation.
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produce vasoconstriction, like sinus or cold therapies, should 
be avoided. Patients are advised to follow a low salt diet to pre-
vent RV failure, and to lose weight if needed. Immunizations 
against influenza and pneumocco are recommended. 

The hemodynamic fluctuations of pregnancy, labor, and de-
livery are potentially life-threatening in PAH, resulting in 30-
50% mortality rate. Most experts recommend that pregnancy 
should be avoided or terminated early in women with severe 
pulmonary arterial hypertension. The ideal type of contra-
ceptive is controversial. Finally, the risk of elective surgery 
should be carefully examined, as patients with PAH are prone 
to vasovagal events, hemodynamic fluctuations and ventila-
tory compromise, which could increase mortality. 

Pharmacological Treatment

Conventional Therapy
Oxygen supplementation is suggested in patients with hypox-
emia to maintain O2 saturation ≥90%, to prevent pulmonary 

vasoconstriction. Diuretics are indicated for the treatment of 
RV failure and volume overload, with close monitoring of 
electrolytes and renal function. Digoxin has not been studied 
extensively in patients with RV dysfunction, but it is gener-
ally recommended in RV failure or low cardiac output. 

Idiopathic PAH is a prothrombotic state, and oral anticoag-
ulation has proven to improved survival. The target interna-
tional normalized ratio (INR) varies from center to center, 
but generally it is 1.5-2.5. Anticoagulation is controversial 
in associated conditions, like portopulmonary hypertension 
and congenital or collagen vascular disease, as the risk of 
bleeding may be higher (Figure 15-12). 

Calcium Channel Blockers
Only 6% of patients with PAH respond to calcium channel 
blockers (CCBs). Patients with a positive vasodilator study 
are considered responders to CCBs. This test is performed 
with inhaled nitric oxide, IV epoprostenol or IV adenosine. 
Positive studies are those where the final mPAP is at least 

RVSP, RVE, RAE 
Left heart disease (valvular, HF, CAD)

Chest x-ray

Echocardiogram

Sleep study

VQ scan, angiogram

Serologies

LFTs,
eval cirrhosis and 

portal HTN

RHC Required for diagnosis of PAH 
Vasodilator study

Obstructive sleep apnea

Chronic thromboembolic disease

HIV
CTD: scleroderma, SLE, RA, MCTD

Portopulmonary hypertension

Emphysema
Fibrosis

Thoracic abnormality

PFTs

Figure 15-10. Diagnostic algorithm for the evaluation of PAH.
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= < 40 mm Hg and there is a difference of at least 10 mm Hg 
between the initial and final mPAP. Only patients that meet 
this criterion should be treated with CCBs.

Long-acting nifedipine, diltiazem, or amlodipine are sug-
gested. Verapamil should be avoided, given its potential 
negative inotropic effects. Close follow-up is crucial, and 
if a patient has not improved to functional capacity I-II 
with CCBs, alternative therapies should be used (see 
Figure 15-12). 

Endothelin Receptor Antagonists
There are two endothelin (ET) receptor antagonists ap-
proved for treatment of PAH: bosentan and ambrisentan. 
Bosentan is a nonselective ET receptor antagonist with 
potent vasodilator and antimitogen properties, taken 
twice a day. Ambrisentan is a selective type A receptor 
antagonist, with similar properties, that is taken once a day 
(Figure 15-13). Patients taking ET receptor antagonists 
improved their 6MWT distance and cardiac index, over 
those who took placebo controls; they also had lower PVR, 
mPAP, and RAP. 

Side effects include volume retention and hepatotoxicity 
(more common with bosentan than with ambrisentan). 

PAH determinants of risk

Lower risk

No

Gradual

II, III

Longer (>400 m)

Minimally elevated

Minimal RV
dysfunction

Normal/near
normal RAP and CI

Determinants
of risk

Clini cal eviden ce
of RV failure

Progression

WHO class

6MW distan ce

BNP

Echocardiographi c
findings

Hemodynami cs

Higher risk

Yes

Rapid

IV

Shorter (<300 m)

Very elevated

Pericardial
effusion, significant

RV dysfunction

High RAP, low CI

Figure 15-11. Risk assessment in PAH. (Reproduced with 
permission from McLaughlin VV, et al. Circulation. 2006;114:
1417–1431.)

Investigational
protocols

Acute vasoreactivity testing

Anticoagulate ± Diuretics  ±
Oxygen ± Digoxin 

Oral CCB

Continue
CCB

Higher risk

Positive

Lower risk

Yes

Negative

Atrial septostomy
Lung transplant

Reassess – consider 
combo-therapy

NoSustained
response

ERAs or PDE-5 Is (oral)
Epoprostenol or treprostinil(IV)

Iloprost(inhaled)
Treprostinil(SC)

Epoprostenol or
Treprostinil(IV)

Iloprost(inhaled)
ERAs or PDE-5 Is (oral)

Treprostinil(SC)

Figure 15-12. Algorithm for the medical treatment of PAH. Patients at highest risk, 
based on clinical assessment, should be considered for intravenous therapy as first-line 
therapy. Patients at lower risk are candidates for oral therapy. Patients should be fol-
lowed up closely, and response to therapy should be assessed within several months. 
If treatment goals are not met, consider addition of a second agent. (Reproduced with 
permission from McLaughlin VV, et al. Circulation. 2006;114:1417–1431.)
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Bosentan exhibits a dose-dependent reversible risk of el-
evated transaminases. Liver function tests are required at 
least monthly in patients receiving bosentan and ambrisen-
tan. A monthly pregnancy test is recommended for those 
at risk. The drugs may also be associated with mild anemia 
and have potential teratogenic effects. Importantly, these 
medications decrease the efficacy of hormonal contra-
ceptives, and for this reason such contraceptives should 
not be used without a nonbarrier or permanent surgical 
method.

Long-term benefits of bosentan were demonstrated in a ret-
rospective analysis and suggest a survival benefit with this 
medication. Overall survival estimates were 87%; incidences 
of event-free status (survival without transplantation, pros-
tanoid initiation, or hospitalizations for right heart failure) 
were 61 and 44% at 1 and 2 years, respectively. In addi-
tion, estimates of survival in the patients with idiopathic 
PAH treated initially with bosentan were not inferior to a 
matched historical cohort of patients treated with intrave-
nous epoprostenol.

Endothelin pathway
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Endothelin-
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Figure 15-13. Targets for current therapies in PAH. Three major pathways involved in abnormal proliferation and contraction of the 
smooth-muscle cells of the pulmonary artery in patients with pulmonary arterial hypertension are shown. These pathways correspond 
to important therapeutic targets in this condition: endothelin-receptor antagonists, phosphodiesterase type 5 inhibitors, and prosta-
cyclin derivatives. (Reproduced with permission from Humbert M et al. Treatment of pulmonary arterial hypertension. N Engl J Med.
2004;351:1425–1436. Copyright © 2004 Massachusetts Medical Society. All rights reserved.)
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The ACCP and European Guidelines recommend ET re-
ceptor antagonist therapy in low risk, functional class II-IV 
patients with idiopathic PAH or PAH related to collagen 
vascular disease without significant interstitial lung disease 
(see Figure 15-12). 

Phosphodiesterase Inhibitors
Phosphodiesterase (PDE)-5 inhibitors selectively inhibit 
the degradation of cGMP and augment the vascular re-
sponse to endogenous or inhaled nitric oxide (NO) in PH 
(see Figure 15-13). Sildenafil, a highly specific PDE-5 inhibi-
tor, improves exercise capacity, functional capacity, 6MWT 
and hemodynamics in patients, functional class I-IV, with 
idiopathic PAH or PAH secondary to collagen or repaired 
congenital heart disease. There is no mortality data with 
Sildenafil therapy. Its side effects include headache, flushing, 
dyspepsia, and epistaxis. Importantly, there is a significant 
drug interaction with HIV medications. Sildenafil was ap-
proved by the FDA in 2005, at a dose of 20 mg TID, for the 
treatment of patients with PAH of all functional classes (see 
Figure 15-12).

Prostanoid Agonists
Prostanoid agonist use is intended to replace the deficiency 
of prostacyclin in patients with PAH, to provide vasodilata-
tion, platelet inhibition, and antiproliferative effects. The 
mechanism is via the cyclic AMP pathway. 

Iloprost Patients with PAH have reduced levels of 
prostacyclin, a potent vasodilator and antiproliferative. 
Iloprost is a prostacyclin analog that can be delivered 
by an aerosolized device. Due to its short duration of 
action of 20-25 minutes, it requires 6-9 inhalations/day 
to achieve long-term benefits. It is used in patients with 
idiopathic PAH or PAH associated with collagen disease 
and improves functional class ≥1 level, 6MWT ≥ 10%, 
and hemodynamic variables. Survival benefit has not been 
demonstrated. Common side effects are cough, headache, 
flushing, and jaw pain. The main limitation with this 
medication is the frequency of inhalations. Iloprost is 
recommended for functional class III-IV PAH patients 
(see Figure 15-12). 

Trepostinil Treprostinil is a prostacyclin analog with a half-
life of 4 hours, available for continuous subcutaneous or 
intravenous use. Like epoprostenol, it improves symptoms 
and, modestly, hemodynamics, but a definite survival benefit 
has not been compellingly demonstrated. Intravenous 
use is preferred, particularly as this drug is stable at room 
temperature, unlike epoprostenol. 

Adverse effects include headache, diarrhea, flushing, jaw 
pain, and foot pain, as with epoprostenol. Because of the 
longer half-life of this drug, interruptions of trepostinil due 
to dislodgment of the catheter or pump malfunction tend to 

be less serious than with epoprotenol. Subcutaneous use’s 
main limitation is pain and erythema at the site of infusion, 
reported as high as 85%; therefore, it is not used frequently 
in current practice. Intravenous trepostinil is recommended 
for high risk patients, particularly those with functional 
class IV or syncope (see Figure 15-12). 

Epoprostenol Intravenous epoprostenol was the first 
medication that showed improvement in survival, functional 
capacity, 6MWT, and hemodynamics in patients with 
idiopathic pulmonary arterial hypertension. Importantly, 
long-term benefit and improved survival has been 
demonstrated with intravenous epoprostenol compared 
to historical controls and predicted survival based on the 
NIH equation, with 85-88% survival at 1 year and 55-56% 
survival at 5 years. 

The important limitation is the cumbersome epoprostenol 
infusion. Epoprostenol has a very short half-life, <6 min-
utes, and infusion interruptions can be life-threatening, 
due to rebound pulmonary hypertension. The drug is un-
stable at acid pH and room temperature, is best kept cold 
prior and during the infusion. The sterile preparation of the 
medication, operation of the pump, and care of the cen-
tral venous catheter is essential to avoid infections. Acute 
overdose could lead to hypotension, and chronic overdose 
to high output failure. Side effects are dose-dependant 
and include headache, jaw pain, flushing, diarrhea, rash, 
thrombocytopenia, musculoskeletal pain, and catheter-
related infections or thrombosis. Epoprostenol is approved 
for high risk patients, particularly those with functional 
class III-IV, with idiopathic PAH or related to scleroderma 
(see Figure 15-12). 

Due to the complexity of administration of epoprostenol, 
intravenous treprostinil is now the preferred method 
used in severely symptomatic PAH patients. Acute im-
provement in PVR was found to be similar between in-
travenous treprostinil and epoprostenol, and successful 
transition from epoprostenol to treprostinil has been 
demonstrated. 

Surgical Treatment

Atrial septostomy is used as a palliative measure or as a 
bridge to lung transplantation in selected patients with 
refractory RV failure or syncope/near syncope despite ap-
propriate medical therapy. Mortality up to 13% has been 
reported secondary to this procedure, and it should be per-
formed only at institutions with significant experience. 

Referral for lung transplantation is generally reserved for 
those failing the best available therapy, but factoring into 
account the time needed to complete a transplant evalua-
tion and time spent on the list of those awaiting suitable 
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organs is important, as death while awaiting transplantation 
is high in patients with poor functional capacity. Survival 
in patients with PAH who undergo lung transplantation is 
70% at 1 year, 40% at 5 years, and 25% at 10 years. Most 
centers prefer double lung transplantation. Combined 
heart/lung transplant is preferred in patients with complex 
congenital disease. 

Treatment Algorithm 

Current treatment algorithms for PAH recommend oral 
medications as a first line treatment for PAH patients with 
low risk features, i.e., functional class II and III, whereas in-
travenous prostacyclins should be reserved for patients with 
high risk features, functional class IV, 6MWT < 300 m, high 
RAP, low cardiac output, and significant RV dysfunction 
(see Figure 15-12). Constant surveillance and reassessment 
of risk are very important during evaluation of response 
to therapy or need for combination treatment. If goals of 
therapy have not been met after 43-44 months of therapy, 
combination therapy should be considered (Figure 15-14). 
Combination therapy is necessary in almost 50% of patients 
to achieve these goals. 

Suggested Readings
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Goals of therapy
• Improve symptoms
   – 6-minute walk (>380 m)
   – functional class (I or II)
   – CPET (VO2 max >10.4)
   – quality of life
• Improve hemodynamics
• Improve survival

FIGURE 15-14. Goals of therapy in PAH.
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• Sleep apnea is an independent risk factor for cardio-
vascular diseases.

• Sleep apnea is highly prevalent in cardiac pa-
tients but frequently remains unrecognized and 
untreated. 

• Patients with obstructive sleep apnea are 2.2 times 
more likely to develop heart failure. 

• Prompt recognition and treatment of sleep apnea 
lowers morbidity and may improve the life expec-
tancy of patients with cardiovascular diseases.

• Routine implementation of CPAP as a standard of 
care for patients with heart failure and central sleep 
apnea cannot be recommended at present.

d PRACTICAL POINTS

INTRODUCTION

Sleep apnea, commonly referred to as sleep disordered 
breathing (SDB) may be due to repetitive collapse of the 
upper airway during sleep resulting in transient cessation of 
breathing as occurs in obstructive sleep apnea (OSA) or to 
alternation of diminished ventilatory drive and compensa-
tory hyperventilation despite patent airway as occurs in cen-
tral sleep apnea (CSA). Both OSA and CSA are associated 
with increased cardiovascular morbidity and possibly mor-
tality (Table 16-1). The association between OSA and car-
diovascular diseases will be reviewed first. The implications 

and treatment of CSA in patients with chronic heart failure 
(CHF) will then be discussed.

OBSTRUCTIVE SLEEP APNEA 
AND CARDIOVASCULAR DISEASES

Obstructive sleep apnea is a highly prevalent disorder that 
exerts a huge financial burden on society and negatively 
affects overall morbidity and possibly mortality. OSA is 
characterized by repetitive episodes of cessation of breath-
ing called apnea and hypopnea, followed by arousals from 

Table 16-1 • Two Forms of Sleep Apnea

Obstructive Sleep Apnea (OSA) Central Sleep Apnea (CSA)

Mechanism Collapse of upper airway during sleep Oscillations in ventilatory drive

Clinical Implications Risk factor for cardiovascular diseases Consequence of heart failure or stroke

Treatment CPAP* (rarely surgery) Rx** of underlying disease and possibly CPAP

CPAP* = continuous positive airway pressure
Rx** = treatment
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sleep. Although increased incidence of OSA parallels the 
increasing prevalence of obesity in Western society, OSA 
remains largely unrecognized and untreated. Prevalence of 
previously unrecognized OSA exceeds 60% in subjects with 
BMI >30. A likely explanation for the low rate of OSA rec-
ognition is that only a minority of OSA patients experience 
daytime symptoms such as excessive sleepiness. While 5% 
or less of adults in Western countries report daytime sleepi-
ness and experience episodes of apnea and hypopnea during 
sleep, up to 28% adults suffer from OSA as defined by more 
than 5 episodes of apnea and/or hypopnea per hour of sleep. 
Untreated OSA is associated with adverse health outcomes 
regardless of the presence of daytime sleepiness and, conse-
quently, the true prevalence of OSA can only be determined 
by polysomnography documenting the presence of abnormal 
breathing during sleep. Utilization of health-care resources 
and economic cost are 50% greater among untreated OSA 

patients compared with age-matched subjects. When effec-
tive, treatment of OSA considerably lowers the cost of car-
ing for patients with OSA. A major reason for the negative 
impact of OSA on morbidity and possibly mortality is the 
high prevalence of cardiovascular diseases in patients with 
OSA. OSA is clearly an independent risk factor for devel-
oping hypertension, myocardial ischemia, and stroke.

Definition of Obstructive 
Apnea and Hypopnea

Obstructive apnea is defined by cessation of upper airway 
flow for at least 10 seconds despite continued respiratory 
effort. Obstructive hypopnea is defined by discrete airflow 
reduction for at least 10 seconds that results in decreased 
oxyhemoglobin saturation ≥4% despite the presence of tho-
racoabdominal ventilatory efforts. Electroencephalography 
(EEG) arousal is defined by an abrupt and discrete change 
in EEG frequency, with or without increased electromyogra-
phy (EMG) activity. Apnea plus hypopnea index (AHI) is 
defined as the number of obstructive apnea plus hypopnea 
episodes per hour of sleep.

Determining the Severity 
of Obstructive Sleep Apnea

The severity of OSA is assessed by the AHI as follows:

• normal = AHI <5 per hour of sleep,
• mild OSA = AHI 5-14 per hour of sleep,
• moderate OSA = AHI 15-29 per hour of sleep,
• severe OSA = AHI ≥30 per hour of sleep.

Importance of Diagnosing 
and Treating OSA in Patients 
with Cardiovascular Conditions

Obesity is a frequent comorbid condition in patients with 
OSA who, after adjustment for obesity, remain at increased 

risk for developing hypertension, heart failure, stroke, and 
dying from a cardiovascular condition. Adherence with 
continuous positive airway pressure (CPAP) therapy has 
a beneficial effect on blood pressure control, cardiovas-
cular morbidity, insulin resistance, and circulating levels 
of inflammatory cytokines in the absence of any weight 
change. Furthermore, adherence with CPAP therapy ap-
pears to improve survival in patients with chronic heart 
failure and coexistent OSA. Thus, diagnosis and treatment 
of underlying OSA significantly improves morbidity in pa-
tients with cardiovascular diseases. It may also enhance life 
expectancy.

OBSTRUCTIVE SLEEP APNEA 
AND SYSTEMIC HYPERTENSION

Repetitive arousals from sleep that follow episodes of ob-
structive apnea and hypopnea are associated with an acute 
systemic blood pressure rise that eventually persists dur-
ing daytime. Repetitive bouts of hypoxia/hypercapnia and 
wide changes in intrathoracic pressures result in increased 
sympathetic activity that in turn contributes to insulin re-
sistance and modulates leptin release. Due to leptin resis-
tance, patients enter a downward spiral from weight gain 
to worsening of OSA. Up to 50% of patients with OSA 
do not experience the normal 10-20% decrease in blood 
pressure while asleep. The precise mechanisms that medi-
ate the progression from nocturnal repetitive acute blood 
pressure elevations to chronic systemic hypertension are 
not well understood. Repetitive bouts of hypoxia/reoxy-
genation and sleep fragmentation result in a build-up of 
oxidative stress and vascular endothelial inflammation/
activation that are the pathophysiological underpin-
nings of most cardiovascular conditions and particularly 
hypertension. 

Large cross-sectional studies demonstrated a significant cor-
relation between the severity of OSA and hypertension. An 
increase in AHI by 10 increases the risk of having hyperten-
sion by 11%, and each 10% decrease in nocturnal oxyhemo-
globin saturation increases the odds of having hypertension 
by 13%. The association between AHI and hypertension is 
not as strong in elderly OSA patients partly due to survival 
biases. The Wisconsin Sleep Cohort, a population-based 
prospective 8-year longitudinal study, clearly demonstrated a 
significant relationship between sleep-disordered breathing 
at baseline and the presence of hypertension 4 years later. 
Results were adjusted for baseline hypertension status, body 
mass index (BMI), waist and neck circumference, gender, 
and weekly alcohol and cigarette consumption. The risk of 
developing hypertension increased with baseline AHI (base-
line AHI = 5-14.9/h, OR for hypertension 95% CI = 2.03, 
1.29 to 3.17; baseline AHI ≥15/h, OR for hypertension 
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95% CI = 2.89, 1.46 to 5.64). The beneficial effect of CPAP 
therapy on blood pressure control provides further evidence 
of the association between OSA and hypertension.

In summary, a strong association between OSA and hyper-
tension has been clearly demonstrated in middle age pa-
tients. The association is not as strong in elderly patients, 
which is perhaps due to survival biases.

OBSTRUCTIVE SLEEP APNEA 
AND ISCHEMIC HEART DISEASE

Obstructive sleep apnea is an independent risk factor of 
ischemic heart disease. Cross-sectional analysis of the large 
Sleep Heart Health Study (SHSS) showed that 1023 of 
6424 (16%) of OSA patients reported at least one mani-
festation of cardiovascular disease (myocardial infarction, 
angina, coronary revascularization, heart failure, or stroke). 
Another large prospective study reported that patients with 
OSA and coronary artery disease at baseline had a 70% rela-
tive increase and 11% absolute increase in overall mortality 
at 5-year follow-up (risk ratio 1.70, p = 0.008, compared 
with baseline values). Additional prospective studies with 
follow-up of several years have confirmed that OSA confers 
an increased risk for coronary artery disease and possibly car-
diovascular mortality. Lastly, the severity of OSA as assessed 
by AHI has been shown to predict cardiovascular mortality.

In the absence of longitudinal randomized trials, the effect 
of OSA therapy with CPAP on cardiovascular mortality 
has not been definitively established. However, as CPAP 
therapy is nowadays the standard of care for moderate to 
severe OSA the conduct of a long-term randomized trial 
may no longer be ethical. However, poor adherence with 
CPAP therapy provides an opportunity to collect valuable 
data regarding cardiovascular morbidity and mortality in 
adherent and nonadherent OSA patients. Prospective lon-
gitudinal observational study reported that nonadherent 
patients with severe OSA have a greater incidence of fatal 
cardiovascular events (1.06 vs. 0.35 per 100 person-years, p 
= 0.0008); and nonfatal cardiovascular events (2.13 vs. 0.64 
per 100 person-years, p < 0.0001) than adherent patients 
after adjustment for preexisting cardiovascular risk factors. 
Patients with OSA who adhered with CPAP therapy had 
cardiovascular event rates similar to those of controls. Of 
note, less than 10% of OSA patients in this large cohort 
had coexistent cardiovascular disease at the time of enrol-
ment. A large and thorough registry collecting outcomes of 
patients with coexistent OSA and coronary artery disease 
who are adhering with CPAP therapy and of patients who 
are refusing or nonadhering with CPAP therapy may suffice 
to demonstrate the effect of CPAP therapy on overall and 
cardiovascular mortality.

OBSTRUCTIVE SLEEP APNEA 
AND ARRHYTHMIAS

The role of OSA as an independent risk factor for cardiac 
arrhythmias and especially life-threatening arrhythmias has 
not yet been demonstrated. The prevalence of atrial fibrilla-
tion and ventricular arrhythmias (nonsustained ventricular 
tachycardia, bigeminy, trigeminy, or quadrigeminy) is more 
common among patients with severe OSA (AHI ≥ 30) 
than in controls after adjustment for age, gender, obesity, 
and underlying cardiovascular disease. The association be-
tween OSA and atrial fibrillation is strongly supported by 
prospective studies and by the impact of OSA on the re-
currence of atrial fibrillation after DC cardioversion. The 
risk of recurrence of atrial fibrillation in the year following 
DC cardioversion is reduced by half in OSA patients who 
adhered with CPAP therapy. Retrospective cohort study 
of 3542 Olmsted County, Minnesota, adults, free of a his-
tory of atrial fibrillation, reported that OSA, in addition to 
obesity, male gender, and the presence of coronary artery 
disease, is an independent risk factor for atrial fibrillation 
in subjects aged ≤65 years. The risk for developing atrial 
fibrillation correlated closely with the severity of noctur-
nal hypoxia in OSA patients. Atrial fibrillation is increas-
ingly prevalent with aging. The worsening obesity epidemic 
with its resulting increasing incidence of unrecognized and 
thus untreated OSA combined with aging population por-
tends a rapidly growing population of patients with atrial 
fibrillation.

Patients with OSA have an altered circadian timing of sud-
den cardiac death. The peak hours for sudden cardiac death 
are from 6 a.m. to 12 noon in the general population and 
the nadir hours are from midnight to 6 a.m. In contrast, a 
retrospective review of the death certificates and medical re-
cords of 112 Minnesotans who underwent polysomnography 
revealed that sudden cardiac death occurred from midnight 
to 6 a.m. in nearly 50% of patients with OSA. The timing 
of sudden cardiac death was similar to that of the general 
population in subjects without OSA. The severity of OSA 
correlated closely with the relative risk of sudden cardiac 
death occurring from midnight to 6 am. Patients with se-
vere OSA (AHI ≥40) were 40% more likely to die suddenly 
from midnight to 6 am than patients with less severe OSA 
(AHI = 5-39). 

The mechanisms that are responsible for the altered timing 
of sudden cardiac death are not fully understood in OSA. In 
contrast to subjects without OSA who while sleeping expe-
rience a reduction in sympathetic activity and blood pres-
sure, patients with OSA have markedly increased nocturnal 
sympathetic activity and experience repetitive hypertensive 
surges associated with arousals from sleep following obstruc-
tive episodes. Daytime muscle sympathetic nerve activity is 
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twofold greater in OSA patients than in healthy subjects. 
Other mechanisms that may precipitate cardiac arrhythmias 
and nocturnal sudden cardiac death in patients with OSA 
include nocturnal hypoxemia, hypercapnia, endothelial 
dysfunction, vascular oxidative stress, inflammation, hy-
percoagulability, and possibly an increase in left ventricular 
wall stress and thereby in oxygen demand. 

OBSTRUCTIVE SLEEP 
APNEA AND STROKE

Fifty to 60% of patients with stroke have OSA. Habitual 
snoring increases relative risk for stroke by 20-33%, even 
after adjustment for potential confounders. There is a strong 
association between OSA and stroke but whether stroke 
is the cause or consequence of OSA is still unclear. OSA 
frequently precedes stroke and may worsen immediately 
following stroke. A study of patients with acute stroke dem-
onstrated that OSA persisted despite neurologic recovery, 
suggesting that OSA may have predated the development 
of stroke. OSA is associated with an increased incidence 
of stroke or death from any cause, and the association is in-
dependent of other cardiovascular and cerebrovascular risk 
factors, including hypertension, smoking status, age, gender, 
alcohol consumption, BMI, and diabetes. The severity of 
OSA correlates with the risk of stroke. A recent 10-year 
longitudinal prospective study involving 132 patients in 
need of in-hospital rehabilitation after a stroke reported 
that the risk of early death was 75% greater in patients 
with coexistent stroke and OSA with an AHI > 15 than 
in patients with stroke but without OSA after adjustment 
for age, gender, smoking, BMI, hypertension, diabetes, atrial 
fibrillation, and dependency during daily living. The pres-
ence of coexistent OSA worsens functional impairment and 
prolongs hospitalization after stroke.

OBSTRUCTIVE SLEEP 
APNEA AND HEART FAILURE

Approximately one-third to one-half of the 5 million 
people in the U.S. with chronic heart failure suffer from 
concomitant OSA, especially patients with severe CHF 
and preserved left ventricular ejection fraction (LVEF). 
Notwithstanding the sheer number of patients with OSA 
and obesity as a common risk factor, repetitive episodes of 
hypoxia/reoxygenation, augmented intra-thoracic pressure 
swings, and arousals from sleep promote arterial stiffness, en-
dothelial dysfunction, hypertension, and increased sympa-
thetic activity that account for the frequent coexistence of 
OSA and CHF. Patients with OSA are 2.2 times more likely 
to develop CHF than patients without OSA and patients 

with CHF who develop OSA are thought to have a worse 
prognosis than patients with CHF alone. In addition, 38% 
of patients with OSA have coexistent left ventricular dia-
stolic dysfunction that correlates with the severity of OSA.

A recent single center prospective observational study re-
ported that, over an average period of 33 months, the mor-
tality of patients with CHF and untreated OSA was nearly 
twofold greater than patients with CHF alone. None of the 
patients with CHF and treated OSA died during the follow-
up period. These findings strongly suggest that treatment 
with CPAP cancels out OSA-related increase in mortality 
in patients with CHF, but they do not definitively prove 
it since CPAP therapy was not randomly allocated. One 
to three months of CPAP treatment increases LVEF and 
improves quality of life in patients with coexistent CHF 
and OSA regardless of the presence of pretreatment day-
time sleepiness. Long-term follow-up studies are required to 
demonstrate unequivocally the beneficial effects of CPAP 
therapy on outcomes in patients with coexistent CHF 
and OSA. 

TREATMENT OF OBSTRUCTIVE 
SLEEP APNEA

All patients with OSA should be counseled about weight 
control and avoidance of alcohol and medications that can 
depress central nervous system. All patients with daytime 
sleepiness should be counseled about increased risk of driv-
ing or using dangerous equipment. Patients with cardiovas-
cular diseases including hypertension and AHI ≥ 5 should 
be treated with CPAP. The optimal level of CPAP and fa-
cial interface are determined by titration during nocturnal 
polysomnography. Adherence with CPAP can be improved 
by health care-initiated weekly telephone calls, provision 
of written information about sleep apnea and treatment 
benefits, and intensive home care support. Other treat-
ment modalities for OSA include oral appliances and upper 
airway surgery. Oral appliances improve airway patency by 
protruding the mandible forward or holding the tongue in 
a more anterior position. Oral appliances are inferior to 
CPAP in eliminating AHI and arterial oxygen desaturation 
and improving sleep efficiency. Uvulopalatopharyngoplasty, 
the most common upper airway surgical procedure in OSA, 
involves resection of the uvula, redundant retrolingual soft 
tissue, and palatine tonsils. Clinical studies have not consis-
tently demonstrated a benefit from surgical therapy. Surgical 
therapy needs to be considered on an individual basis when 
CPAP and oral appliances are ineffective. Tracheotomy is 
the treatment option for the small number of patients with 
life-threatening OSA that cannot be controlled by other 
therapies. All patients who undergo surgery and those 
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experiencing continuous daytime sleepiness should have a 
repeat polysomnography to exclude residual OSA.

CENTRAL SLEEP APNEA 
AND HEART FAILURE

Central sleep apnea is a consequence rather than the cause 
of chronic heart failure. Although the mechanisms that un-
derlie CSA/Cheyne–Stokes breathing in patients with CHF 
are not well understood, pulmonary congestion with in-
creased lung J-receptor stimulation and greater chemosensi-
tivity may play a role in the genesis of the periodic breathing 
that characterizes this disorder. CSA with Cheyne–Stokes 
breathing, occurs in approximately 25-40% of patients with 
CHF and exposes the failing heart to hypoxia, arousals from 
sleep, sympathetic nervous system activation, and ventricu-
lar arrhythmias. Whether CSA contributes to mortality in 
HF independent of other risk factors is not clear.

Definition of Central 
Apnea and Hypopnea

Central apnea occurs when both airflow and ventilatory ef-
fort are absent for at least 10 seconds. Central hypopnea is 
due to reduced inspiratory effort and is defined by:

• airflow decreases <30% from baseline value,
• diminished airflow lasting >10 seconds,
• decreased airflow resulting in oxyhemoglobin 

desaturation ≥4 %.

Cheyne–Stokes breathing refers to a cyclic pattern of 
crescendo-decrescendo breathing and central apneas and/or 
hypopneas. It is commonly observed in patients with CHF 
or in patients who suffered stroke.

Determining the Severity 
of Central Sleep Apnea

Severity of CSA is defined by AHI:

• normal = AHI <5 per hour of sleep,
• mild CSA = AHI = 5-14 per hour of sleep,
• moderate CSA = AHI = 15-29 per hour of sleep,
• severe CSA = AHI ≥30 per hour of sleep.

Treatment of Central Sleep 
Apnea in Heart Failure

No consensus exists on management strategies for the treat-
ment of CSA associated with CHF that have been endorsed 
by either sleep medicine or CHF guidelines. Since CSA is 
likely to be secondary to CHF, optimization of CHF therapy 
may resolve CSA. In observational studies, therapies that ap-
pear to attenuate or eliminate CSA include diuretics, beta-

adrenergic receptor blockers, biventricular pacing and cardiac 
surgery. Potential adjunctive treatment for patients with per-
sistent CSA includes nocturnal oxygen, adaptive servo-ven-
tilation, and CPAP. Any of these interventions may reduce 
the frequency of central apneas in selected patients. One 

proposed mechanism of the beneficial effect of CPAP is that 
it may favorably alter left ventricular function by promoting 
an increase in intrathoracic pressure and thereby a decrease 
in transmural left ventricular pressure. Hence, CPAP may re-
duce left ventricular afterload that, in turn, enhances cardiac 
output and lessens pulmonary congestion.

The impact of CPAP therapy on the outcome of CHF pa-
tients was evaluated in several small short-term studies and 
in one large longitudinal randomized trial. The Canadian 
Continuous Positive Airway Pressure for Patients with 
Central Sleep Apnea and Heart Failure Trial (CANPAP) 
was a randomized, controlled clinical trial involving 258 
CHF patients with CSA. This trial tested the hypothesis 
that treating CSA with CPAP would improve both sur-
vival without heart transplantation (heart transplant-free 
survival) and left ventricular function. CPAP attenuated 
CSA, improved nocturnal oxygen saturation, reduced sym-
pathetic nervous activity, and slightly increased LVEF and 
6-Minute Walk Test (6MWT); however, heart transplant-
free survival was not altered over 18-month follow-up. On 
the contrary, there was a suggestion of early poorer outcomes 
in the CPAP-treated group. A post hoc analysis of this trial 
showed that transplant-free survival and LVEF improved in 
the 57% of patients who had CPAP-induced AHI reduction 
≤15 (“responders” to CPAP) when compared with the con-
trol group. In contrast, among the 43% of patients in whom 
CPAP did not reduce the AHI to ≤15 (“nonresponders” to 
CPAP), neither LVEF nor transplant-free survival improved 
compared with the control group. Given the possibility of 
early adverse outcomes associated with CPAP (as reported 
in the primary results of the CANPAP trial), routine imple-
mentation of CPAP as a standard of care for patients with 
CHF and CSA cannot be recommended at present. Such 
patients should be referred to a sleep medicine specialist for 
further evaluation.

CONCLUSION

In summary, the presence of sleep apnea is an indepen-
dent risk factor for cardiovascular diseases. Sleep apnea 
is highly prevalent in cardiac patients but frequently re-
mains unrecognized and untreated. Coexistent untreated 
sleep apnea increases morbidity and possibly mortality of 
patients with cardiovascular diseases. Prompt recognition 
and treatment of sleep apnea lowers morbidity and may 
improve the life expectancy of patients with cardiovascu-
lar diseases.
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INTRODUCTION

The field of cardiovascular medicine has evolved consider-
ably over the past several decades. With a novel arsenal of 
pharmacotherapeutics, interventional devices, and diag-
nostic tools, today’s cardiologist is well-equipped to handle 
what were once universally considered fatal conditions. As 
a result, we are now challenged by an enlarging population 
of patients with advancing age, greater comorbidities, and 
higher risk—in particular, an increased susceptibility to 
critical illness. 

Contemporary cardiologists must be adept at evaluating 
and managing patients from a critical care perspective. 
Our ability to now favorably alter the natural history of 
such conditions as myocardial infarction, acute heart 
failure, and cardiogenic shock has led to a more complex 
and more unstable group of patients currently occupying 
our cardiac care units (CCU). This chapter will focus on 
some of the key critical care topics now facing the cardio-
vascular community. It is imperative that we be able to 
comprehend and execute these important diagnostic and 
management strategies in order to care for our growing 
critically ill patient base. At the same time, we should be 
compelled to share our expertise on cardiovascular con-
cepts which now influence the pathogenesis of other criti-
cal illnesses, in order to improve the care of an expanding 
population of patients with high resource use and unparal-
leled mortality.

SEPSIS AND SEPTIC SHOCK

Observational data suggest that there is greater prevalence 
of sepsis among critically ill patients with cardiovascular dis-
ease. One might postulate that this epidemiologic finding 
is multifactorial. As previously mentioned, the increasing 
age and advancing comorbidities likely make our patients 
more susceptible to systemic infection. Furthermore, our 
increasing use of invasive and interventional strategies, in-
cluding the implantation of pacemakers, defibrillators, and 
ventricular assist devices, surely provides a ripe milieu for 
provocation of the sepsis process.

Definition

Sepsis is considered present when there is evidence of or 
highly suspected infection in the setting of the systemic 
inflammatory response syndrome (SIRS) (Table 17-1). The 
continuum of sepsis also includes the more critical  subsets 
of severe sepsis (sepsis with acute end-organ dysfunction) 
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• Early application of hypothermia may improve 
neurologic outcomes as well as rates of death 
after cardiac arrest.

• Exclusion criteria (though not absolute) for thera-
peutic hypothermia include recent major surgery, 
sepsis, and active ongoing bleeding, as hypo-
thermia has been shown to increase the risk of 
bleeding, infection, and coagulopathy.

• Recommended speed of blood pressure reduc-
tion in hypertensive emergencies is arguable, 
though most authorities agree that blood pres-
sure goals in acute aortic dissection should be 
reached within the first 5-10 minutes. 

• In ischemic strokes, most cardiologists recom-
mend lowering blood pressure only if it exceeds 
220/120 mm Hg, while intracerebral hemorrhage 
blood pressure targets vary considerably within 
the literature.

• Continuous renal replacement therapy is ideal for 
renal support in critically ill patients.

d PRACTICAL POINTS
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and septic shock (sepsis with refractory hypotension). 
Examples of acute end-organ injury patterns are shown in 
Table 17-2. 

Epidemiology

Sepsis is a seemingly ubiquitous diagnosis within U.S. inten-
sive care units (ICUs). It is especially common among the 
elderly and immunocompromised. Worldwide, sepsis, and 
in particular septic shock, accounts for the majority of ICU 
resource utilization and mortality.

Diagnosis

The diagnosis of sepsis is a clinical one, but a variety of labora-
tory-based and imaging studies can provide important clues to 
the presence and severity of disease. These include chest x-ray, 
computed tomography, urinalysis, cardiac markers, serum lac-
tate, and lumbar puncture, to name a few. Identification of 
a causative microbiologic organism requires culturing from 
suspected sites of infection, such as the urine culture, sputum 
culture, and blood culture. Sterile technique in the acquisi-
tion of cultures is imperative, as contamination is common 
and may complicate therapeutic decision-making.

Management

Treatment for sepsis, and especially septic shock, relies 
upon early and aggressive volume resuscitation, infection 
source control, and antimicrobial therapy. For years, marred 
by the lack of a systematic approach for treating afflicted 
patients, the development of an early goal-directed therapy 
(EGDT) protocol has produced an evidence-based and 
validated platform for directing resuscitative efforts. In 
EGDT, crystalloid is administered until the patient’s cen-
tral venous pressure reaches 8-12 mm Hg. Inadequate mean 
arterial pressure (<65 mm Hg) is then corrected with va-
sopressor support, followed by optimization of oxygen de-
livery through blood transfusion and/or inotropic therapy 
to target a mixed central venous oxygen saturation >70%. 
A more formal protocol, to be commenced within 6 hours 
of hos pital presentation, can be seen in Figure 17-1. Its 
implementation has been associated with a marked decline 
in patient mortality.

Other adjunctive therapies to be considered in the treat-
ment of sepsis include intravenous hydrocortisone for fluid 
and vasopressor-refractory shock, recombinant human-
activated protein C for those with organ dysfunction and 
high risk of death (APACHE II > 25 or multiorgan failure), 
intensive glucose control, stress ulcer prophylaxis, and deep 
vein thrombosis prophylaxis.

NONINVASIVE AND INVASIVE 
MECHANICAL VENTILATION

A broad understanding of the concepts of both noninvasive 
and invasive mechanical ventilation has become increas-
ingly more important for cardiologists who treat patients 
with critical illness. Patients presenting with pulmonary 
edema, for example, may require emergent ventilatory 
support in order to reverse their respiratory failure. Those 
with septic shock complicating infective endocarditis may 
 develop life-threatening acute lung injury or the acute 
 respiratory distress syndrome (ARDS).

Noninvasive Ventilation

This type of mechanical ventilation is administered without 
an invasive artificial airway—most commonly as positive 
pressure ventilation (PPV) via a nasal or full-face mask. It 
is believed that avoidance of endotracheal intubation may 
limit the risks of traumatic and infectious complications 
associated with more invasive techniques, yet still provide 
reliable delivery of oxygenated, pressurized gas to the dis-
tal airways sufficient to improve gas exchange. Careful pa-
tient selection is essential in order to maximize the benefits 
of noninvasive ventilation, and should only be employed 
for those individuals with rapidly reversible pulmonary 

Table 17-1 • Components of the Systemic 
Inflammatory Response Syndrome (SIRS)

Heart rate • >90 beats/min
Body temperature • <36 or >38°C
 Respiratory rate • >20 breaths/min or blood gas PaCO2

<32 mm Hg
 White blood cell count • <4000 cells/mm3 or >12000 cells/
mm3, or the presence of >10% immature neutrophils.

Table 17-2 • Acute End-Organ Injury Patterns in Sepsis

Neurologic•
Encephalopathy

Gastrointestinal•
Hyperbilirubinemia
Hepatic synthetic dysfunction/coagulopathy
Bowel ischemia/infarction

Renal•
Acute kidney injury—oliguria, anuria
Electrolyte abnormalities
Volume overload

Cardiac•
Systolic and diastolic heart failure
Myocardial ischemia/infarction

Pulmonary•
 Acute lung injury (ALI), acute respiratory distress 

syndrome (ARDS)
Endocrine•

Adrenal insufficiency
Thyroid dysfunction— hypothyroidism, hyperthyroidism
Hyperglycemia, hypoglycemia
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pathologies, those who can protect their airways, and those 
with a sustained ventilatory drive.

Perhaps no disease process has been better validated as a 
target for noninvasive ventilation than acute cardiogenic 
pulmonary edema. The resulting increase in functional re-
sidual capacity buttresses collapsible alveoli and can rapidly 
improve oxygenation. Furthermore, the increased intratho-
racic pressure reduces transmyocardial pressure, resulting in 
beneficial decreases in both ventricular preload and after-
load. Given a growing body of evidence supporting the use 
of noninvasive ventilation, in particular continuous posi-
tive airway pressure (CPAP), for patients with acute heart 
failure, the procedure should be considered first-line therapy 
for those with respiratory failure in the critical care setting.

Invasive Ventilation

In cases of respiratory failure where the patient is not a can-
didate for noninvasive therapy, invasive mechanical ventila-
tion should be employed. Most often delivered through an 

endotracheal tube, pressurized oxygen-rich gas is provided 
to support adequate gas exchange for the critically ill pa-
tient. There are numerous ventilator models and modes, the 
descriptions of which are beyond the scope of this chapter. 
Conventional strategies, however, focus upon gas delivery 
through either a volume-targeted or pressure-targeted ap-
proach. There is compelling data to support low tidal- volume 
(6 mL/kg) ventilation (especially in those with ARDS), 
avoidance of oxygen toxicity by rapidly titrating to a frac-
tion of inspired oxygen (FIO2) <60%, and the application 
of positive end-expiratory pressure (PEEP) to avoid sheering 
trauma that may accompany repetitive alveolar unit opening 
and closing (ventilator-associated lung injury).

The Ventilator Bundle

No matter what technique of mechanical ventilation is 
used, duration of therapy should be minimized in an ef-
fort to avoid potentially catastrophic complications which 
may affect the ventilated patient; these include ventilator-
associated pneumonias, venous thromboembolic disease, 

Hospital presentation

Measure CVP

Crystalloid or colloid Check MAP

Vasopressors
Measure mixed

central venous O2

<65 mm Hg >65 mm Hg

<8 mm Hg 8-12 mm Hg

<70% ≥70%

Transfusion, inotropes

CVP = central venous pressure; MAP = mean arterial pressure

Figure 17-1. Early goal-directed therapy for severe sepsis and septic shock.
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and gastrointestinal hemorrhage, to name a few. Most au-
thorities recommend addressing these concerns through the 
systematic utilization of a “ventilator bundle,” the goals of 
which are to limit ventilator-associated injury and illness. 
Table 17-3 lists key components of the ventilator bundle, 
and the rationale for their consideration.

VENTILATOR-ASSOCIATED 
PNEUMONIA

Pneumonia may complicate mechanical ventilation in up 
to 50% of patients, and is a primary cause for ICU morbid-
ity and mortality. Selected risk factors pertaining to a CCU 
patient population include male sex, greater disease-severity 
at admission, the presence of multiple central venous cath-
eters, cardiothoracic surgery, and the need for reintubation. 
Blood transfusion has also been suggested as a risk factor for 
ventilator-associated pneumonia (VAP). 

Pathogenesis

VAP is thought to occur via aspiration of pathogens coloniz-
ing the upper airways. Once a sufficient amount of patho-
gen has reached the distal airways, pneumonia develops 
when host defenses are overwhelmed. Gram negative ba-
cilli are the most common offending organisms, followed by 
Staphylococcus aureus. Clinicians should be aware of increas-
ing resistance patterns in most contemporary critical care 
units, and this should be considered particularly when one 
selects empiric antimicrobial therapy.

Diagnosis

A high index of suspicion is required in mechanically ven-
tilated patients so as not to miss the diagnosis. VAP should 
be considered in patients with fever, increased secretions 

(especially purulent samples), leukocytosis, hypoxemia, and 
those with new infiltrates found on radiographic studies. 
Qualitative and/or quantitative specimens should be sent ei-
ther through sputum sampling or bronchoscopically guided 
bronchoalveolar lavage (BAL), prior to the initiation of em-
piric antibiotics.

Therapy

Empiric, broad-spectrum antibiotics should be initiated once 
VAP is considered. Selection of antimicrobial therapy is based 
upon a number of factors, including the patient’s immune sta-
tus, allergy status, prior antibiotic use, patient risk factors, and 
hospital resistance patterns. In general, for immunocompe-
tent hosts, monotherapy with a second- or third-generation 
cephalosporin, a beta-lactam/beta-lactamase inhibitor com-
bination, or quinolone is often acceptable. For patients at 
risk for drug-resistant organisms, or at sites where resistance 
patterns dictate more aggressive therapy, one should consider 
empiric coverage of methicillin-resistant Staphylococcus aureus 
(MRSA), Pseudomonas aeruginosa, Acinetobacter species, and 
even extended spectrum beta-lactamase producing Klebsiella.

Once microbiologic data are available, antibiotic therapy 
should be appropriately narrowed. While optimal duration of 
therapy is unknown, most authorities now recommend a 7-day 
course if good response is noted. More prolonged durations of 
therapy should be considered for highly resistant organisms, 
although the data are inconclusive and increased concerns for 
further resistance may be warranted. The burden of evidence 
does suggest, however, that adherence to the aforementioned 
“ventilator bundle” indeed decreases the occurrence of VAP 
and should be employed as a preventative strategy.

THERAPEUTIC HYPOTHERMIA

One marked evolutionary change in the way cardiologists 
now manage critically ill patients is that our focus of care 
has broadened to not only include the in-hospital setting, 
but to the out-of-hospital arena as well. In acute myocardial 
infarction, for instance, we have begun to institute elaborate 
systems-of-care processes, which now streamline reperfusion 
therapy. This includes wireless transmission of electrocar-
diograms from emergency medical services (EMS) teams 
and the rapid transfer of patients to facilities with interven-
tional cardiology capabilities. Another key out-of-hospital 
event that contributes to marked cardiovascular morbidity 
and mortality, and has been the focus of intense investiga-
tion from both clinical and public health perspectives, is 
that of sudden cardiac death. 

Outside of advanced cardiac life support (ACLS), electrical 
defibrillation, and antiarrhythmic therapy, little has been 
available in the clinician’s armory to significantly improve 

Table 17-3 • Components of the Ventilator Bundle

Component Rationale

Elevate head of bed 
30-45 degrees

Reduce risk for aspiration

Daily interruption 
of  sedation 

Avoid prolonged mechanical 
ventilation and daily 
 assessment of “weaning” 
potential (spontaneous 
breathing trial where 
appropriate)

Thromboembolic
prophylaxis

Avoid DVT, PE

Peptic ulcer disease 
 prophylaxis

Avoid stress ulcer, 
gastrointestinal hemorrhage

DVT, deep venous  thrombosis; PE, pulmonary  embolism
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outcomes for these critically ill, high-risk individuals. As a 
result, there has been no substantial decline in the marked 
mortality for this patient population over the past several 
decades. In the last several years, however, there has been 
a growing and influential body of evidence supporting the 
use of therapeutic induced hypothermia for unconscious 
adult patients who have a return of spontaneous circulation 
after out-of-hospital cardiac arrest—in particular, arrest 
secondary to ventricular tachycardia (VT) or ventricular 
fibrillation (VF). It is believed that the early application of 
hypothermia may improve neurologic outcomes as well as 
rates of death in this group.

Eligibility

Currently, it is suggested that therapeutic hypothermia (to 
32-34°C) be applied to eligible patients for 12-24 hours fol-
lowing return of spontaneous circulation. Eligibility criteria 
may be expanded to include patients with non-VF arrest or 
those whose arrest occurs in the in-hospital setting, though 
the current evidence is much less robust for these patient 
groups. Exclusion criteria (though not absolute) include 
recent major surgery, sepsis, and active ongoing bleed-
ing, as hypothermia has been shown to increase the risk 
of bleeding, infection, and coagulopathy. The application 
of therapeutic hypothermia requires planning, education, 
and multidisciplinary integration from physician, hospital, 
and systems-of-care perspectives. The most effective use of 
this therapeutic modality seems to occur when established 
clinical protocols are developed, and when hypothermia is 
instituted early.

Cooling and Rewarming Strategies

Multiple cooling techniques have been used with success 
and, currently, no particular style is advocated above others. 
Patients may be cooled externally using cooling blankets, 
strategically-placed ice, or using surface heat-exchange. 
Novel devices for external cooling continue to be de-
veloped, boasting rapid and easily induced hypothermia. 
Internal cooling may also be performed using catheter-based 
technologies. It has been suggested that endovascular cool-
ing is more rapid and easier to titrate, though no randomized 
data exist to support these claims. Commercially available 
devices are generally placed in the femoral vein, though in-
ternal cooling may be performed through any intravenous 
access with the use of cold saline infusion.

During therapeutic hypothermia, supportive/adjunctive 
therapies are often required. These include vasopressors for 
the treatment of refractory hypotension, antiarrhythmic 
therapy, and tight glycemic control, to name a few. Shivering 
often occurs as a body’s desperate attempt to maintain tem-
perature homeostasis. Unfortunately, shivering can often 
impede aggressive therapeutic hypothermia, and usually 

requires treatment. With endovascular techniques, it is 
thought that shivering may be controlled with sedation and 
analgesia alone, but in many cases, if refractory, necessitates 
systemic paralytic therapy.

Rewarming begins approximately 24 hours after the ini-
tiation of therapeutic hypothermia. Patients should be re-
warmed slowly (0.3-0.5°C per hour) over 8-10 hours, and 
careful hemodynamic monitoring should continue to assess 
for hypotension resulting from sudden vascular dilatation.

An example of the therapeutic hypothermia protocol at 
one institution can be seen in Figure 17-2. The use of hy-
pothermia in clinical medicine is likely to be seen in much 
broader patient populations over time. An understanding of 
its physiologic mechanism and its application as a therapeu-
tic tool, therefore, will be increasingly important for cardi-
ologists who will be caring for those with critical illnesses.

HYPERTENSIVE CRISES

Hypertension affects over one billion people worldwide and 
over 50 million in the United States alone. As a result, great 
attention has been given to the basic science, translational 
and clinical investigation of this morbid disease. At the same 
time, there is a unique subset of patients with hypertension 
who present to the hospital with acute, severe episodes of 
blood pressure elevation. Classically defined as hypertensive 
emergencies or urgencies, depending upon the presence or 
absence of target organ injury, the study of these clinical 
conditions has been relegated largely to small observational 
series, case reports, and opinion pieces. Despite the sugges-
tion that hypertensive crises may result in substantial mor-
bidity and mortality, as well as marked resource use, there is 
very limited data available to guide clinicians in the diag-
nostic evaluation and management of these individuals.

Manifestations of end-organ injury associated with acute, se-
vere hypertension include aortic dissection, acute heart fail-
ure, myocardial ischemia or infarction, acute kidney injury, 
encephalopathy, stroke, eclampsia, and symptomatic mi-
croangiopathic hemolytic anemia. Available data indicate 
that central nervous system sequelae, including encephal-
opathy, cerebral infarction, and intracerebral hemorrhage, 
are the most commonly encountered injury patterns.

Epidemiology and Risk Factors

Epidemiologic estimates suggest that most patients who pres-
ent with hypertensive crises have been previously diagnosed 
with chronic hypertension. Commonly, these individuals have 
been prescribed antihypertensive therapies, but have high rates 
of nonadherence. In addition, patients are more likely male, 
African American, and have high rates of illicit drug use.
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Mechanisms of End-Organ Injury

The pathophysiology of injury is largely speculative. Some 
suggest that the acute rise in blood pressure triggers a cascade 
of neurohormonal, vasoactive, and cellular events. The com-
pensatory smooth muscle contraction and vasoconstriction 
of the larger arteries and arterioles, in an effort to preserve 
distal cellular activity, leads to endothelial dysfunction, in-
hibition of nitric oxide synthesis, and marked increases in 
peripheral vascular resistance. Concomitantly, mechanical 
stress serves as a potent stimulus for the release of inflam-
matory cytokines and endothelial adhesion molecules, also 

amplifying the renin-angiotensin-aldosterone system. These 
events, in aggregate, support the deleterious endothelial dys-
function, fibrinoid necrosis, vascular injury, impaired fibrin-
olysis, and ischemia that are causes of target-organ damage.

Goals of Antihypertensive Therapy

Patients presenting with hypertensive emergencies should 
generally be managed with immediate blood pressure control 
using parenteral therapy. Those patients with hypertensive 
urgencies, on the other hand, may be managed with oral an-
tihypertensives with a goal of blood pressure reduction over 

Inclusion criteria

Cardiopulmonary arrest with return of spontaneous circulation
Patients 18 years of age or older
Unresponsive after return of spontaneous circulation (GCS ≤ 9)
Endotracheal intubation with mechanical ventilation
Hemodynamic stability: SBP > 90 mm Hg or mean arterial blood pressure > 60 
Ability to initiate cooling within 6 hours of arrest

Exclusion criteria

Time to ACLS > 30 minutes
Time since arrest > 6 hours
Temperature < 30°C after arrest
Ongoing severe shock 
Conscious with GCS > 9
Pregnant
Patients < 18 years of age
Recent major surgery within the last 14 days
Known bleeding diathesis or active ongoing bleeding
Systemic infection or sepsis
Do not resuscitate (DNR) or do not intubate (DNI) status

Protocol

 1. Obtain baseline rectal temperature
 2. Remove clothing and expose patient to ambient room temperature
 3. Ensure at least 2 peripheral IV catheters (18-gauge) are in place and patent
 4. Insert urinary catheter with in-line temperature monitoring capability
 5. Sedate and paralyze as necessary
 6. Administer cooled normal saline 30 mL/kg at a rapid rate
 7. Place ice packs to neck, axilla, groin, and along sides of torso and thighs
 8. Draw baseline labs, obtain necessary diagnostic studies
 9. Initiate cooling with either an external or internal method
 10. Monitor and document vital signs every 15 minutes x 4, then every 30 minutes until patient
  reaches goal temperature, then at least every 1 hour thereafter
 11. Draw and monitor basic metabolic profile (BMP), complete blood count (CBC),   
  prothrombin time (PT), partial thromboplastin time (PTT), and arterial blood gas (ABG)  
  every 8 hours
 12. Obtain blood cultures x 2, urine culture, and sputum culture 12 hours after initiation   
  of cooling
 13. After cooling for 24 hours, allow the patient to passively rewarm over 8–12 hours to   
  the designated target temperature (at a rate no faster than 0.5°C per hour)
 14. Draw and monitor BMP, PT, and PTT every 4 hours
 15. Monitor and document temperatures every 30 minutes until normothermic
 16. Wean paralytics and sedation, assess neurologic status
 17. Monitor for rebound hypothermia

Figure 17-2. Duke University Hospital therapeutic hypothermia protocol.
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several days. It is important to note, however, that no con-
sensus exists regarding the magnitude and rapidity of treat-
ment for these acutely hypertensive patients. Some target a 
reduction in diastolic blood pressure of ten to fifteen percent, 
others argue for an absolute reduction in diastolic pressure 
to a value of 100 or 110 mm Hg, while still others believe 
that therapy should be aimed at lowering the mean arterial 
pressure by 20 or 25%. At the same time, the recommended 
speed of blood pressure reduction is arguable, though most 
authorities agree that blood pressure goals in acute aortic dis-
section should be reached within the first 5-10 minutes. In 
ischemic strokes, most recommend lowering blood pressure 
only if it exceeds 220/120 mm Hg, while intracerebral hem-
orrhage blood pressure targets vary considerably within the 
literature.

One should remember, however, that several studies have 
consistently highlighted significant morbidity associated 
with rapid reductions of blood pressure in chronically hy-
pertensive individuals. These patients have a right-ward 
shift in their pressure-flow autoregulation curves; as a result, 
aggressively decreasing blood pressure to normal levels can 
result in marked tissue hypoperfusion and organ ischemia. 
Thus, hemodynamic targets should be defined prior to ini-
tiating antihypertensive therapies and careful attention di-
rected towards avoiding any overshooting of blood pressure 
goals.

Commonly used parenteral agents for the treatment of 
 hypertensive emergencies are shown in Table 17-4.

CONTINUOUS RENAL 
REPLACEMENT THERAPY (CRRT)

CRRT is ideal for renal support in critically ill patients. 
Acute renal failure is common in the ICU and CCU set-
tings—a prevalent target organ injury resulting from he-
modynamic perturbations, shock states, and nephrotoxic 
agents (e.g., contrast during coronary angiography). The 
goal of CRRT is to support the kidneys and enhance renal 
recovery with prevention of profound electrolyte distur-
bance (e.g., hyperkalemia), severe metabolic acidosis, and 
refractory uremia, while rapidly correcting volume over-
load through gradual but consistent removal of excessive 
body fluid. Unlike conventional, intermittent hemodialy-
sis, volume control with CRRT is continuous and immedi-
ately adaptable to patient-specific hemodynamic changes; 
furthermore, the avoidance of episodic circulating changes 
in intravascular volume with CRRT may prevent further 
treatment-associated renal injury.

There are several different modes of CRRT, which are illus-
trated in Figure 17-3. Most commonly, continuous veno-
venous hemodialysis or hemofiltration is employed. In this 
case, a double lumen cannula is inserted into a large vein, 
while a roller-pump mechanism serves to drive the blood 
into the filter/dialyzer.

Nomenclature

Diffusion is the process by which solutes move across a semi-
permeable membrane depending upon its concentration 
 gradient, molecular weight, and velocity size. Ultrafiltration, 
on the other hand, involves the movement of water by hy-
drostatic or osmotic forces across a semipermeable mem-
brane, with concomitant solute drag occurring even in the 
absence of a significant concentration gradient. Increased 
ultrafiltration can usually be achieved by increasing the 
transmembrane pressure via increased negative pressure in 
the dialysate compartment, increasing the blood flow rate, 
or by increasing venous resistance.

Advantages and 
Disadvantages of CRRT

As mentioned, CRRT is advantageous in the critical 
care setting because of the minimized hemodynamic per-
turbations it causes in comparison to conventional, in-
termittent hemodialysis. It limits uremia effectively and 
controls electrolyte and acid-base homeostasis quite well. 
Furthermore, it is efficacious in the removal of volume 
in the hypervolemic patient. It can also remove potential 
toxins and has been associated with reductions in proin-
flammatory cytokines.

However, CRRT is not without its challenges. There is a 
need for continuous anticoagulation in order to keep the 

Table 17-4 • Commonly Used Parenteral 
Antihypertensives for Hypertensive Emergencies

End-Organ
Injury Pattern

Suggested
Pharmacologic Agents

Acute heart failure/
pulmonary edema

IV nitroglycerin, IV diuretics, 
IV nitroprusside

Myocardial ischemia/
infarction

IV nitroglycerin, IV beta blocker

Aortic dissection IV beta-blocker + IV 
 nitroprusside, 

IV labetalol, IV CCB + IV 
 beta-blocker

Hypertensive
encephalopathy

IV CCB, IV beta-blocker, 
IV  nitroprusside

Hemorrhagic Stroke IV CCB, IV beta-blocker, 
IV nitroprusside, 

Acute renal failure IV CCB, IV beta-blocker, 
IV fenoldopam

Hemolytic anemia IV CCB, IV beta-blocker, 
IV fenoldopam

Eclampsia IV labetalol, IV nicardipine, 
IV hydralazine

IV, intravenous; CCB, calcium channel blocker
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CRRT circuit from clotting; this can lead to increased 
risks of bleeding and thrombocytopenia. CRRT is also a 
labor-intensive therapy, requiring constant attention to 
the dialysis circuit as well as close hemodynamic patient 
monitoring. Additionally, there is also an increased risk of 
infection, largely stemming from the necessary intravascu-
lar access.

FUTURE OF CARDIAC CRITICAL CARE

With an aging population, advancing comorbidities, and our 
ability to now favorably alter the course of cardiovascular 
maladies once thought to be untreatable, cardiologists will 
undoubtedly be faced with an increasingly complex patient 
base. In particular, the burden of critical illness has and 
should continue to grow, forcing today’s cardiologists to be 
adept at diagnosing and managing a growing number of mor-
bid conditions in the CCU. We have a lot to gain and, at the 

same time, a lot to add to the care of critically ill patients. 
By embracing the management of these individuals, we can 
be certain that our patients with advanced cardiovascular 
illnesses continue to get the best evidence-based care.

Recommended Readings

 1. Rivers E, Nguyen B, Havstad S, et al. Early goal-directed ther-
apy in the treatment of severe sepsis and septic shock. N Engl 
J Med. 2001;345:1368–1377.

 2. Nava S, Carbone G, DiBattista N, et al. Noninvasive ventila-
tion in cardiogenic pulmonary edema: a multicenter random-
ized trial. Am J Respir Crit Care Med. 2003;168:1432–1437.

 3. Chastre J, Fagon JY. Ventilator-associated pneumonia. Am 
J Respir Crit Care Med. 2002;165:867–903.

 4. Mehta RL. Continuous renal replacement therapy in the criti-
cally ill patient. Kidney Int. 2005;67:781–795.

 5. Kaplan NM. Management of hypertensive emergencies. Lan-
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Slow continuous ultrafiltration (SCUF)

• Uses machine to remove fluid from patient by applying pressure to the hemofilters

Continuous venovenous hemofiltration (CVVH)

• Uses machine to remove fluid and toxins by applying pressure to the hemofilters;
 physiologic substitution fluid is infused to patient to maintain intravascular volume
 and chemical homeostasis; relies on ultrafiltration and convection

Continuous venovenous hemodialysis (CVVHD)

• Uses machine to remove fluid and toxins by applying pressure to the hemofilters
 and using a dialysate; dialysiate allows toxin removal via diffusion, with fluid
 removal via ultrafiltration

Continuous venovenous hemodiafiltration (CVVHDF)

• Uses machine to remove fluid and toxins by applying pressure to the hemofilters,
 using a dialysate, and also infusion of a substitution solution; uses ultrafiltration,

convection, and diffusion

Figure 17-3. Modes of continuous renal replacement therapy.
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Pulmonary Embolism
Raluca Arimie

18

• Acute pulmonary embolism (PE) could double 
the pulmonary arterial pressures, and mean PAP 
is usually >40 mm Hg. Sometimes it presents as 
acute elevation in right atrial pressure. 

• ECG patterns are nonspecific.

• D-dimer normal levels have a high negative pre-
dictive value for PE.

• IVC filters are indicated if there is absolute con-
traindication for anticoagulation, massive PE, 
and recurrent PE despite adequate previous 
anticoagulation.

• Embolectomy is indicated in patients with mas-
sive PE with cardiogenic shock or hypotension 
that have a contraindication for thrombolytics.

d PRACTICAL POINTS

INTRODUCTION

Pulmonary embolism (PE) most commonly originates from 
deep venous thrombosis (DVT) of the legs (79% of patients 
with PE have evidence of DVT in their legs; if DVT is not 
detected, is likely that the whole thrombus has already de-
tached and embolized). Presentation ranges from asymptom-
atic, incidentally discovered emboli to massive embolism 
causing immediate death. Chronic sequelae of DVT and PE 
include postthrombotic syndrome and chronic thromboem-
bolic pulmonary hypertension. 

EPIDEMIOLOGY

• Common
• Incidence in United States >1/1000

• Mortality >15% in the first 3 months after the 
diagnosis—as deadly as myocardial infarction

• 300,000 people per year in U.S. die from acute PE. 

ETIOLOGY

Virchow’s triad of stasis, venous endothelial dysfunction/
injury, and hypercoagulable state (acquired or inherited) are 
relevant in assessing patients. The following are considered 
risk factors for pulmonary embolism:

• Reversible causes:
° Obesity
° Smoking 
° Hypertension
° Long air and ground travel 
° Sedentary lifestyle

• In the context of illness, medication, or physiologic 
states:
° Surgery: orthopedic, cancer surgery
° Trauma and spinal injury
° Immobilization
°  Cancer: Procoagulant effect of particular tumors, 

chemotherapy, venous obstruction by tumor, re-
duced mobility, central venous catheter

°  Acute medical illness: Pneumonia, congestive 
heart failure

°  Oral contraception 
°  Postmenopausal hormone replacement therapy 
°  Pregnancy

• Atherosclerotic disease and spontaneous venous 
thrombosis 

• Genetic predisposition
°  Twin studies have demonstrated the contribution 

of an inherited prothrombotic state: increased lev-
els of clotting factors and activation peptides

°  Deficiencies of anticoagulant factors also increase 
thrombotic risk 

• Advanced age—risk increases after age of 40 years.
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PATHOPHYSIOLOGY

Thrombi commonly form in deep veins in the calf and 
then propagate into proximal veins, including and above 
popliteal veins, then travel through the right side of the 
heart and embolize the lung. 

Hemodynamics

Acute obstruction causes hypoxemic vasoconstriction, 
leading to increased pulmonary vascular resistance and 
resulting in pulmonary hypertension. Most patients main-
tain a normal systemic arterial pressure for 12-48 hours and 
give the impression of hemodynamic stability. Then, often 
abruptly, pressor-resistant systemic arterial hypotension 

and cardiac arrest can ensue (Figures 18-1 and 18-2). 
Pulmonary embolism could present as isolated elevated right 
atrial pressure. Hemodynamic response and decompensation 
in patients with pulmonary embolism depends on:

• Size of the embolus; responsible for the physical ob-
struction of the blood flow

• Coexistent cardiopulmonary disease
°   Patients without prior cardiopulmonary disease; 

mean pulmonary arterial pressure (PAP) can in-
crease to 40 mm Hg

°   Patients with prior pulmonary hypertension; mean 
PAP can double

°   Patients with chronic thromboembolic pulmonary 
hypertension; PAP can exceed the system arterial 
pressure 

• Neurohumoral effects—release of serotonin from 
platelets, thrombin from plasma, histamine from tis-
sue (vasoactive and bronchoactive agents)

• Pulmonary infarction—usually not present due to dual 
pulmonary circulation from pulmonary and bronchial 
arteries.

Gas Exchange

Normally, ventilation and perfusion in the lungs are well 
matched. The ratio of ventilation to the gas exchange struc-
tures and blood flow to the pulmonary capillaries is approxi-
mately 1.0. Acute PE impairs the efficient transfer of oxygen 
and carbon dioxide across the lung (Figures 18-3 and 18-4), 

Pulmonary hypertension

Increases right ventricular afterload 

Right ventricular dilation
Right ventricular hypokinesis

Tricuspid regurgitation (annular dilation
of the tricuspid valve) 

Right ventricular failure

Figure 18-1. Pathophysiology of RV failure in pulmonary 
embolism.

Increase right ventricular pressure

Right ventricular dilation and 
enlargement

Leftward shift of the interventricular septum 
(manifestation of interventricular dependence)

Interventricular septum flattens during systole
and then bulges toward the left ventricle,

with paradoxical septal motion that distorts
the normally circular left ventricular cavity

(right ventricle contraction continues after the
left ventricle starts  relaxation at end-systole)

• Impair diastolic left ventricular filling
• Left atrial contraction has greater than

normal contribution to left ventricle filling 
resulting in a prominent A wave on doppler

 higher than the E wave

Increase in right ventricular wall 
stress

Cardiac ischemia may develop due
to compression of the right coronary
artery and diminish subendocardial

perfusion and limitation of myocardial
oxygen supply (due to increase right

ventricular pressure)

Right ventricular microinfarcts: ↑ troponin
Right ventricular overload: ↑BNP

Figure 18-2. Pulmonary embolism-associated RV hemodynamic changes.
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resulting in decreased arterial PO2 (hypoxemia) and increased 
alveolar-arterial oxygen tension gradient. Hypoxemia is a 
result of the following mechanisms:

• Mismatch of ventilation and perfusion—most com-
mon cause
°   PE produces redistribution of blood flow so that some 

lung gas exchange units have low ratio of ventilation/
perfusion, whereas other lung units have excessively 
high ratio of ventilation/perfusion (Figure 18-5). 

°   Gas exchange units have a low ratio of ventilation/
perfusion secondary to the presence of atelectasis 
due to loss of surfactant and alveolar hemorrhage 

• Shunting of the venous blood directly to the systemic 
arterial system without passing through ventilated gas 
exchange lung units. Right to left shunt can occur in 
the lung, heart ,or both (reflected by failure of supple-
mental oxygen to correct arterial hypoxemia)
°  Intrapulmonary shunt occurs due to ventilation/

perfusion mismatch
°  Intracardiac shunt occurs due to opening of the fo-

ramen ovale when right atrial pressure exceeds left 
atrial pressure (even if both pressures are normal)

°  Positive airway pressure (positive end-expiratory 
pressure and continuous positive airway pressure) 

may worsen intracardiac shunting by increasing 
alveolar pressure, compressing pulmonary vessels, 
and increasing pulmonary vascular resistance 

• Low pressure of oxygen in the venous blood—when 
PE causes right ventricular failure, resulting in low car-
diac output, it amplifies the effect of low ventilation/
perfusion ratio (this process is not present when lung 
is normal, with a normal ratio of 1.0 of ventilation/
perfusion).

During acute PE, total dead space increases as lung units 
continue to be ventilated despite absent or diminished per-
fusion, which produces decreased elimination of carbon 
dioxide. Increase in arterial PCO2 stimulates medullary 
chemoreceptors, which increases total minute ventilation. 
Subsequently, arterial PCO2 decreases to normal and often 
below normal values. Most patients with PE present with 
low arterial PCO2 and respiratory alkalosis. If the patient 
presents with high arterial PCO2 or hypercapnia, the differ-
ential diagnosis includes a massive PE, with marked increase 
in anatomical and physiological dead space, or muscle fa-
tigue due to marked increase of minute ventilation needed 
to maintain normal arterial PCO2. Treatment with positive 
pressure ventilation and paralysis allows for a definitive 
treatment to relieve the thromboembolic obstruction (dead 
space) and increase in the alveolar volume of each tidal 
breath.

DIAGNOSIS

History and Physical Exam

•  DVT—leg pain, warmth, swelling
•  Acute PE—dyspnea, chest pain, either sudden in 

onset or evolving over days to weeks. Pleuritic chest 
pain and hemoptysis are more frequent if there is pul-
monary infarction. 

•  Respiratory exam—tachypnea, pleural rub

Decrease arterial PO2 (hypoxemia)

Total dead space increases
Ventilation and perfusion become mismatched

Blood flow from obstructed pulmonary arteries
redirected to other gas exchange units

Reduction of alveolar ventilation relative to pulmonary
capillary blood flow (low V/Q units) and ratio of

ventilation to perfusion falls to <1.0 

• Impaired oxygen transfer
• No ventilation to perfused lung units

• Venous blood bypasses the lungs and
enters the systemic circulation 

Right to
left

shunting

Figure 18-3. Causes of hypoxemia in pulmonary embolism.

Increase in the Alveolar-arterial Oxygen
Tension Gradient

Decreased ratio of ventilation relative to perfusion in
the gas exchange units

Inefficiency of oxygen transfer across the lungs

Increase gradient

Figure 18-4. Causes of increase in alveolar-arterial oxygen ten-
sion gradient.

Incomplete obstruction
of a pulmonary artery

Increase in physiologic
dead space

Increase in
ventilation/perfusion

ratio

Complete obstruction
of a pulmonary artery

Increase in anatomic
dead space

Increase total dead space

Figure 18-5. Causes of increased dead space after pulmonary 
embolism.
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•  Cardiovascular exam—tachycardia, elevated jugular 
venous pressure, loud P2, right-sided gallop, right ven-
tricular lift 

•  Symptoms and signs of DVP and PE are highly sugges-
tive but not sensitive or specific, and further testing is 
needed.

Wells et al. developed a simple clinical model to predict the 
likelihood of PE. A scoring system of a maximum 12.5 points 
and based on 7 variables. A score <2 points makes PE unlikely 
(2% likelihood). A score >6 points suggests a high probabil-
ity of PE (50% likelihood). The score is as following:

•  3 points each for: 
°  Clinical evidence of deep venous thrombosis
°  An alternative diagnosis being less likely than PE

•  1.5 points each for:
°  Heart rate >100 bpm
°  Immobilization/surgery within 4 weeks
°  Previous deep venous thrombosis/PE

•  1 point each for:
°  Hemoptysis
°  Cancer.

ECG and Chest X-ray 

ECG and chest X-ray help clinician identify alternative diag-
noses (myocardial infarction and pneumonia ). The typical 
ECG pattern is: tachycardia, S1Q3T3 pattern, RBBB, P wave 
pulmonale, right axis deviation. Right axis deviation is espe-
cially seen with massive PE. ECG patterns are nonspecific.

Arterial Blood Gas 

This test is disappointing toward assisting diagnosis, as nor-
mal values do not exclude PE and hypoxemia is a nonspe-
cific finding. 

Ventilation Perfusion Lung Scan

Lung scanning is not commonly use due to often equivocal 
results; however, it remains the recommended first-line ap-
proach for imaging for patients with:

•   Anaphylaxis to contrast agent
•  Renal failure
•  Pregnancy
•  Patients with prior PE diagnosed by lung scan.

Chest CT 

Chest CT scan is the preferred imaging modality for diag-
nosis of PE. In addition, it assists in ruling out other pathol-
ogies, like pneumonia, pulmonary edema, pleural effusion, 
and coronary obstruction. Is important one know the type 
of chest CT scanner utilized. First generation CTs have a 
5-mm resolution and fail to detect one-third of cases of PE, 

especially in the subsegmental pulmonary arteries. Third 
generation CTs are better as they have 1-mm resolution and 
are more sensitive. Occasionally, a combination of CT arte-
riography and CT venography is used to increased sensitiv-
ity from 83 to 90% (compared to CT arteriography alone).

Plasma D-dimer

D-dimer is a cross-linked degradation product that is elevated 
in almost all patients with PE, as this test has a low predic-
tive value and specificity, all patients with a positive test re-
quire further assessment. Normal levels have a high negative 
predictive value for PE, regardless of clinical probability; a 
negative test when combined with a low pretest probability 
can exclude almost all PEs. Incorporating D-dimer enzyme 
linked immunosorbent assay (ELISA) into the diagnostic 
algorithm allows for fewer chest CT scans, improved diag-
nostic efficiency, and reduced cost. When the pretest prob-
ability is high (e.g cancer patients), a negative D-dimer test 
has no utility because it does not have adequate negative 
predictive value for excluding the presence of a PE. 

RISK STRATIFICATION

Pulmonary embolism has a wide clinical presentation, from 
asymptomatic small PE to life-threatening major PE with 
hypotension and cardiogenic shock. Right ventricular dys-
function is a marker of high risk and increased major adverse 
clinical events. Right heart failure is suggested by: 

•  Clinical evaluation—Jugular venous distention, tri-
cuspid regurgitation murmur, and accentuated pul-
monic heart sound suggesting elevated right atrial and 
pulmonary arterial pressures. 

•  Electrocardiogram—Classic changes are S1Q3T3; in 
addition, T wave inversion can be seen in lead V1-V4 
and new incomplete/complete right bundle branch 
block suggest right ventricular strain. 

•  Chest CT—Right ventricular enlargement can be 
seen relative to left ventricular size.

•  Echocardiogram—Useful in acutely ill patients; it 
can demonstrate degree of right ventricular dysfunc-
tion, calculate an estimated systolic PAP, and show 
impaired left ventricular filling with leftward dis-
placement of the interventricular septum suggestive 
of right ventricular pressure and volume overload. It 
could also show a free-floating right heart thrombus, 
and it can assist evaluation of the differential diag-
nosis (includes pericardial effusion with tamponade, 
aortic dissection and acute myocardial infarction with 
left ventricular dysfunction).

•  Biomarkers—most recent development in prognostica-
tion:
°  Troponin elevation—indicates high right ventric-

ular end diastolic pressure and impaired subendo-
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cardial perfusion due to limited coronary oxygen 
supply, which leads to microinfarction

°  High B-type natriuretic peptides. 

PROGNOSIS

•  Most patients survive; there is a 3-month mortality 
rate 15-18%. 

•  Patient shock at presentation increases mortality by a 
factor of 3 to 7 in the first hour after presentation.

•  Long term sequelae:
°  Post thrombotic syndrome (chronic leg pain and 

edema) 
°  Chronic thromboembolic pulmonary hypertension.

TREATMENT

•  DVT: Bed rest is not recommended, unless there is sig-
nificant pain and swelling. Benefit of patient use of low 
molecular weight heparin (LMQH) is well established.

•  PE: Inpatient therapy with initial bed rest for 24-48 
hours. Require inpatient anticoagulation until achieving 
stable warfarin therapy during index episode. Treatment 
of massive PE with hemodynamic instability includes:
°   Hypotension: treatment with saline infusion and 

vasopressor therapy (dopamine)
°   Inotropic agents: there is not enough information 

regarding benefit
°   Oxygen supplementation, intubation, and me-

chanical ventilation (supportive care)
°   Anticoagulation/thrombolytics: decreases the 

thromboembolic burden.

Anticoagulation

•  Unfractionated heparin (UFH): 
°   Bolus 80 U/kg, followed by infusion of 18 U/kg
°   Target-activated partial thromboplastin time is 

60-80 seconds
°   Rapid reversible effect after discontinuation, par-

ticularly important when thrombolysis or embolec-
tomy is required. 

• Low molecular weight heparin (LMWH):
°  As efficient as UFH
°  Advantages over the UFH include:

Greater bioavailability –
More predictable dosing –
 Subcutaneous delivery, usually without the need  –
for monitoring
 Lower risk of heparin induced thrombocytope- –
nia.

°  Activated factor X (antifactor Xa) may need to be 
monitored in patients who are:

Morbidly obese (weight  – >150 kg )

Very small (weight  – <40 kg)
Pregnant –
 Have renal insufficiency or rapidly changing  –
renal function.

°  Long-term use, without oral anticoagulation is in-
dicated for: 

 Cancer patients to reduce the risk of recurrent  –
DVT or PE 
Intolerance to warfarin –
 Unable to maintain therapeutic levels with war- –
farin.

• Direct thrombin inhibitors: argatroban and lepiru-
din 
°  For patients with heparin-induced thrombocy-

topenia
°  Lepirudin—excreted by the kidneys and not indi-

cated if severe renal insufficiency is present
°  Argatroban—metabolized in the liver and not in-

dicated if severe liver failure
• Pentasaccharide fondaparinux

°  Not used if severe renal insufficiency is present 
(creatinine clearance <30mL/min) because of 
renal excretion and prolonged half-life. 

Inferior Vena Cava Filters

Inferior vena cava filters are placed percutaneously and 
could be used for short periods of time (i.e., as retrievable 
filters). They do not halt the thrombotic process and could 
serve as nidus for recurrent venous thromboembolism and 
increase in DVT. The California database showed that use 
of this filter increased by 2.6-fold the likelihood of rehospi-
talization for venous thrombosis within 1 year of filter place-
ment. However, their placement does not increase overall 
survival. The current indications are:

• Absolute contraindication to anticoagulation
• Recurrent PE despite extended and therapeutic level 

anticoagulation
• Massive pulmonary embolism, especially if throm-

bolytic therapy is contraindicated—not based on firm 
trial data.

Thrombolysis

Recombinant tissue plasminogen activator (rtPA) is the 
only FDA approved thrombolytic for treatment of PE. It is 
administered as a 100-mg continuous infusion over 2 hours 
without concomitant heparin (heparin is withheld because 
reocclusion does not seem to be a clinical problem during 
administration of thrombolysis). Indications for the use of 
rtPA are:

• Massive PE with cardiogenic shock
• Massive PE with systemic hypotension without 

shock.
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A controversial use of rtPA in PE, is when there is preserved 
systemic arterial pressure with moderate to severe right ven-
tricular dysfunction. Other possible uses of rtPA, for which 
there are inadequate data, are: 

°  Elevated troponin level in normotensive patients
°  Severely compromised oxygenation or a massive 

embolic burden by imaging studies
°  Extensive venous thrombosis with nonmassive em-

bolism.

Due to paucity of clinical trials, guidelines for the use of 
rtPA in pulmonary embolism are far less precise than those 
which exist for acute myocardial infarction. In 1993, a 
multicentered United States trial of randomized 101 pa-
tients, hemodynamically stable, to rtPA followed by hepa-
rin versus heparin alone. The rtPA group had no clinical 
episodes of recurrent PE; right ventricular wall motion 
improved, with decrease in right ventricular end diastolic 
area, in more than twice as many in the group treated with 
rtPA plus heparin compared with heparin-alone patients. 
Of note, the rapid reversal of right ventricular dysfunction 
points to a mechanism that explains potential reduction 
in mortality from PE using this treatment. In the hepa-
rin-alone group, there were 5 clinical recurrences of PE 
and 2 fatalities in the following 14 days (P = 0.06, com-
pared with clinical outcomes for rtPA). The Management 
strategies and Prognosis of Pulmonary Embolism-3 Trial 
(MAPPET 3) was a double blind trial of 256 PE patients, 
with right ventricular dysfunction but without hypoten-
sion or shock, that randomized patients to rtPA plus hepa-
rin versus heparin alone. The primary endpoint was death 
or escalation of therapy (need for catecholamine infusion, 
open-label thrombolysis, endotracheal intubation, cardio-
pulmonary resuscitation, emergency thrombectomy). The 
primary endpoint occurred in 10% of patients treated with 
rtPA plus heparin compared with 25% of patients treated 
with heparin alone (P = 0.006). No intracranial hemor-
rhage occurred. In a registry of 2454 patients with PE, 
302 received thrombolysis; 3.0% of these had intracranial 
bleed. Few long-term follow-up studies are available. A 
small study showed preservation of normal hemodynamic 
response to exercise in patients who received lysis on av-
erage 7 years earlier, whereas those who received hepa-
rin alone developed a pulmonary arterial hypertensive 
response.

The potential complications of rtPA use include: intracra-
nial bleed, retroperitoneal bleed, gastrointestinal bleed, or 
bleed from surgical wounds (all attributed to the accompa-
nying heparin therapy). The use of rtPA is contraindicated 
in patients with:

• Intracranial, spinal, ocular surgery or disease
• Recent surgery or invasive procedure

• Active or recent major bleed or any clinical high risk 
of bleeding

• Pregnancy.

Embolectomy

Embolectomy is indicated for patients with contraindica-
tions to thrombolysis. There are two types:

• Catheter-based—
°  Clot fragmentation
°  Thrombectomy using a high velocity saline solu-

tion jet to create a strong Venturi effect
°  Clot aspiration with a large syringe 
°  Local thrombolytic therapy.

• Surgical embolectomy: 
°  This required around the clock availability of inter-

disciplinary team dedicated to identifying, screen-
ing, and operating on these patients.

°  It allows for early identification of patients at risk 
for hemodynamic deterioration: preserved systemic 
arterial pressure, with profound right ventricular 
dysfunction

°  Technical innovations have improved survival 
after the surgical embolectomy: avoid aortic cross-
clamping, operating on a warm beating heart to 
prevent cold injury, avoid blind instrumentation 
of the pulmonary arteries (89% survival rate in 29 
operations performed in a 2-year time period at 
Brigham and Women’s Hospital).

Initiation and Monitoring 
of Oral Anticoagulation

Warfarin
Warfarin is the only anti-vitamin K agent used for oral an-
ticoagulation in the U.S. It is administered after initiation 
of UFH, LMWH, or fondaparinux, which are continued 
for 5 or more days until a stable dose of warfarin has been 
achieved. The dose is titrated to a therapeutic international 
normalized ratio (INR) of 2.0-3.0; monitoring and dosing of 
warfarin is best done by multidisciplinary nurse–pharmacist–
physician anticoagulation service. Some patients are ex-
tremely sensitive to small doses of warfarin due to genetic 
mutation that causes slow metabolism of the S-enantiomer 
of warfarin. 

High INR should be managed by withholding warfarin and 
administering oral vitamin K. Critically prolonged INRs are 
reversed by human recombinant factor VIIa concentrate. 
INR is used for monitoring anticoagulation intensity; how-
ever, it is important to know that even patients with similar 
INRs show wide individual variability in their tissue factor 
coagulation response.
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Novel Anticoagulants
Among the novel anticoagulants is anti-Xa agent fonda-
parinux, which is a synthetic pentasaccharide. When it is ad-
ministered 7.5 mg SC once daily, it as effective as intravenous 
heparin. The FDA has approved fondaparinux for prophy-
laxis in patients undergoing total hip or knee replacement or 
hip fracture surgery in the amount of 2.5 mg SC once daily.  

Other novel agents include the oral direct thrombin in-
hibitor, dabigatran; the oral antifactor Xa drugs rivaroxa-
ban and apixaban, which are in phase 3 trial; biotinylated 
idraparinux, a reversible parenteral antifactor Xa inhibitor 
requiring dosing once a week; and aptamers, which are re-
versible antagonists of coagulation factors.

Another approach is that of combining optimal anticoagu-
lant therapy with an antiplatelet regimen. There is experi-
mental and clinical evidence that antiplatelet agents can 
attenuate pulmonary vasoconstriction, bronchospasm, and 
hypoxemia associated with PE. 

Optimal Duration and Intensity 
of Oral Anticoagulation
The rate of recurrent PE after discontinuation of anticoagu-
lation is twice as high in patients with idiopathic PE com-
pared with PE due temporary risk factors such as surgery. Six 
months of anticoagulation for both idiopathic and nonid-
iopathic venous thromboembolism is the standard of treat-
ment to reduce recurrences after discontinuation of therapy. 
This approach has decreased the rate of recurrence from 18 
to 9.5%  2 years after cessation of anticoagulation. Longer 
anticoagulation regimen is required in patients with recur-
rent PE or idiopathic PE and DVT. 

In a Canadian study, 2 years of warfarin was more effective 
than 3 months of therapy to prevent recurrences in patients 
with idiopathic PE and DVT. An Italian study showed that 
the clinical benefit associated with extending the duration 
of anticoagulation to 1 year is not maintained after warfarin 
is discontinued. A subsequent Canadian trial showed that 
prolonged duration of therapy with warfarin with a target 
INR 2.0-3.0 is more effective, and no less safe, than a low 
intensity warfarin therapy with a target INR 1.5-1.9. The 
PREVENT trial tested low intensity warfarin (target INR 
1.5-2.0) versus a placebo in 508 patients with idiopathic 
PE or DVT who had previously completed an average of 
6 months of standard anticoagulation. Patients assigned to 
low intensity warfarin required routine blood testing only 
once every 2 months. Warfarin reduced by two-thirds the 
frequency of recurrent events in all subgroups, including 
factor V Leiden or prothrombin gene mutation.

The current recommendations for oral anticoagulation 
therapy are:

• A fixed course of 6 months of anticoagulation for pa-
tients with PE secondary to surgery or trauma

• More extended therapy/indefinite-duration therapy 
for patients with:
°  Idiopathic PE
°  Persistent significant risk factors 
°  In cases where previous episodes of venous throm-

boembolism have been documented. D-dimer level 
may guide the decision about the duration of ther-
apy; persistent high levels may be associated with 
increased recurrence rate.

PREVENTION

The risk for thromboembolism in hospitalized patients is 
high and more than 50% of patients will develop PE or DVT 
after hip or knee surgery. The risk also increases with a previ-
ous history of trauma and spinal cord injury. Overall, 15% of 
hospitalized medical patients developed thromboembolism. 
The most common ways of prophylaxis of DVT and PE are 
mechanical prophylaxis and anticoagulation (heparin, low 
molecular weight heparin, fondaparinux, warfarin). 

Mechanical measures are less effective than anticoagulation 
prophylaxis, but they do not carry bleeding risks. These are:

• Graduated compression stockings
• Intermittent pneumatic compression devices that stim-

ulate endogenous fibrinolytic activity and direct physi-
cal stimulation of increased venous blood flow

• Placement of a temporary or permanent inferior vena 
caval filter in selected patients with trauma.

High risk patients need a combination of mechanical and phar-
macological measures. The pharmacological options include: 

• Unfractionated heparin
• Low molecular weight heparin
• Fondaparinux 
• Warfarin.

Perioperative prophylaxis is a widely accepted approach to 
prevention of pulmonary embolism. It is important to rec-
ognize that most postoperative PEs occur after hospital dis-
charge, due to short hospitalization times. For a patient that 
undergoes abdominal and pelvic cancer surgery, 4 weeks of 
enoxaparin prophylaxis was safe and reduced by more than 
half, the frequency of thromboembolic events compared 
with enoxaparin prophylaxis for 1 week.

For those who had hip or Knee replacement, a meta-analysis 
of randomized trials indicated that prophylaxis for 30-42 
days reduced the frequency of symptomatic venous throm-
boembolism by two-thirds without increase in major bleed-
ing complications.
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Hospitalized medical patients, especially patients with 
stroke and congestive heart failure, are at particular high 
risk. In double blind study of 1102 patients, 40 mg of enox-
aparin once daily reduced the frequency of DVT by two-
thirds without an increase in major bleeding. Similar results 
were noted in more than 3000 patients with a fixed dose of 
dalteparin, at 5000 units daily. All hospitals should develop 
protocols for routine prophylaxis of patients at moderate 
and high risk of venous thromboembolism.

PREGNANCY AND ACUTE PE 

The risk of thromboembolism is increased in women dur-
ing pregnancy and in the postpartum period. Risk of first 
episode of DVT is 5 times higher in postpartum than preg-
nancy. Risk of PE is 15 times higher in postpartum than 
pregnancy.

For women on hormonal therapy use, low dose oral con-
traceptives increase risk of thromboembolism by a factor 
of 2-5. Hormonal replacement increases the risk of throm-
boembolism by a factor of 2-4.

The diagnosis for DVT and/or PE is the same in pregnant and 
nonpregnant patients, and, if necessary, imaging should be 
used. The treatment for DVT and PE is similar in the acute 
stage and includes: parenteral anticoagulation, inferior vena 
cava filter, embolectomy or thrombolytic therapy. Long-term 
anticoagulation is different in pregnant patients and the rec-
ommendation is to use LMWH, since warfarin is teratogenic.

Suggested Readings

 1. Piazza G, Goldhaber SZ. Acute pulmonary embolism: part I: 
epidemiology and diagnosis. Circulation. 2006;114:e28–e32. 

 2. Piazza G, Goldhaber SZ. Acute pulmonary embolism: part II: 
treatment and prophylaxis. Circulation. 2006;114:e42–e47.
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Cardiopulmonary Stress Testing
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NATURE OF TEST AND 
GENERAL DEFINITIONS

Cardiopulmonary stress testing (CPET) involves the addi-
tion of expired gas analysis and determination of ventilation 
to standard exercise testing in patients with cardiopulmonary 

• Peak VO2 < 14 mL/kg/min is used in most cen-
ters as the cutoff for eligibility criteria for cardiac 
transplant. Any value of peak VO2 less than 85% 
predicted is considered abnormal.

• The VO2 at the ventilatory threshold has been re-
ported to be a better predictor of high risk for early 
mortality when compared to peak VO2. Patients with 
a VO2 < 11 mL/kg/min at the ventilatory threshold 
had a fivefold increased risk of early death. 

• The breathing reserve is the most useful mea-
surement to determine the cause of dyspnea. 
A low breathing reserve (<20%) suggests a pul-
monary cause for the dyspnea.

• If the RER value is less than 1.10, and especially 
<1.0, the exercise effort is probably submaximal 
and the peak VO2 would be falsely low.

• A high VE/VCO2 slope is associated with reduced 
cardiac output, increased wedge pressures, and 
worse survival. Patients with a VE/VCO2 slope 
>34 have worse prognosis.

• Would reverse order of comments about Peak 
VO2. Thus, would start with “Any value of peak 
VO2 less than 85% predicted is considered abnor-
mal.” Then would follow with the statement: Peak 
VO2 < 14 ml/kg/min is used in most centers as 
the cutoff for eligibility for cardiac transplant.”

d PRACTICAL POINTS
diseases. Cardiologists have become knowledgeable in the 
area of gas exchange during exercise, as these measurements 
provide important functional and prognostic information on 
patients with heart failure and other cardiovascular diseases. 
The information obtained from CPET has also been useful in 
tracking responses to various forms of therapeutic interven-
tions, including pharmacologic therapy, pacemakers, surgical 
procedures, and exercise training and rehabilitation.

Functional Capacity

Most exercise testing performed in the United States in-
volves the use of graded treadmill exercise; the speed and 
grade of the treadmill have been used to estimate functional 
capacity in metabolic equivalents (or METs, not to be con-
fused with MetS, the metabolic syndrome). The unit MET is 
defined as resting oxygen consumption (VO2) of 3.5 mL/kg/
min. Physical activity is then quantified by multiples of this 
resting O2 consumption, which approximates the caloric ex-
penditure of that activity. However, the validity and repro-
ducibility of these estimations, when compared to directly 
measured VO2 by gas exchange methods, have been shown 
to be suboptimal. Various factors influencing the relation-
ship between measured and estimated VO2 include habitua-
tion or training effect, fitness level, the presence of cardiac 
disease, handrail holding on the treadmill, and the nature 
of the exercise protocol. Thus, there are major limitations 
in predicting an accurate and reproducible measurement of 
functional capacity based on exercise duration or workload 
using standard clinical exercise testing and sophisticated 
measurements that rely on expired gas analysis for measuring 
VO2 and other respiratory variables are frequently used in 
the management of patients with cardiovascular diseases.

Physiology of Exercise: The Interdependence 
of Circulatory, Respiratory and Skeletal 
Muscle Function on Exercise Capacity 

The utilization of oxygen from inspired air and the elimina-
tion of carbon dioxide (CO2) from cellular respiration and 
buffering action is influenced by the activity of the heart 
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and peripheral circulation, ventilation and gas exchange in 
the lungs, and the utilization of oxygen and elimination of 
CO2 in exercising muscle. The cardiovascular system plays a 
major role in this process as it determines the flow compo-
nent of delivery and elimination of these internal gases. But 
how does the measurement of expired gases and ventilation 
relate to cardiovascular function? The important link is the 
Fick equation, where cardiac output (L/min) is determined by 
O2 consumption (VO2, ml/min) divided by arteriovenous O2 

content difference. Rearranging this equation shows that

VO2 = cardiac output × arteriovenous O2 
 content difference.

VO2 during exercise is directly related to blood flow or car-
diac output and the ability of the peripheral tissues to extract 
O2. In most subjects, VO2 during exercise is primarily related 
to cardiac output, since stroke volume and heart rate (the 
components of cardiac output) increase with progressive ex-
ercise, while peripheral O2 extraction occurs to a similar de-
gree in most patients at peak exercise. Thus, VO2, measured 
at the mouth, is a surrogate for cardiac output changes during 
exercise, and it becomes a useful measurement in the evalu-
ation of patients with cardiovascular disease. Cardiac output 
closely matches ventilation in the lung in order to deliver O2 

to working skeletal muscle during exercise. Minute ventilation 
(VE) is the total volume, in liters, of gas exhaled from the lungs 
per minute. VE increases with exercise as a result of increased 
blood flow to the lung, activation of the carotid bodies, and 
activation of ergoreceptors in the exercising skeletal muscle. 
Ventilation tracks changes in VO2 during exercise; with the 
development of excessive lactate production at higher levels 
of exercise, ventilation increases out of proportion to VO2, 
but still tracks VCO2 up to near-maximal exercise, when a 
further increase due to the development of metabolic acidosis 
occurs. However, patients with cardiopulmonary diseases have 
alterations in cardiac output, ventilation-perfusion mismatch 
in the lung, abnormal cardiopulmonary receptor function, 
abnormal skeletal muscle function, and heightened sympa-
thetic activity. All of these can lead to excessive ventilation 
during both submaximal and maximal exercise. Therefore, 
changes in ventilation—a primary respiratory variable—can 
be related to alterations in cardiovascular function, and re-
lationships between VE and both VO2 and VCO2 have been 
shown to have diagnostic and prognostic value in patients 
with cardiovascular disease, especially heart failure.

MECHANICS OF CARDIOPULMONARY 
STRESS TESTING (CPET)

Conduct of the Test: Device and Protocol

The basic aspects of CPET incorporate similar principles 
related to standard cardiac stress testing with appropriate 

screening, ECG monitoring, and assessment of heart rate, 
blood pressure, and symptoms during the test. Pulse oximetry 
is often used to evaluate hypoxemia as a potential cause of 
excessive ventilation and dyspnea during exercise in patients 
with cardiovascular disease. Most tests are performed with a 
treadmill. If a cycle ergometer is used, the peak exercise VO2 

is usually about 10-20% lower than on a treadmill, despite 
a similar peak heart rate, as the patients do not have to sup-
port their weight and less muscle mass is recruited during 
this exercise. Ramp testing, with a gradual and continuous 
increase in workload, is the preferred protocol for the cycle 
ergometer. The usual ramp is 10 watts per minute in patients 
limited by cardiovascular disease. If the treadmill is used, 
a more gradual protocol such as the modified Naughton is 
preferred for functionally limited patients. Ramp protocols 
are available for the treadmill but they are more difficult 
to program and use in standard clinical practice. For most 
patients the total exercise duration should be between 8 and 
12 minutes for an adequate but not prolonged test. 

Instrumentation

There are three basic measurements obtained during CPET: 
minute ventilation, which is the product of tidal volume and 
respiratory frequency; the fraction of O2 in expired air; and the 
fraction of CO2 in expired air. The “true O2” is the difference 
between inspired fractional inspired oxygen concentration 
(FiO2) and fractional expired oxygen concentration (FeO2). 
With most automated systems, it is difficult to accurately 
measure the FiO2 during a test; therefore, a CPET is usually 
not performed on a patient using supplemental oxygen. The 
FiCO2 is assumed to be 0% under most conditions. The O2 

concentration is measured with a gas analyzer that is either 
an electrochemical or paramagnetic system. CO2 concen-
tration is usually measured with an infrared analyzer. Prior 
to testing, these analyzers require calibration with room air 
and special mixtures of gases with different concentrations 
of O2 and CO2. Ventilation is usually measured with expired 
air by means of a pneumotachometer, turbine, or anemom-
eter, with the pneumotachometer being the most commonly 
used device. Sampling at rest and during exercise is obtained 
at the mouth and most automated systems have breath-by-
breath capability. The patient uses a mouthpiece and nose 
clip to insure a closed system. A one-way valve allows room 
air to enter the system during inspiration and closes dur-
ing expiration, thereby allowing sampling of expired air for 
gas exchange and ventilation. Small sample intervals have 
resulted in excessive variability in the measurements, thus 
an average of data at 20- to 30-second intervals have been 
found to give optimal results. 

Reproducibility and Variability

Serial CPET studies have been performed in both coro-
nary artery disease and chronic heart failure patients to 
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determine reproducibility and variability of peak exercise 
VO2. There was minimal variation between three tests 
performed over a short period of time in both groups. 
Thus, the reproducibility with CPET is far superior to the 
“training effect” observed with exercise duration during 
non-CPET exercise testing for determination of func-
tional capacity. 

Potential Limitations

Cardiopulmonary stress testing requires a skilled staff that 
possesses a high degree of knowledge in the setup and oper-
ation of the automated expired gas analyzer system, as well 
as knowledge of the various respiratory variables obtained 
during testing. In addition, a patient must be encouraged 
to give his or her best effort so that an accurate assessment 
of maximal function capacity (peak VO2) may be obtained. 
Many patients require some familiarization with the equip-
ment before the test. This can often be accomplished dur-
ing the collection of resting data in most patients. Finally, 
these tests require more time than a routine stress test 
and there is increased cost associated with the expired gas 
analyzer.

INFORMATION OBTAINED FROM 
GAS EXCHANGE DURING EXERCISE

Important Physiologic Variables

There are a number of measured and derived physiologic 
variables from CPET that have been shown to have physi-
ologic, diagnostic, and prognostic value in patients with car-
diovascular diseases (Table 19-1). 

Maximal (Peak) VO2
Maximal VO2 was the classic parameter for describing ex-
ercise capacity, and the value achieved depends on age, 
gender, degree of fitness, genetic influences, altitude, 
medication, and presence of cardiovascular disease. VO2 

is directly related to both cardiac output and peripheral 
O2 extraction by the Fick equation, but in most situations 
it is more a reflection of cardiac output than peripheral 
factors. The original definition of VO2 max required that 
there was no further increase in VO2 (150 mL/min or 2.1 
mL/Kg/min) despite an increase in workload at high in-
tensity exercise. However, this criterion was established 
with interrupted exercise protocols and a plateau in VO2 
has been demonstrated to be less common with graded 
exercise protocols. In addition, most patients are unable 
to maintain high intensity exercise of sufficient duration 
for a plateau to occur. Thus, this term has been replaced 
by peak VO2 in most clinical situations, which refers to 
the highest attained VO2 during the last 30 seconds of 
exercise. 

An example of the behavior of VO2 during exercise and 
recovery is demonstrated in Figure 19-1(A). It is usually 
expressed relative to body weight as mL/kg/min. However, 
absolute VO2, expressed in mL/min, is more representa-
tive of actual work performed than VO2 and is directly 
related to cardiac output and arteriovenous O2 content dif-
ference in the Fick equation. In very obese patients, the 
weight-corrected peak VO2 may be misleading, as adipose 
tissue usually doesn’t contribute to O2 consumption during 
exercise. Several studies have reported peak VO2 adjusted 
for lean body mass, as determined by body fat analysis, as a 
more accurate descriptor of exercise capacity, with potential 
clinical applicability for prognosis in heart failure patients. 
Peak VO2 declines by 8-10% per decade of age in unfit and 
5% in fit subjects. Peak VO2 is about 10% higher in men 
than in women. Thus, age and gender are important factors 
in peak VO2 evaluation in a clinical setting. Several formu-
las have been developed, based on age, gender, weight, and 

Table 19-1 • Measured and Derived Variables 
from CPET

Maximal oxygen uptake (VO2)
Highest attainable VO2 with no further increase despite 
increase in workload (expressed as mL/kg/min or mL/min)

Peak oxygen uptake (peak VO2)
Highest attainable VO2 in last 20-30 sec of exercise 
(mL/kg/min)

Respiratory exchange ratio (RER)
Ratio of VCO2/VO2; indicator of intensity of exercise at peak 

Oxygen pulse
Amount of oxygen consumed per volume of blood delivered 
to by each heartbeat; surrogate of stroke volume (expressed 
as mL O2/beat)

Circulatory power
Peak VO2 × Systolic BP; surrogate of cardiac power; nonin-
vasive estimate of cardiac work at peak exercise; (expressed 
as mm Hg . mLO2/kg/min

Ventilatory threshold
VO2 at which there is a nonlinear increase in ventilation with 
progressive workloads; indicates imbalance between lactate 
production and removal; (expressed as mL/kg/min; %
peak VO2)

VE/VCO2 slope
Indicator of ventilatory efficiency for removal of CO2; reflects, 
respiratory control and determines excess ventilation; mea-
sured during submaximal exercise (expressed as integer 
for ratio)

Oxygen uptake efficiency slope
OUES; ventilatory equivalent for VO2; logarithmic relation-
ship between ventilation and VO2; integrates cardiac and 
respiratory function during submaximal exercise (expressed 
as integer)

Breathing reserve
Reserve capacity of the respiratory system at peak exercise; 
(1 - peak VE - MVV) (expressed in percent); normal >30%
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height, for helping researchers obtain a normal predicted value 
of peak VO2 in a given population (Table 19-2). Usually, 
peak VO2 is considered to be abnormal if it is less than 85% 
of the predicted normal value.

Respiratory Exchange Ratio (RER)
Respiratory exchange ratio is the ratio of VCO2 to VO2, and 
at peak exercise it serves as an indicator of exercise intensity. 
Usually, the RER at peak exercise is 1.20 ± 0.1; however, 
there is no actual value that indicates maximal exercise. At 
rest, the RER is usually 0.70 to 0.85. Higher values can be 

related to hyperventilation or decompensated heart failure. 
A very low value of <0.50 may indicate a problem with 
calibration of one of the gas analyzers used in a particular 
case. Early during exercise, the RER often decreases below 
the resting value and then gradually increases during incre-
mental exercise (Figure 19-1(B)). The RER exceeds 1.0 
when ventilation and thus VCO2 exceeds VO2 at a given 
workload, and it reflects buffering of lactate at higher inten-
sity exercise. In the recovery period after exercise, the RER 
often rises further due to continued respiratory removal of 
CO2, especially after vigorous, high intensity exercise.
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Figure 19-1. (A) Response of VO2 over time during exercise and in recovery in a patient with left ventricular systolic dysfunction. Note 
the absence of a plateau in VO2 at peak exercise. (B) Response of minute ventilation (VE) and respiratory exchange ratio (RER) during 
exercise and in recovery in the same patient.

Table 19-2 • Normal Values for Peak Oxygen Uptake and Ventilatory Parameters during CPET

Peak VO2 Normal values (regression equations)

Treadmill: Bruce protocol1 Male:
Female:

58.33 – 0.457 × age
41.3 – 0.333 × age

Treadmill: average body wt2 Male:
Female:

wt × (56.36 – 0.413 × age)
wt × (44.37 – 0.413 × age)

Treadmill: overweight2 Male:
Female:

0.79(ht – 60.7)(56.36 – 0.413 × age)
0.79(ht – 68.7)(44.37 – 0.413 × age)

Cycle: average body wt2 Male:
Female:

wt × (50.72 – 0.372 × age)
(42 + wt)(22.78 – 0.17 × age)

Cycle: overweight2 Male:
Female:

[0.79 (ht – 60.7] × [50.72 – 0.372 × age]
[0.79 (ht – 68.2)] × [44.37 – 0.413 × age]

Ventilatory parameters

VO2 at ventilatory threshold3

VE/VCO2 slope4

40-80% peak VO2

26.3 + 4.1(SD)

OUES5 Male:
Female:

1320 – (26.7 × age) + (1394 × BSA)
1175 – (15.8 × age) + (841 × BSA)

Wt, weight in kg; Ht, height in cm; BSA, body surface area; SD, standard deviation.
1Hossack and Bruce, 1980, 1981
2Hansen and Wasserman, 1984, 2005
3Wasserman et al., 2005
4Chua et al., 1997
5Hollenburg et al., 2000
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Oxygen Pulse
Oxygen pulse is the ratio of VO2 to heart rate and is expressed 
as mL O2 /beat and not ml/min. It is derived from the Fick 
equation and is equal to the product of stroke volume with ar-
teriovenous O2 content difference. Arteriovenous O2 content 
difference as a reflection of peripheral O2 extraction is usually 
maximal and constant at peak exercise; therefore, oxygen 
pulse is a surrogate for stroke volume. Oxygen pulse will be 
lower in any condition with a reduced stroke volume or with a 
reduced arterial O2 content, such as hypoxemia or anemia.

Circulatory Power
Circulatory power is the product of peak VO2 and systolic 
blood pressure and is a noninvasive surrogate of cardiac 
power, which is the product of cardiac output and mean 
arterial pressure. Invasive hemodynamic exercise testing 
in heart failure patients has demonstrated enhanced prog-
nostic value with both left ventricular stroke work index 
[(mean arterial pressure – PWCP) × SVI × 0.0136] and 
cardiac power. (PWCP is pulmonary capillary wedge pres-
sure.) Thus circulatory power is being investigated in heart 
failure patients as an outcome with certain therapies and 
as a prognostic tool. It combines expired gas measurement 
with noninvasive hemodynamic information to enhance 
the determination of cardiac function during exercise.

Ventilatory Threshold
Ventilatory threshold is the highest attained VO2 during 
progressive exercise without a significant rise in blood lac-
tate concentration. This has also been described as the an-
aerobic threshold, although recent physiologic information 
indicates that the cell does not have to be under anaerobic 
conditions for this threshold to occur. At this threshold 
there is an increase in both VE (minute ventilation) and 
VCO2 (CO2 production) due to the need for buffering of 
hydrogen ion associated with an imbalance between lac-
tate production and removal. Thus, VCO2 and VE  increase 
out of proportion to VO2. Exercise performed significantly 
above this workload does not result in a physiologic steady 
state, and there are progressive increases in hemodynamic, 
metabolic, and sympathetic factors that lead to fatigue and 
cessation of exercise. 

The most consistent determination of the VO2 at the 
ventilatory threshold is the utilization for the V-slope 
method developed by Beaver, Wasserman, and Whipp 
(Figure 19-2(A)). VCO2 is plotted on the y-axis and VO2 

on the x-axis. The point where this relationship is no longer 
linear represents the threshold. An alternative method in-
volves the use of the ventilatory equivalents for VO2 and VCO2 
(VE/VO2; VE/VCO2). These ventilatory equivalents increase 
in parallel throughout exercise until the ventilatory thresh-
old, when VE/VO2 is increased with no change in VE/VCO2 

(Figure 19-2(B)). This represents excessive ventilation due 
to increased CO2 production and is no longer solely related to 

the rise in ventilation with progressive exercise. This method 
has more variability than the V-slope method and is often 
used as a secondary, confirmatory method. The software on 
most automated CPET equipment allows the determination 
of the ventilatory threshold without offline analysis. 

VE/VCO2 (Ventilatory Equivalent for CO2)
Ventilatory equivalent for CO2 is the relationship between 
minute ventilation and CO2 production by metabolically 
active tissues. In certain conditions, such as heart failure, 
this ratio is elevated, indicating excessive ventilation for a 
given amount of CO2. Factors such as chemoreceptor sen-
sitivity, ventilation-perfusion mismatch in the lung, sym-
pathetic activity, and acid-base status may affect this ratio. 
This ratio usually decreases from resting values at the begin-
ning of exercise and does not significantly change until near 
maximal exercise, when additional ventilation is required 
to compensate for metabolic acidosis (respiratory compen-
sation point). Th is termed the respiratory compensation point. 
The slope of the ventilatory equivalent for CO2 (VE/VCO2 
slope) can be determined from the onset of exercise to the 
respiratory compensation point. It is quite linear and has a 
high correlation coefficient. It is obtained by plotting the 
VE in L/min on the y-axis and VCO2  in mL/min on the 
x-axis (Figure 19-2(C)). This slope is increased in patients 
with heart failure and congenital heart disease and has been 
shown to have significant prognostic value in these patient 
groups. A reduction of less than 10% in the VE/VCO2 with 
early exercise has also been shown to be associated with 
poor functional capacity in heart failure patients. The ad-
vantage of this ventilatory parameter is the ability to obtain 
this information without requiring near-maximal exercise 
performance in patients with cardiovascular disease.

Oxygen Uptake Efficiency Slope (OEUS)
VE/VO2, the ventilatory equivalent for O2, represents the ven-
tilatory requirement for a given amount of VO2 or workload. 
It is a measure of ventilatory efficiency: a high value indi-
cates excessive ventilation. This relationship is nonlinear 
during exercise, since ventilation increases disproportion-
ately to VO2 at higher levels of work due to buffering of CO2. 
The determination of this slope does not require attaining 
near maximal exercise; however, there is a strong correla-
tion between OUES and peak VO2 in the determination of 
exercise capacity.

VO2 = a log10VE + b,

where a is the oxygen uptake efficiency slope (OUES). This 
can be plotted on a graph with VO2 in mL/min on the y-axis 
and log10VE on the x-axis (Figure 19-2(D)). This relation-
ship is affected by the ratio of dead space to tidal volume in 
the lung, metabolic CO2 production, and the arterial CO2 
set point. It has the advantage of not requiring maximal ex-
ercise; however, there is a strong correlation with peak VO2. 
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The OUES has been shown to have good diagnostic and 
prognostic value in several studies of heart failure patients. 
Currently, this measurement requires offline analysis on 
most automated CPET systems.

Breathing Reserve
Breathing reserve indicates the ventilatory reserve that re-
mains at peak exercise. It is determined by subtracting the 
minute ventilation at peak exercise from the maximal volun-
tary ventilation (MVV) determined on a resting pulmonary 
function test. Breathing reserve is determined as (1 – peak 
exercise VE – MVV). Normally the breathing reserve should 
be 20-30% as most patients only achieve 60-80% of their 
maximal voluntary ventilation during exercise and are lim-
ited primarily by cardiovascular factors. Since MVV is often 

not determined on routine pulmonary function tests, it can 
be approximated by FEV1 × 41.

Normal Values
In order to interpret the results of CPET, some reference 
to normal values in the population are required to de-
termine the magnitude of functional impairment. Most 
information is available on peak VO2. Age, gender, and 
the exercise testing device are most important in assess-
ing any variation from normal. The weight and height 
of a patient are also important, especially when there is 
a significant deviation from average anthromorphic fea-
tures. Table 19-2 contains the regression equations de-
rived from several exercise laboratories for prediction of 
peak VO2. The studies by Hossack and Bruce involved the 

0

250

500

750

1000

1250

1500

250 500 750 1000 1250
VO2 (mL/min)

V
C

O
2 

(m
L/

m
in

)

VO2 at ventilatory
threshold

A. Ventilatory threshold
V-slope method

30

35

40

45

50

55

0 2.5 5 7.5 10 12.5

VE/VCO2

VE/VO2

Exercise time (min)

V
en

til
at

or
y 

eq
ui

va
le

nt
s

B. Ventilatory threshold
Ventilatory equivalent method

Threshold

0

20

40

60

0 0.25 0.5 0.75 1 1.25 1.5

y = 40.992x + 0.984

VCO2 (L/min)

M
in

ut
e 

V
en

til
at

io
n 

(L
/m

in
)

C. VE/VCO2 slope

400

600

800

1000

1200

1 1.2 1.4 1.6 1.8

y = 1316.686x - 1095.384

log VE

V
O

2 
(m

L/
m

in
)

D. Oxygen uptake efficiency
slope (OUES)

Figure 19-2. (A) Determination of VO2 at the ventilatory threshold in a patient with LV systolic dysfunction using the V-slope method 
of Beaver, Wasserman, and Whipp. (B). Determination of the ventilatory threshold using the ventilatory equivalents of VO2 and VCO2

in the same patient with LV systolic dysfunction. The VO2 at the designated exercise time from the x-axis of this graph is the VO2 at the 
ventilatory threshold. (C) Determination of the VE/VCO2 slope using exercise data only in a patient with LV systolic dysfunction. In this 
patient there was no respiratory compensation point and all the exercise values of VCO2 and VE were used. The slope is 40.99 using the 
enclosed regression equation. (D) Determination of the oxygen uptake efficiency slope (OUES) in a patient with LV systolic dysfunc-
tion. All exercise data for VO2 and VE were used in this analysis. The slope is 1317 mL/min or 1.32 L/min.
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Bruce treadmill protocol, which is commonly used in cardiac 
testing laboratories. The other regression equations were 
derived by Hanson and Wasserman in normal and over-
weight men and women exercising on either a treadmill 
or cycle ergometer. Any value of peak VO2 less than 85% 
predicted is usually considered abnormal. Normal values 
for several ventilatory parameters are also included; how-
ever, there are fewer studies available in normal subjects 
for these measurements. 

INDICATIONS FOR CPET

American Heart Association/American 
College of Cardiology Guidelines

The 2002 AHA/ACC Guidelines further define the poten-
tial usefulness of CPET in the evaluation and treatment 
of patients with cardiovascular diseases (Table 19-3). 
These guidelines are based on available scientific evi-
dence and not just theoretical principles. In practical 
terms, the initial clinical workup of patients with many 
of the indications for CPET starts with routine diagnostic 

approaches—history, physical examination, radiologic 
studies, electrocardiograms, and echocardiograms. The 
use of CPET as a diagnostic tool is limited when unan-
swered questions remain in these areas. The ACC/AHA 
guidelines for CPET highlight the necessity of basic clini-
cal data.

CLINICAL APPLICATIONS

Evaluation of Dyspnea

Dyspnea on exertion is a common symptom with both car-
diac and respiratory diseases. Although resting studies of 
pulmonary and cardiac function are useful in determining 
the cause of exertional dyspnea, many patients have both 
cardiac and pulmonary disease. In these patients a determi-
nation of the major cause of dyspnea will define the more 
appropriate therapy to alleviate symptoms. In addition, 
factors such as obesity, deconditioning, anxiety, and ane-
mia can also cause exertional dyspnea with no evidence of 
underlying cardiopulmonary disease. Several measurements 
obtained during CPET can be useful in the evaluation of 
dyspnea occurring with either cardiac or pulmonary disease 
(Table 19-4).

Usually the peak VO2 is reduced by at least 15-20% with 
either disorder, although it is important to evaluate RER 
at peak exercise. If the RER value is <1.10, and especially 
<1.0, the exercise effort is probably submaximal and the 
peak VO2 would be falsely low. If the peak VO2 is normal, 
then other causes for exertional dyspnea, such as anxiety, 
obesity, or mild disease, may be present. In a very obese pa-
tient, the VO2 relative to body weight will be falsely low. In 
that case using either a regression formula for obese subjects 
or correcting the VO2 for lean body mass as determined by 
the three-site skinfold method, will ascertain whether peak 
exercise capacity is reduced. Measurement of the ventila-
tory threshold is also important in the determination of 
the cause of dyspnea, although the VO2 at the ventilatory 
threshold can be low (<40% peak VO2) with either dis-
order. If the ventilatory threshold is normal, the cause for 

Table 19-3 • ACC/AHA Guidelines Summary for 
Exercise Testing with Ventilatory Gas Analysis*

Strength of 
Indication Indications

Class I 
(Good evidence)

1.  Evaluation of exercise capacity and 
response to therapy in patients with 
heart failure who are being consid-
ered for heart transplantation

2.  Assistance in the differentiation of 
cardiac versus pulmonary limita-
tions as a cause of exercise-induced 
dyspnea or impaired exercise capac-
ity when the cause is uncertain

Class IIa (Weight of 
evidence/opinion
is in favor)

1.  Evaluation of exercise capacity when 
indicated for medical response in 
patients in whom the estimates of 
exercise capacity from exercise test 
time or work rate are unreliable

Class IIb (Efficacy 
less established)

1.  Evaluation of the patient’s response 
to specific therapeutic intervention 
in which improvement of exercise 
tolerance is an important goal or 
endpoint

2.  Determination of the intensity for 
exercise training as part of compre-
hensive cardiac rehabilitation

Class III (Not 
recommended)

1.  Routine use to evaluate exercise 
capacity

*From Gibbons RJ, Balady GJ, Bricker JT, et al. ACC/AHA 2002 Guideline Update 
for Exercise Testing.

Table 19-4 • Cardiac versus Respiratory Causes 
of Dyspnea: CPET Findings

Measurement Cardiac Respiratory

Peak VO2 low low

Ventilatory threshold low normal/low

Breathing reserve normal low

VE/VCO2 slope increased increased

OUES decreased decreased

Oxygen saturation normal decreased
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closely correlated to the cardiac output response, and this 
respiratory measurement became an important surrogate of 
cardiac responses during exercise in heart failure patients. 

CPET was used in the first two Veterans Administration 
Heart Failure Trials (V-HeFT), and patients with a peak 
VO2 < 14.5 mL/kg/min had twice the mortality of those 
with greater values. The prognostic value of CPET became 
clear with Mancini’s 1991 study of 114 patients referred for 
cardiac transplantation. Patients with a peak VO2 < 14 mL/
kg/min had a poorer survival rate. With multivariate analy-
sis, peak VO2 was an independent predictor of outcome, and 
the authors suggested that this exercise measurement could 
be used to decide which patients were too well for trans-
plant. This study subsequently led to the widespread use of 
CPET in heart failure centers, with many centers using a 
peak VO2 < 14 mL/kg/min as one of the eligibility crite-
ria for cardiac transplant. In addition, peak VO2 has been 
used in combination with the variables of coronary disease, 
resting heart rate, left ventricular ejection fraction (LVEF), 
mean arterial pressure, QRS widening, and serum sodium as 
part of a heart failure survival score to determine prognosis 
in patients with severe HF. 

Additional studies have confirmed the value of peak VO2 

in determining prognosis in patients with heart failure 
secondary to LV systolic dysfunction. However, an abso-
lute value of peak VO2 in determining prognosis has been 
found to have several limitations. Clearly a near maximal 
effort is required to obtain a valid determination. Peak 
VO2 is also influenced by gender and may be falsely low in 
obese patients. Peak VO2 has been corrected for lean body 
mass (LBM) in obese patients and a value of <19 mL/kg/
min LBM has been shown to be a prognostic threshold. 
In a study of 594 patients with advanced heart failure, fe-
male patients had a lower peak VO2, but a higher one-year 
transplant-free survival (94 vs. 81%). Since gender, age, 
body composition, and degree of physical conditioning of 
patients can affect peak VO2, equations for determining the 
predicted peak VO2 based on these parameters have been 
reported (Table 19-2). Using these prediction tools, the 
percent achieved of predicted peak VO2 has been proposed 

dyspnea is more likely to be pulmonary or a noncardiopul-
monary condition. Those patients who are unable to attain 
a measurable ventilatory threshold usually have a noncar-
diac cause for their dyspnea. 

The breathing reserve is the most useful measurement for 
determining the cause of dyspnea. A low breathing reserve 
(<20%) suggests a pulmonary cause for the dyspnea. In pa-
tients with a low ventilatory threshold and a low breath-
ing reserve, often both cardiac and pulmonary causes are 
present. Patients with a primary cardiac cause for dyspnea, 
or those with noncardiopulmonary causes, usually have a 
normal breathing reserve. Finally, the determination of ar-
terial oxygen saturation by pulse oximetry during exercise 
provides important information adjunctive to the expired 
gas analysis results. Most patients with cardiac disease do 
not develop oxygen desaturation with exercise, except 
with decompensated heart failure or an intracardiac right 
to left shunt. Even patients with advanced heart failure 
secondary to severe LV systolic dysfunction usually do not 
develop oxygen desaturation during exercise unless they 
are significantly volume overloaded. Arterial oxygen de-
saturation during exercise in a stable heart failure patient 
taking amiodarone should prompt an evaluation for drug 
toxicity. 

Chronic Heart Failure

Patients with heart failure clearly have limitations in their 
exercise capacity, with exertional dyspnea and fatigue being 
prominent symptoms. Resting measurements of cardiac 
systolic dysfunction are not predictive of exercise capacity. 
Weber’s 1982 landmark study demonstrated that patients 
with greater functional limitations had lower cardiac out-
puts, lower stroke volumes, and higher wedge pressures. VO2 
max was used to stratify patients into four functional classes 
and the response of VO2 correlated closely with alterations 
in cardiac output and filling pressures. Most of the change in 
peak VO2 could be explained by changes in cardiac output 
with good separation of the four functional groups by the car-
diac output response to exercise (Table 19-5). Thus, by ap-
plication of the Fick principle, VO2 measured during exercise 

Table 19-5 • Weber Functional Classification of Heart Failure by CPET Parameters

Severity Class Peak VO2 VO2 at Vt Peak Cardiac Index

None to mild A >20 >14 >8

Mild to moderate B 16–20 11–14 6–8

Moderate to severe C 10–16 8–11 4–6

Severe D <10 5–8 2–4

Very severe E <6 <4 <2

VO2 in mL/kg/min; cardiac index in L/min/m2

Data derived from Weber and Janicki, 1986.
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as an alternative index to equate the effect of these factors 
on the value of peak VO2. In a retrospective study of 181 
patients with advanced heart failure a peak VO2 ≤ 50% 
predicted VO2 max had a lower 1-year and 2-year survival 
rate compared to patients with >50% predicted peak VO2. 
Multivariate analysis suggested percent predicted peak VO2 
was the most significant predictor of cardiac death or status 
1 (urgent) transplant priority.

Noncardiac factors, such as patient motivation, muscle de-
conditioning, gait instability, and arthritis, can also reduce 
exercise capacity. Reduced peak VO2 in such patients may 
lead to the overestimation of severity of heart failure. In a 
study of 64 patients with severe heart failure severity, indi-
cating eligibility for cardiac transplant, CPET was combined 
with invasive hemodynamic exercise testing to determine 
the relationship between peak VO2 and peak exercise PWCP 
and cardiac output. Some patients with a low peak VO2 had 
a near-normal hemodynamic response to exercise, while 
other patients with a favorable peak VO2 (>14 mL/kg/min) 
had abnormal hemodynamic responses, indicating more se-
vere cardiac dysfunction. These data and others have led 
to the development of equipment to noninvasively measure 
cardiac output during exercise to potentially improve the 
prognostic value of expired gas data at peak exercise. Inert 
gas rebreathing is currently being investigated in this regard 
in chronic heart failure patients.

Given the limitations of peak VO2 in assessing prognosis 
in heart failure patients, there are a number of additional 
parameters that are derived from CPET that provide im-
portant additional prognostic information (Table 19-6). 

The VO2 at the ventilatory threshold has been reported to 
be a better predictor of high risk for early mortality compared 
to peak VO2. Patients with a VO2 < 11 mL/kg/min at the 
ventilatory threshold had a fivefold increased risk of early 
death. Patients with heart failure also have an increased 
ventilatory response to exercise. The exact mechanisms for 
this abnormal response are still unclear, but may include 
hemodynamic abnormalities causing reduced pulmonary 
perfusion and subsequent ventilation-perfusion mismatch-
ing and heightened sympathetic nervous system activity 
resulting in altered control of ventilation by enhanced sen-
sitivity and activation of chemoreceptors and ergorecep-
tors. During CPET, the ventilatory response to exercise can 
by characterized by the minute ventilation/carbon dioxide 
output slope (VE/VCO2 slope). Patients with heart failure 
and no pulmonary disease had an elevated VE/VCO2 slope, 
compared to normal subjects. This elevated value of the 
VE/VCO2 slope was associated with reduced cardiac out-
put, increased wedge pressures, and worse survival. Patients 
with a VE/VCO2 slope <34 had an 18-month event-free 
survival of 98% compared with 73% for those with a VE/
VCO2 slope >34. One advantage of measuring the VE /
VCO2 slope is that it can be assessed at submaximal ex-
ercise, which is valuable as patients with advanced heart 
failure are often unable to achieve peak exercise to deter-
mine a peak VO2. The VE /VCO2 slope is related to the 
physiologic dead space (Vd) to tidal volume (Vt) ratio and 
arterial CO2 partial pressure (PaCO2). A low peak exercise 
PaCO2 (<35 mm Hg) and a high Vd/Vt ratio (>0.22) have 
been shown to be predictors of poor outcomes in heart fail-
ure. In patients without significant pulmonary disease, a 
noninvasive estimate of PaCO2 can be obtained by a mea-
surement of the partial pressure of end-tidal CO2 (PETCO2). 
Low PETCO2 values at rest and with exercise (PETCO2 < 36 
mm Hg at the ventilatory threshold) have been found to 
be predictors of cardiac-related events. Another prognostic 
indicator derived from the abnormal ventilatory response 
to exercise in patients with heart failure is the oxygen up-
take efficiency slope (OUES). The OUES is derived from 
VO2 and minute ventilation and a value of <1.47 L/min 
is a reliable indicator of poor prognosis in patients during 
submaximal exercise. 

Finally, exertional oscillatory ventilation (EOV), or periodic 
breathing, is sometimes witnessed in patients with heart 
failure during exercise. This spectrum of disordered breath-
ing seen in patients with heart failure is associated with 
increased sympathetic activity and sudden death. Specific 
defining criteria for EOV have not been established. One 
study defined EOV as cyclic fluctuations in minute venti-
lation at rest that lasted more than 60% of exercise dura-
tion with amplitude of more 15% of average resting value. 
Using this definition of EOV in 323 patients with chronic 
heart failure who underwent CPET, EOV was found to be 

Table 19-6 • Prognostic Variables of CPET that Predict 
Poor Prognosis in Heart Failure

Prognostic Variable Cut-Point for Poor Prognosis

Peak VO2 prior to use of 
beta-blockers

<14 mL/kg/min

Peak VO2 on beta-blockers (?) <10 mL/kg/min

Peak VO2 adjusted for lean 
body mass (LBM)

<19 mL/kg/min LBM

Percent predicted peak VO2 <50%

VO2 at ventilatory threshold <11 mL/kg/min

VE/VCO2 slope >34

Peak exercise PaCO2 <35 mm Hg

Vd/Vt >0.22

PETCO2 at ventilatory 
threshold

<36 mm Hg

Oxygen uptake efficiency 
slope (OUES)

<1.47 L/min

Exertional oscillatory 
ventilation

>60% of exercise with am-
plitude >15%
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an independent predictor of major cardiac events. Thus, 
there are a number of ventilatory parameters obtained with 
CPET that imply poor prognosis in heart failure patients 
(Table 19-6).

The initial peak VO2 and CPET data on prognosis in 
heart failure are limited since many studies were con-
ducted before the routine use of beta-blockers in heart 
failure. Beta-blockers increase systolic function, reverse 
ventricular remodeling, improve quality of life, and de-
crease hospitalization. Despite these positive endpoints, a 
number of studies have shown no improvement in peak 
VO2 with beta-blocker therapy. The precise mechanism for 
this lack of improvement in peak VO2 with chronic beta-
blockade in heart failure patients has not been determined. 
As beta-blockers are clearly standard of care in the treat-
ment of heart failure, the prognostic value of peak VO2 
has come into question in the current era. Several studies 
investigating the effect of beta-blockade on the prognostic 
value of peak VO2 in heart failure patients have demon-
strated that outcome is improved with these drugs even 
when peak VO2 is <14 mL/kg/min, the prior cutoff for 
poor prognosis. A study of patients receiving beta-block-
ers and undergoing CPET compared patients with a peak 
VO2 > 14 mL/kg/min to those with a peak VO2 ≤ 14 mL/
kg/min groups. The patients in the low peak VO2 group 
had lower ejection fractions, but no difference in event-
free survival. The largest prospective study of the effect of 
beta-blockade on the prognostic value of peak VO2 or per-
cent predicted peak VO2 was performed on 2105 patients 
at the Cleveland Clinic. There were no differences in peak 
VO2 and peak VE/VCO2 values between patients on or off 
beta-blockers. Patients on beta-blockers had better out-
comes even with peak VO2 ≤ 14 mL/kg/min or at ≤50% 
predicted peak VO2, but decreases in peak VO2 were still 
predictive of death or transplantation in the beta-blocked 
group. Interestingly, the protective effect of beta-blockade 
was not evident at peak VO2 ≤ 10 mL/kg/min, suggesting 
that this level may be the new threshold for referral for car-
diac transplantation. Thus, current data suggest that peak 
VO2 still has a role in prognosis, though perhaps lower cut-
off values are needed.

The effects of beta-blockade on VE/VCO2 slope during 
exercise are uncertain, based on limited data. There may 
be a differential effect of beta-blockade on this ventilatory 
slope, based on clinical characteristics of the patients as 
one study demonstrated a reduction in the slope only in 
those patients with lower baseline ejection fractions and 
higher baseline brain naturetic peptide (BNP) levels. The 
largest study to date, on 614 patients with heart failure, 
indicated that patients receiving beta-blockers had im-
proved VE/VCO2 slopes at both submaximal and maximal 

exercise compared to those patients not receiving beta-
blocker therapy. Further investigations are required to 
confirm these initial findings in order to determine if the 
measurement of VE/VCO2 slope may have important im-
plications in gauging response to therapy and prognosis 
in patients with heart failure on beta-blockers, especially 
with the limited effects of this therapy on peak VO2. To 
date, the effect of beta-blockade on other CPET variables, 
previously shown to have prognostic value, have not been 
evaluated.

Cardiac resynchronization therapy (CRT) has been shown 
to improve exercise capacity and reduce the risk of death 
or hospitalization in patients with chronic heart failure. 
CPET may have a prognostic role in these patients, as well. 
Among patients enrolled in the COMPANION trial ex-
ercise substudy who received CRT, a baseline peak VO2 < 
12.5 mL/kg/min predicted the clinical events of time to 
death, time to first hospitalization, and time to first heart 
failure hospitalization. Of note, 76% of these patients were 
being treated with beta-blockers, further illustrating the 
likely continued role for peak VO2 in assessing prognosis 
in patients with heart failure utilizing current available 
therapy.

The vast majority of evidence with the use of CPET is re-
lated to patients with LV systolic dysfunction and resultant 
heart failure. Very little is known about the use of CPET 
in patients with heart failure with preserved systolic func-
tion. Recent data suggest that VE/VCO2 slope may have 
prognostic value in these patients, but further studies are 
needed.

SUMMARY

Cardiopulmonary exercise testing is an important addition 
to the current diagnostic tests available to the cardiologist 
in the management of patients with cardiovascular disease. 
It allows a more precise and accurate determination of 
functional capacity, and it can provide useful information 
toward determining the cause of dyspnea in these patients. 
Its greatest utility has been in the area of heart failure, 
where several CPET variables have been used to determine 
prognosis and guide therapy. Use of this testing requires a 
more detailed knowledge of the physiology of exercise and 
the principles of gas exchange and respiration as it relates 
to the cardiovascular system. It is an integrated approach 
that considers the various components of oxygen trans-
port during exercise, including circulation, respiration, 
and skeletal muscle function. This testing enhances the 
clinician’s ability to evaluate functional capacity, natural 
history, and response to therapy in patients with cardiovas-
cular diseases. 
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Dyslipidemia
Keattiyoat Wattanakit and Amit Khera

20

• Lipoproteins circulate in association with proteins 
called apolipoproteins; endogenous and exogenous 
metabolic lipid pathways control plasma lipid levels. 
Liver exports fat principally as VLDL. 

• apo-B containing lipoprotein particles (LDL, small, 
dense LDL, IDL, VLDL, remnants) are atherogenic. 
HDL mediates “reverse cholesterol transport.”

• Insulin-resistant states (obesity, prediabetes, and 
diabetes) are associated with “atherogenic” dyslipi-
demia: elevated TG, low HDL-C, and small, dense 
LDL predominance.

• Familial clustering of dyslipidemia is usually poly-
genic. Monogenic disorders do exist.

• Type III hyperlipoproteinemia is associated with el-
evated cholesterol and TG and is manifest by palmar 
(pathognomonic) or tuberoeruptive xanthomas.

• Types I and V hyperlipoproteinemia (very high TG 
levels) are associated with lipemia and increased in-
cidence of pancreatitis.

• Therapeutic lifestyle changes have beneficial effects 
on all dyslipidemic patients: TG lowering and mod-
est elevations in HDL-C are observed.

• ATP III endorse  limiting dietary cholesterol to <200
mg/day, saturated fatty acids to <7%, and total fat to 
25-35% of total daily calories.

• Statins predominantly lower LDL cholesterol; niacin 
lowers LDL-C, TG, and VLDL and is the most potent 
HDL-raising agent currently available; doubling  sta-
tin dose usually results in an additional 6% LDL-C 
lowering.

• Fibric acid derivates, high dose fish oil supplements 
and niacin are effective in TG lowering.

d PRACTICAL POINTS

INTRODUCTION

Cardiovascular disease (CVD) has now emerged as the 
dominant chronic disease in many parts of the world. By 
2020 it is predicted that CVD will surpass communicable 
diseases as the world’s leading cause of morbidity and mor-
tality. Over the past century, a series of observational and 
laboratory studies have implicated dyslipidemia as one 
of major risk factors for the development of atherosclero-
sis, and these findings have been confirmed by many large 
population-based studies. In the United States more than 
half of the adult population has elevated total cholesterol, 
and more than a quarter of adults have low HDL. A series 
of randomized controlled trials have demonstrated that lipid 
lowering therapies are beneficial in both primary and sec-
ondary prevention of CVD. This chapter will review the 

biology of lipids and lipoproteins and their role in athero-
sclerosis with emphasis on treatment strategies based on the 
current National Cholesterol Education Program, Adult 
Treatment Panel III Guidelines (NCEP-ATP III).

LIPOPROTEIN METABOLISM 

Lipids are a diverse group of fat soluble molecules that have 
structural and biochemical roles in the body and include 
cholesterol, cholesterol esters, triglycerides and phospho-
lipids. They are packaged and transported in lipoproteins, 
which are spherical molecules consisting of a phospholipid 
shell and a core containing varying concentrations of cho-
lesterol and triglycerides. There are five major lipoproteins 
and each serves a specific function and carries a variety of 



220 SECTION IV /  Preventive Cardiology

proteins (known as apolipoproteins) on its surface, which 
serve as regulatory agents, mediating lipoprotein trafficking 
and metabolism. These lipoproteins include high density 
lipoproteins (HDL), low density lipoproteins (LDL), inter-
mediate density lipoproteins (IDL), very low density lipo-
proteins (VLDL), and chylomicrons. Table 20-1 lists major 
lipid components and associated apolipoproteins for each 
lipoprotein class. 

The metabolic pathways of plasma lipids can be divided 
into the exogenous and endogenous pathways. For the ex-
ogenous pathway, cholesterol and free fatty acids (FFA) 
are incorporated into chylomicrons in the gut. These 
particles are then delivered to skeletal muscle, adipose 
tissue, and other organs where apo C-II activates lipopro-
tein lipase to hydrolyze triglycerides of chylomicrons and 
release FFA for energy production and storage (Figure 
20-1). After hydrolysis, residual cholesterol containing 
particles known as chylomicron remnants are returned 
to the liver. Smaller chylomicron remnants can also pen-
etrate the vascular endothelium and may contribute to 
atherogenesis. 

In the endogenous pathway, FFA and cholesterol synthe-
sized and packaged in the liver are secreted as triglyceride-
rich VLDL into the circulation (Figure 20-2). VLDL 
particles then acquire several apolipoproteins necessary 
for their function and metabolism, including apo C and 
apo E. Once at the surface of endothelium, VLDL un-
dergoes hydrolysis by lipoprotein lipase to release FFA, 
resulting in a progressively increasing concentration of 
cholesterol. After hydrolysis, VLDL remnants (also known 
as IDL) can be taken up directly by liver through binding 
of apo E to the VLDL receptor. Alternatively, they can 
undergo further delipidation to form LDL particles with 
highly concentrated cholesterol esters, which are subse-
quently removed by the liver after binding to the LDL re-
ceptor. The hepatic uptake of LDL particles is determined 
by the cholesterol content in the liver. When hepatic 

cholesterol content is high, the synthesis of the LDL re-
ceptor is suppressed, and hence less LDL cholesterol is in-
ternalized. The converse occurs when hepatic cholesterol 
content is low. 

Table 20-1 • Classification of Lipoproteins 
and their Components

Lipoprotein Class
Major Lipid 
Component(s) Apolipoprotein(s)

Chylomicron TG B-48, E, Cs

Chylomicron
remnant

CE, TG B-48, E

VLDL TG B-100, E, Cs

LDL CE B-100

HDL CE, PL A-I, A-II

VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high density 
lipoprotein; CE, cholesteryl-ester; TG, triglycerides; PL, phospholipid.

Liver

Chylomicrons

Gut

Lipoprotein
lipase

FFA Skeletal muscle,
adipose tissue,
and other organs

Chylomicron
remnants

Figure 20-1. Exogenous pathway of lipid transport. Dietary 
cholesterol and free fatty acids (FFA) are incorporated into 
chylomicrons in the gut. Triglycerides are hydrolyzed by lipopro-
tein lipase in the capillaries to release FFA into several tissues, 
particularly adipose tissue. Chylomicron remnants are then re-
moved from the circulation by the liver. (Adapted from Textbook 
of Cardiovascular Medicine. 3rd ed. London:Springer;2007.)

VLDL

LDL
LDL

receptors

Liver

VLDL
receptors Apo E

Apo E

Lipoprotein
lipase

Hepatic lipase

Fatty
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Apo C

VLDL
remnants

Figure 20-2. Endogenous pathway of lipid transport. Liver-
derived cholesterol and free fatty acids are packed and secreted 
as triglyceride-rich VLDL. Hydrolysis of VLDL triglycerides by 
lipoprotein lipase liberates free fatty acids, leaving behind VLDL 
remnants. These remnants can either undergo further triglycer-
ide hydrolysis to become the more dense LDL particles, or be 
taken up by apo E and LDL receptors in the liver. (Adapted from 
Textbook of Cardiovascular Medicine. 3rd ed.)
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HDL metabolism intersects with the endogenous path-
way in a process known as reverse cholesterol transport 
(Figure 20-3). Apo A-1 is synthesized by the liver and 
gut and acquires phospholipids to become a nascent, dis-
coidal HDL. These particles scavenge free cholesterols 
from peripheral tissues and atherosclerotic plaques via 
the ATP-binding cassette transporter A1 (ABCA1), and 
the cholesterol is then esterified by lecithin cholesterol 
acyl transferase (LCAT) to form mature spherical HDL. 
Through the action of cholesterol-ester transport pro-
tein (CETP), the larger HDL particles, known as HDL2, 
exchange cholesterol esters for triglycerides with apo 
B-containing lipoproteins (VLDL, IDL, and LDL). The 
net effect of removing and transferring cholesterol from 
peripheral cells to apo B-containing lipoproteins con-
fers part of the antiatherogenic effect of HDL. These apo 
B-containing lipoproteins then deliver cholesterol back to 
the liver. HDL itself can also directly return cholesterol 
back to the liver by binding to the hepatic scavenger re-
ceptor type B1 (SRB1). CETP modified HDL2 molecules 
are also converted to smaller HDL3 through hydrolysis of 
triglyceride particles by hepatic lipase. 

ROLE OF LIPOPROTEINS 
IN ATHEROSCLEROSIS

LDL particles play a pivotal role in the initiation and propa-
gation of atherosclerosis. Circulating LDL can infiltrate 
across the endothelium and undergo oxidation, subsequently 
promoting atherosclerosis in many ways. Oxidized LDL can 
attract circulating monocytes to enter the intima and con-
vert them to activated macrophages. These activated mac-
rophages then uptake oxidized LDL to become foam cells. 
When ruptured, foam cells release a variety of inflammatory 
factors, cytokines, and growth factors that promote smooth 
muscle cell proliferation and impair endothelial function 
and the integrity of the vessel wall. Furthermore, oxidized 
LDL can promote increased platelet aggregation, result-
ing in thrombus formation, and may play a role in plaque 
instability. LDL levels have consistently been shown to cor-
relate with atherosclerosis risk and burden.

LDL

VLDL mainly consists of endogenous triglycerides and, 
to a lesser degree, cholesterol. The contribution of hy-
pertriglyceridemia in the development of atherosclerosis 
is uncertain. This is because hypertriglyceridemia is often 
associated with insulin resistance, low HDL, and obesity as 
well as other characteristics that make dissecting out the 
independent contribution of hypertriglyceridemia to ath-
erosclerosis challenging. Indeed, genetic disorders resulting 
in markedly elevated levels of triglycerides only modestly 
increase cardiovascular risk. Nevertheless, a meta-analysis 
of population-based studies reported that hypertriglyceri-
demia was a modest risk factor for CHD after adjustment 
for HDL and other factors.

Hypertriglyceridemia alone may not be sufficient to promote 
atherosclerosis, but requires the presence of VLDL, which 
elevates to a variable degree in this setting. Several studies 
have demonstrated that VLDL and its remnants are related 
to atherosclerosis, and the added assessment of VLDL in the 
form of non-HDL cholesterol or total apo B may be superior 
to measurements of LDL cholesterol (LDL-C). In addition, 
recent studies have suggested that postprandial triglyceride 
measurements may correlate more closely with cardiovascu-
lar risk than fasting measures.

HDL

In contrast to LDL and VLDL, HDL confers antiathero-
sclerotic properties. As described previously, the antiath-
erosclerotic effect of HDL comes from its ability to remove 
cholesterol from peripheral tissues and atherosclerotic 
plaques via reverse cholesterol transport. Moreover, HDL 
has ability to inhibit vascular inflammation, lipid oxidation, 

HDL3

HDL2a
CETP

LCAT

LCAT

SRB1
receptor

Apo B lipoproteins-
VLDL/IDL/LDL

HDL2b

ABCA1

Arterial walls

Nascent
HDL

Liver

Figure 20-3. HDL metabolism and reverse cholesterol 
transport. Apolipoprotein A-1 synthesized in the liver and gut 
acquires phospholipid to become nascent HDL. Free choles-
terol is then esterified by lecithin cholesterol acyl transferase 
(LCAT) to form mature HDL particles. Further cholesterol 
accumulation and esterification converts HDL3 to HDL2a.
Cholesterol esters from HDL can either return to the liver via 
apo B containing lipoproteins after exchanges for triglycerides 
by the action of cholesterol-ester transfer protein (CETP) or 
by direct binding of HDL to the scavenger receptor type B1 
(SRBI) on the liver. (Adapted from Textbook of Cardiovascular 
Medicine. 3rd ed.) 



222 SECTION IV /  Preventive Cardiology

and plaque growth and thrombosis, further limiting progres-
sion of atherosclerosis. Epidemiologic studies have demon-
strated a robust association between lower HDL cholesterol 
(HDL-C) levels and a higher risk of CV events such that a 
1mg/dL decrease in HDL-C levels corresponds to a 3-4% 
absolute increase in CV outcomes. However, quantification 
of serum HDL-C levels does not capture the complexity 
of HDL biology including qualitative aspects such as HDL 
function, biochemical modification, and kinetics, which 
impact the use of HDL as a therapeutic target for CV risk 
reduction.

Atherogenic Dyslipidemia

Insulin resistance states including diabetes and the meta-
bolic syndrome are often accompanied by a characteristic 
lipid profile known as atherogenic dyslipidemia consisting 
of high triglyceride and low HDL-C levels, as well as a pre-
dominance of small, dense LDL particles. In such patients, 
many of whom are obese, adipose tissue releases FFA into 
the systemic circulation. In addition, in the setting of insulin 
resistance, lipoprotein lipase activity is reduced and there is 
decreased uptake of FFA by striated muscles, resulting in in-
creased FFA levels delivered to the liver. The increased flux 
of FFA leads to increased hepatic production of triglyceride-
rich VLDL. Via the action of CETP, high VLDL levels pro-
mote the exchange of triglycerides of VLDL for cholesterols 
from HDL2, with subsequent hydrolysis of HDL triglycerides 
and metabolism of the remaining small, dense HDL3 par-
ticles. Similar CETP-mediated exchanges occur between 
VLDL and LDL particles, resulting in small, dense LDL. 
Small, dense LDL particles are more atherogenic than large 
buoyant LDL as they can more easily infiltrate the arterial 
wall and promote atherosclerosis and are more readily oxi-
dized. In such patients, traditional measures of serum LDL-C 
concentrations often underestimate the total number of LDL 
particles. Advanced lipoprotein measurements using nuclear 
magnetic resonance spectroscopy and other techniques may 
better quantify LDL particle concentration in such instances, 
but their value for clinical decision-making, especially 

relative to simpler measures such as non-HDL-C and apo B, 
are unproven (see Diagnosis of Dyslipidemia below).

GENETIC CAUSES OF DYSLIPIDEMIA

Dyslipidemia can result from lifestyle factors and many 
secondary causes, although a familial predilection is quite 
common. Familial clustering of dyslipidemia is usually due 
to polygenic mechanism, but rarer, single-gene disorders 
also result in well-characterized forms of lipid disorders, 
the most common of which is familial hypercholesterolemia 
(FH) (Type II hyperlipidemia) (Table 20-2). This auto-
somal dominant disorder results from one of many muta-
tions in the gene encoding the LDL receptor and manifests 
as elevated total cholesterol levels (350 to 500 mg/dL) with 
LDL-C levels >95th percentile in the heterozygote form 
affecting 1 in every 500 persons. Patients with this disorder 
experience premature CHD and have evidence of choles-
terol deposits on exam, including tendinous xanthomas on 
extensor tendons, including the Achilles; corneal arcus; 
and xanthelasma, or soft fleshy cholesterol deposits near 
the eyelids. A rare, severe homozygous form affects 1 in 
1,000,000 persons with resultant severe hypercholester-
olemia (600 to 1000 mg/dL) and CHD developing in child-
hood. Treatment for FH involves dietary interventions 
as well as combination lipid-lowering therapies, but LDL 
apheresis is required in drug refractory cases, especially with 
malignant CHD. A related condition known as familial 
defective apo B can also result in markedly elevated levels of 
LDL-C and premature CHD, but such patients often lack 
xanthoma formation.

Familial hypercholesterolemia must also be differentiated 
from familial combined hyperlipidemia, which is a polygenic 
disorder affecting 1-2% of the population characterized 
by increased levels of total cholesterol and triglycerides. 
This disorder results from increased hepatic produc-
tion of apo B and is present in 10-20% of patients with 
premature CHD.

Table 20-2 • Fredrickson Classification of Hyperlipidemias

Type Lipoprotein Elevations Representative Disorder* Lipid Levels Atherogenicity

I Chylomicrons Familial chylomicronemia ↑↑↑↑ TG +/-

IIa LDL Familial hypercholesterolemia ↑↑ TC +++

IIb LDL and VLDL Familial combined hyperlipidemia ↑↑ TC, ↑↑ TG +++

III VLDL remnants 
and chylomicrons

Dysbetalipoproteinemia ↑↑ TC, ↑↑↑TG +++

IV VLDL Familial hypertriglyceridemia ↑ TC, ↑↑TG +

V Chylomicrons and VLDL ↑ TC, ↑↑↑↑ TG +

*Representative disorders are provided; additional disorders may result in similar patterns of hyperlipidemia.
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A more rare but malignant condition, familial dysbetalipopro-
teinemia, also known as broad beta disease or Type III hyper-
lipidemia, is also characterized by elevated total cholesterol 
and triglycerides but is due to a defect in apo E. Patients 
with this disorder carry two copies of the E2 allele of the apo 
E gene, with decreased binding of VLDL remnants to the 
apo E receptor on the liver and premature atherosclerosis. 
On exam, these patients have characteristic tuberoerup-
tive xanthomas, or raised circular, fleshy lesions on exten-
sor surfaces, and palmar striae or yellow streaked xanthomas 
in the palmar creases. Such patients can be identified by a 
VLDL-C to triglyceride ratio of >0.3.

Another more common disorder resulting in elevated trig-
lyceride levels is familial hypertriglyceridemia, or Type IV 
hyperlipidemia, characterized by triglyceride levels between 
200-500 mg/dL due to increased production of VLDL, and 
only a modest increase risk for CVD. This disorder has sig-
nificant heterogeneity in presentation with a strong envi-
ronmental component, including precipitating factors for 
hypertriglyceridemia such as metabolic syndrome, alcohol 
intake, and dietary factors. More severe elevations in trig-
lyceride levels (>1000 mg/dL) can be found in familial chy-
lomicronemia (Type I hyperlipidemia), which is caused by 
defective or absent lipoprotein lipase or apo C-II, or Type V 
hyperlipidemia, caused by overproduction and decreased li-
polysis of VLDL and chylomicrons in association with insu-
lin resistance states, obesity, and high fat diets. Patients with 
markedly elevated triglyceride levels often have lipemic 
serum due to increased chylomicrons, as well as eruptive 
xanthomas on extensor surfaces of the skin exam. 

Low levels of HDL-C have been consistently associated with 
increased CHD rates and are commonly found in disorders 
of elevated triglycerides. Familial hypoalphalipoproteine-
mia is a genetically heterogenous disorder of primary low 
HDL levels which is caused by mutations in apo AI or in 
ABCA1. Homozygous mutations in ABCA1 result in a rare 
disorder known as Tangier disease, whose hallmarks are near 
absent HDL and enhanced cholesterol deposition resulting 
in enlarged orange tonsils, hepatosplenomegaly, peripheral 
neuropathy, and premature CHD. LCAT deficiency can also 
result in markedly low HDL levels as well as corneal deposits 
and anemia in an entity known as fish eye disease, but with-
out a predisposition for premature CHD.

DIAGNOSIS OF DYSLIPIDEMIA

Except for those with severe lipid disorders (i.e., familial 
hypercholesterolemia or Type I dyslipidemia), most pa-
tients presenting for evaluation for lipoprotein disorders 
lack symptoms. Nevertheless, they should undergo a com-
prehensive evaluation focusing on assessing global risk for 
CVD events, uncovering familial lipoprotein disorders, and 

evaluating for secondary causes. The clinical evaluation 
should include the following: 

History: Clinicians should probe for a history of CHD, stroke/
transient ischemic attack (TIA), and peripheral arterial dis-
ease (PAD), including carotid atherosclerosis, abdominal 
aneurysm, and intermittent claudication. Secondary causes, 
including nephrotic syndrome, diabetes, hypothyroidism, 
and hepatobiliary disease, should be excluded or suspected 
in patients who have developed refractory hyperlipidemia 
(Table 20-3).

Medication history: Various medications that can impact 
lipoprotein levels include thiazide diuretics, hormone re-
placement, glucocorticoids, oral contraceptive pills, and 
antiretroviral therapy (Table 20-3). 

Family history: History of CHD, stroke/TIA, PAD, and sud-
den death, diabetes, and hypertension are relevant.

Lifestyle history: Excessive use of alcohol and tobacco use, 
sedentary lifestyle, and diet.

Physical exam findings: Physical examination should include 
a search for xanthomas (cholesterol deposits) in hands, 
elbows, knees, and Achilles tendons, xanthelasmas (cho-
lesterol deposits in palpebral fissures), corneal arcus, and 
corneal opacification. If identified, primary disorders of LDL 
metabolism such as familial hypercholesterolemia and fa-
milial defective apolipoprotein B100 should be considered. 

Table 20-3 • Effects of Secondary Causes and Drugs 
on Lipoproteins 

Secondary Causes Effects on Lipoproteins

Nephrotic syndrome ↑ TC, TG and LDL

Diabetes ↑ TG, ↓ HDL

Hypothyroidism ↑ TC, TG and LDL

Hepatobiliary disease ↑ TC, TG, and LDL

Alcoholism ↑↑ TG, ↑ HDL

Drugs

Thiazide diuretics ↑ TC and TG

Beta-blockers ↑ TG, ↓ HDL, no effect on LDL

Estrogens ↑ TG and HDL, ↓ LDL

Anabolic steroids ↑ TC, ↓ TG, ↓↓ HDL

Glucocorticoids ↑ TC, TG and HDL

Antiretroviral therapy ↑ TC and LDL, ↑↑TG, but 
effects are variable depending 
on agents used

Cyclosporine ↑ TC and LDL, no effect 
on TG and HDL

TC, total cholesterol; LDL, low density lipoprotein; HDL, high density lipoprotein; 
TG, triglycerides
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Body mass index (BMI), weight, waist circumference, and 
blood pressure should be recorded, and signs of vascular 
compromise should be evaluated, including carotid and 
renal artery bruits, and diminished peripheral pulses. 

Laboratory testing: A standard serum lipid profile is generally 
sufficient for a diagnosis of lipoprotein disorders and is rec-
ommended at least every 5 years in all adults over 20 years of 
age. The lipid profile should be performed after 9-12 hours 
of fasting to minimize the influence of postprandial hyper-
triglyceridemia. Serum total and HDL-C can be measured 
in either fasting or nonfasting state. Once the total choles-
terol, triglycerides, and HDL-C are known, the LDL-C can 
be calculated using the Friedwald formula: 

LDL-C = total cholesterol - VLDL-C - HDL-C.

VLDL-C is assumed to be one-fifth of the total triglyceride 
concentration. This formula is valid only if the total triglyc-
eride concentration is less than 400 mg/dL; otherwise, direct 
LDL-C measurements can be performed. 

As mentioned, in patients with atherogenic dyslipidemia, 
measurement of LDL-C may underestimate the number of 
atherogenic lipoproteins. In this case, a more accurate marker 
for estimation of the atherogenic potential is to measure ei-
ther serum total apo-B or to calculate non-HDL-C (this is 
equal to total cholesterol minus HDL-C), which accounts for 
all atherogenic lipoproteins, including VLDL-C and IDL, not 
just LDL. The acute phase response in the setting of an acute 
myocardial infarction (MI), surgical trauma, and infection is 
known to decrease serum concentrations of total cholesterol, 

HDL-C, LDL-C, and apo B-containing lipoproteins, and in-
crease concentrations of triglycerides within several hours to 
days after the event. Thus, serum lipids should be measured 
several weeks after such stressors to provide more accurate 
values. Other tests that are recommended to exclude second-
ary causes of dyslipidemia include thyroid-stimulating hor-
mone, creatinine, and liver function tests. 

TREATMENT STRATEGIES

Once secondary causes are excluded, the mainstay of treat-
ment for dyslipidemia consists of therapeutic lifestyle changes 
(TLC) and pharmacologic therapy. Although challenging to 
implement, all patients with dyslipidemia are encouraged to 
participate in all aspects of TLC, including smoking cessa-
tion, dietary restriction, exercise, and weight loss. In moti-
vated lower risk patients whose lipid levels are not markedly 
elevated, TLC can be attempted first. If goal LDL is not 
reached within 3 months, pharmacologic treatment should 
be considered. In higher risk patients such as those with es-
tablished atherosclerotic disease or diabetes, concomitant 
early initiation of pharmacologic treatment is warranted. 
Table 20-4 outlines the recommendations and effects of 
TLC on lipids.

Therapeutic Lifestyle Changes

Dietary Modification
In patients with dyslipidemia or atherosclerotic disease, the 
American Heart Association (AHA) and NCEP ATP III 

Table 20-4 • Effects of Therapeutic Lifestyle Changes on Lipids

Components Recommendation Expected Change in Lipids

Diet
Saturated fat
Dietary cholesterol
Total fat
Carbohydrate
Dietary fiber
Plant stanols/sterols
Increased soluble fiber

<7% of total calories
<200 mg/day
25-35% of total calories
50-60% of total calories
20-30 g/day
2-3 g/day
5-10 g/day

↓ LDL 8-10%
↓ LDL 3-5%

↓ LDL 6-15%
↓ LDL 5%

Physical Activity 200 kcal/day ↓ TG 5-15%
↓ TC 0-5%
↓ LDL 0-3%
↑ HDL 3-5%

Weight Loss BMI <25 kg/m2 ↓ TG 7%
↓ LDL 6%
↓ TC 10%
↑ HDL 8%

Smoking Immediate cessation via counseling 
or pharmacologic treatment

↑ HDL 5%

Adapted from the Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on the Detection, Evaluation, and Treatment of High Blood Cholesterol 
in Adults (ATP III),2001.
TC, total cholesterol; LDL, low density lipoprotein cholesterol; HDL, high density lipoprotein cholesterol; TG, triglycerides.



CHAPTER 20 /  Dyslipidemia 225   

endorse a low cholesterol and low saturated fat diet, with 
the goal of limiting dietary cholesterol to <200 mg/day, sat-
urated fatty acids to <7%, and total fat to 25-35% of total 
daily calories, as well as limiting trans fatty acids to a mini-
mum. The major sources of dietary cholesterol are egg yolks, 
animal fats, and meat, and saturated fatty acids are butter 
fat, animal fat, and tropical oils. Beyond these dietary re-
strictions, consuming 2 g/day of supplemental plant sterols/
stanols preparations (see next section) and increasing vis-
cous (soluble) fibers 5-10 g/day can reduce LDL 6-15% and 
5%, respectively. In addition, foods rich in complex car-
bohydrates such as whole grains, fruits, and vegetables are 
preferred to those containing simple carbohydrates, espe-
cially for those with elevated triglyceride levels and insulin 
resistance. 

Exercise and Weight Loss
A regular exercise program can reduce the risk of CHD, 
and all adults should engage in a minimum of 30 minutes 
of moderately intense aerobic exercise (e.g., brisk walking) 
5 times a week, or 150 minutes per week. Exercise alone in 
the absence of dietary changes or weight loss has modest 
effects on standard lipid parameters, predominantly increas-
ing HDL-C and reducing triglycerides. However, physical 
activity may be more beneficial for atherogenic dyslipi-
demia, reducing small, dense LDL particles and increasing 
mean LDL particle size.

Weight loss can modestly lower LDL-C, and, by improving 
insulin resistance it lower triglyceride levels and raise HDL-
C. In addition, other CVD risk factors such as hypertension, 
diabetes, and obstructive sleep apnea are improved. In a pa-
tient with morbid obesity, bariatric surgery and pharmaco-
logic intervention such as orlistat, and sibutramine may be 
indicated. The long term goal of weight control is to achieve 
a body mass index (BMI) less than 25 kg/m2.

Pharmacologic Treatment

The six major classes of lipid lowering medications are:

 1. 3-hydroxy-3-methyl-glutaryl-coenzyme (HMG-CoA) 
reductase inhibitor or statins, 

 2. bile acid sequestrants (or resins),
 3. fibric acid derivatives, 
 4. nicotinic acid or niacin,
 5. cholesterol absorption inhibitor,
 6. omega-3 fatty acids. 

The impact of various lipid-lowering medications on lipid 
levels is illustrated in Table 20-5. 

Statins
HMG-CoA reductase inhibitors, or statins, are the most 
commonly prescribed medications for the treatment of 
dyslipidemia. They are highly effective in lowering total 
and LDL cholesterol and can also lower triglycerides and 

modestly raise HDL-C. The primary mechanism of statins 
is to inhibit hepatic HMG-CoA reductase, a rate-limiting 
enzyme in the production of cholesterol. Reduced hepatic 
cholesterol levels stimulate the synthesis of LDL receptors, 
resulting in increased removal of LDL and VLDL choles-
terol from the circulation. Among the statins, rosuvasta-
tin is the most potent, and fluvastatin is the least potent; 
knowledge of statin potency can aid in determining initial 
prescriptions based upon desired LDL lowering to achieve 
goals (Figure 20-4). As a rule of thumb, for every doubling 
of a statin dose, LDL is further reduced by 6%. This class of 
medications is generally very safe, with the most commonly 
encountered side effects of myopathy and elevation of liver 
function test, both of which are reversible with discontinu-
ation of statins. In a patient with predisposing conditions 
to severe myopathy (Table 20-6), statins should be used 
with caution, or the dose modified, as the risk of myopathy 
is increased. 

The benefits of statins are well documented in the primary 
and secondary prevention of CAD, including in high-risk 
populations such as those with acute coronary syndrome 
(ACS) and/or with diabetes. Details of the key clinical 
trials with primary outcomes and risk reduction are sum-
marized in Table 20-7. The landmark trials for primary 
prevention are the West of Scotland Coronary Prevention 
Study (WOSCOP) and the Air Force/Texas Coronary 
Atherosclerosis Prevention Study (AFCAPS/TexCAPS). 
In the WOSCOP study, nearly 6600 middle-aged men 
with high LDL-C (mean 192 mg/dL) were randomized 

Table 20-5 • Effects of Various Classes of Cholesterol 
Lowering Agents on Lipoprotein Metabolism

Drug Class Lipoprotein Effects

HMG CoA reductase 
inhibitors

LDL       ↓ 18-55%
HDL       ↑ 5-15%
TG     ↓ 7-30%

Ezetimibe LDL     ↓ 17%

Fibric acids LDL     ↓ 5-20%
HDL     ↑ 10-20%
TG     ↓ 20-50%

Bile acid sequestrants LDL       ↓ 15-30%
HDL       ↑ 3-5%
TG      no change 

 or increase

Nicotinic acids LDL       ↓ 5-25%
HDL       ↑ 15-35%
TG     ↓ 20-50%

Omega-3 fatty acids* LDL     variable effect
Non-HDL     ↓ 9%
TG     ↓ 29% 

*When combined simvastatin with omega-3 fatty acid 3-4 g/day LDL, low density 
cholesterol; HDL, high density cholesterol; TG, triglycerides.
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to pravastatin 40 mg/day versus placebo. Compared with 
placebo, pravastatin significantly reduced the risk of coro-
nary events (nonfatal MI or CHD death) by 31% and the 
need for coronary artery bypass grafting (CABG) or per-
cutaneous transluminal coronary angioplasty by 37%. The 
AFCAPS/TexCAPS study extended the benefit of primary 
prevention to additional groups, including women and sub-
jects >65 years of age, with “usual” average LDL-C (mean 

150 mg/dL). Lovastatin (20-40 mg/day over 5.2 years) 
decreased the risk of first major coronary event (unstable 
angina, MI, or sudden death), fatal or nonfatal MI, and 
coronary revascularization. Taken together, both trials es-
tablished the benefits of statins in the primary prevention 
of CHD in both men and women, even in subjects with 
average LDL.

The key statin trials for the secondary prevention of CHD 
include the Scandinavian Simvastatin Survival Study 
(4S), the Cholesterol and Recurrent Events (CARE), and 
the Long-Term Intervention with Pravastatin in Ischemic 
Disease (LIPID). All of these trials tested the hypothesis 
that statins would decrease hard clinical endpoints in men 
and women with known CHD, but they differed in the 
mean entry lipid values. The 4S trial enrolled subjects with 
higher lipid levels (mean LDL-C 188 mg/dL) than either 
CARE (mean LDL-C 139 mg/dL) or LIPID (median LDL-
C150 mg/dL). Similar to the primary prevention trials, the 
findings from these trials demonstrated clear morbidity and 
mortality (except for CARE study) benefits of statins for 
secondary prevention, even in subjects with average LDL-C 
(CARE study) and in subjects who were on contemporary 
medications, including aspirin, beta-blockers, and antihy-
pertensive medications (the LIPID study). The benefits of 
statins were seen in most if not all subgroups, including men 
and women, older and younger subjects, smokers and non-
smokers, hypertensive and normotensive subjects, and dia-
betic and nondiabetic subjects. It is important to note that 
these trials excluded high risk subjects such as those with 
symptomatic heart failure and those with low ejection frac-
tion <25%. Of special note is the Heart Protection Study 
(HPS) of approximately 20,000 high risk adults with either 
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Figure 20-4. Comparative efficacy of various statins and doses on LDL-C reduction. (Adapted from 
Jones PH. Am J Cardio. 2003;92.)

Table 20-6 • Predisposing Conditions for Myopathy 
with Statin Therapy

Very old (especially >80 years) patients

Small body frame and frailty

Multisystem disease

Multiple medications

Perioperative period

Fibrates

Nicotinic acid

Cyclosporine

Azole antifungals: itraconazole and ketoconazole*

Macrolide antibiotics: erythromycin and clarithromycin*

HIV protease inhibitors*

Verapamil*

Amiodarone*

Large quantities of grapefruit juice (usually >1 quart per day)

Alcohol abuse (independently predisposes to myopathy)

*These drugs interact with statins metabolized by the cytochrome p450 3A4 system 
(lovastatin>simvastatin>atorvastatin).
Adapted from Pasternak, et al.. Circulation. 2002;106.
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known atherosclerotic vascular disease or diabetes that 
were randomized to simvastatin 40 mg or placebo. After 
5 years of therapy, simvastatin-treated subjects had a 13% 
reduction in mortality and 25% reduction in first vascular 
event. Importantly, these benefits were observed in all sub-
groups, including in those with LDL-C level of <100 mg/dL 
at baseline. 

Extending the findings of HPS, recent statin trials have 
attempted to determine whether more aggressive lipid-
lowering confers greater clinical benefits in patients with 
ACS, in patients with stable CHD, and in diabetic patients 
without significant elevation of LDL-C. The Pravastatin or 
Atorvastatin Evaluation and Infection (PROVE-IT) study, 
which randomized patients who had been hospitalized for 
ACS within the previous 10 days to intensive therapy 
(atorvastatin 80 mg/day, achieved median LDL 62 mg/dL) 
or standard therapy (pravastatin 40 mg/day, achieved me-
dian LDL 95 mg/dL), reported greater protection against 
death or major CV events in the intensive therapy arm 
than in the standard therapy arm. A similar trend for re-
duced CV events with aggressive lipid-lowering using high 
dose simvastatin after ACS was observed in the Aggrastat 
to Zocor (A to Z) study. Additionally, the Treating to New 
Targets (TNT) study randomized patients with stable CHD 
and LDL <130 mg/dL to high dose (atorvastatin 80 mg/day, 
achieved mean LDL 77 mg/dL) or low dose (atorvastatin 
10 mg/day, achieved mean LDL 101 mg/dL) atorvastatin 

groups. High dose atorvastatin significantly lowered the 
occurrence of any major CV event, but it did not lower 
total mortality. 

Two recent primary prevention trials specifically assessed 
the value of statins in patients with diabetes and hyper-
tension, but without significantly elevated LDL-C. The 
Collaborative Atorvastatin Diabetes Study (CARDS), en-
rolled diabetic patients without CHD and fasting LDL-C 
<160 mg/dL (mean LDL-C 117 mg/dL), and confirmed 
benefits of statins (atorvastatin 10 mg) in lowering the first 
major CV events in this population, defined as acute coro-
nary events, coronary revascularization, or stroke. Similarly, 
the Anglo-Scandinavian Cardiac Outcomes Trial-Lipid 
Lowering Arm (ASCOT-LLA) demonstrated a significant 
reduction in the primary endpoint of fatal MI and nonfatal 
CHD in hypertensive patients with additional CV risk fac-
tors and mean LDL-C of 131 mg/dL assigned atorvastatin 
10 mg. 

Bile Acid Sequestrants, or Resins
Bile acid sequestrants, also known as bile acid resins, are a class 
of medication that includes cholestyramine, colestipol, and 
colesevelam. These agents inhibit intestinal absorption of 
bile acids, reducing their enterohepatic recirculation. This 
in turn results in greater conversion of hepatic cholesterol 
into bile acids—reducing hepatic cholesterol content—and 
increases the synthesis of LDL receptors for LDL-binding. 

Table 20-7 • Landmark Statin Clinical Trials with Clinical Outcomes

Trial N; Yr Drug, dose Baseline LDL Treated LDL 1° Outcomes, RR%

Primary prevention trials

WOSCOPS 6595; 4.9 Prava, 40 192 159 NFMI, CHD death, ↓ 31%

AFCAPS/TexCAPS 6605; 5.2 Lova, 20-40 150 115 NFMI, FMI, USA, SCD, ↓ 37%

Secondary prevention trials

4S 4444; 5.4 Simva, 20-40 188 122 All-cause mortality, ↓ 30%

CARE 4159; 5 Prava, 40 139 98 NFMI, FMI, ↓ 24%, no 
difference in all-cause mortality

LIPID 9014; 6.1 Prava, 40 150 110 CHD death, ↓ 24%

Recent clinical trials

HPS 20,536; 6 Simva, 40 128, M; 135, F 89 All-cause mortality, ↓ 18%

PROVE-IT 4162; 2 Atorva, 80 vs 
Prava, 40

133 62 vs 95 All-cause mortality, MI, USA, 
revasc, CVA, ↓ 16%

A to Z 4497; 2 Simva, 40/80 vs 
placebo/20

112 63 vs 77 CV death, NFMI, ACS, CVA, 
↓ 11% (p = 0.14)

TNT 10,001; 4.9 Atorva, 80 vs 
Atorva, 10

98 80 vs 101 CHD death, NFMI, SCD, 
CVA, ↓ 22%

CARDS 2838; 3.9 Atorva, 10 122 111 ACS, revasc, CVA, ↓ 37%

ASCOT-LLA 10,305; 3.3 Atorva, 10 133 87 FMI and CHD death, ↓ 36%

N, number; Yrs, duration of study; RR%, percent relative risk reduction; NFMI, nonfatal myocardial infarction; CHD, coronary heart disease; FMI, fatal myocardial 
infarction; USA, unstable angina; revasc, revascularization; CVA, stroke; ACS, acute coronary syndrome; SCD, sudden cardiac death.
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Bile acid sequestrants modestly lower LDL-C levels, typi-
cally by approximately 15-20%, but have no significant 
effect on HDL-C and may increase triglyceride levels, mak-
ing them relatively contraindicated in patients with sig-
nificant hypertriglyceridemia. Intolerance to side effects, 
which include bloating, constipation, nausea, and esopha-
geal reflux, is common with older preparations but less fre-
quent with colesevelam. If given concomitantly, bile acid 
sequestrants can interfere with absorption of vitamin K, 
digoxin, warfarin, thyroxine, statins, and diuretics. Despite 
these side effects and drug interactions, sequestrants are 
useful adjunctive agent to statins or nicotinic acid in treat-
ment of severe hyperlipidemia or as montherapy in statin-
intolerant patients with elevated cholesterol levels. Indeed, 
the Lipid Research Clinics Coronary Primary Prevention 
Trial (LRC-CPPT) was one of the first randomized trials 
to confirm the CV benefits of cholesterol-reducing thera-
pies, with a 19% reduction in CHD death and nonfatal 
MI in men with primary hypercholesterolemia receiving 
cholestyramine. 

Fibric Acid Derivatives
This class of medication includes fenofibrate and gem-
fibrozil. Their primary mechanism of action is activation 
of the nuclear transcription factor peroxisome prolifer-
ator-activated receptor-α (PPAR-α). Together with the 
cofactor RXR, PPAR-α promotes transcription of several 
lipid-regulating proteins, resulting in moderate reductions 
in triglycerides of 20-50%. They also increase HDL-C, and 
transform small, dense LDL into larger, more buoyant parti-
cles, but have lesser effects on LDL-C levels compared with 
statins, occasionally increasing levels. Fibrates are gener-
ally safe with major side effects of gallstones, hepatotoxic-
ity, and cholelithiasis. In addition, they can increase the 
risk of myopathy when used in combination with statins, in 
which case fenofibrate is preferred over gemfibrozil because 
of a lower incidence of this side effect with concomitant 
statin use. These drugs require dose adjustment in those 
with moderate renal impairment and are contraindicated 
in those with severe impairment (creatinine clearance 
<20 mL/min).

Fibrates are useful in treatment of hypertriglyceridemia 
and low HDL. Indeed, the Veteran Affairs Cooperative 
Studies Program High Density Lipoprotein Cholesterol 
Intervention Trial (VA-HIT) showed that patients with 
known CAD and low levels of HDL-C (mean 32 mg/dL) 
and LDL-C (mean 112 mg/dL) who were treated with gem-
fibrozil 1200 mg/day had a 24% risk reduction of the com-
bined nonfatal MI, CHD death, or stroke compared with 
those treated with placebo. These cardiovascular benefits 
were also observed in the primary prevention Helsinki 
Heart Study (HHS) trial of approximately 4000 men with 
elevated non-HDL-C. However, both the secondary preven-
tion Bezofibrate Infarction Prevention (BIP) trial, and the 

Fenofibrate Intervention and Event Lowering in Diabetes 
(FIELD) trial of patients with diabetes failed to demonstrate 
reductions in their primary CV endpoints with fibrate ther-
apy. Subanalyses from the BIP and HHS studies suggest that 
fibrates may be most effective in subjects with triglyceride 
levels >200 mg/dL and low HDL-C. 

In patients with mixed hyperlipidemia, the combination of 
statin and fibrate therapy is an attractive option, since the 
addition of fibrate therapy can further reduce triglycerides 
by an additional 20%, modestly raise HDL-C, and possibly 
slightly lower LDL-C by 5%. A conclusion regarding whether 
combination fibrate and statin therapy is superior to statin 
monotherapy for clinical CV endpoints awaits the comple-
tion of the ongoing Action to Control Cardiovascular Risk 
in Diabetes (ACCORD) trial. 

Nicotinic Acid (Niacin)
This medication is widely used, inexpensive, and available 
over the counter. Although the precise mechanism is not 
unknown, nicotinic acid probably works by inhibiting the 
formation of apo-B containing lipoproteins, thereby moder-
ately lowering total cholesterol, LDL-C, and non-HDL-C. 
It can also inhibit FFA mobilization in the periphery, 
thereby reducing triglyceride levels, and it also markedly 
increases HDL-C. As such, it is particularly useful in treat-
ment of atherogenic dyslipidemia. However, this medica-
tion has numerous side effects, namely flushing, as well as 
pruritus, gastrointestinal intolerance, gout flare, impaired 
glucose tolerance, and hepatotoxicity. To minimize flush-
ing, aspirin can be taken 30 minutes prior to the niacin dose 
to reduce prostaglandin release, and the medication can be 
taken at night after a small snack. Intermediate release nico-
tinic acid, Niaspan, also has better tolerability than shorter-
acting preparation and a low incidence of hepatotoxicity, 
improving its adherence.

The only large scale clinical outcomes trial with niacin 
performed, the Coronary Drug Project, took place several 
decades ago and demonstrated a reduction in nonfatal MI, 
and also a reduction in all-cause mortality after 15 years 
in men with previous MI. Niacin has also shown favorable 
effects on atherosclerosis progression in combination with 
statins in smaller randomized trials, with ongoing studies to 
assess clinical endpoints. 

Cholesterol Absorption Inhibitors
The first drug in this class is ezetimibe, which works by 
selectively blocking intestinal absorption of cholesterol 
by binding to the Niemann-Pick C1-Like 1 (NPC1L1) re-
ceptor. As a result, less cholesterol returns to the liver for 
VLDL synthesis, and LDL receptor production is upregu-
lated, resulting in increased clearance of LDL and VLDL 
from the systemic circulation. Ezetimibe can be used either 
as monotherapy in conjunction with diet or as combination 
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therapy with statins (including a combination pill with sim-
vastatin) to enhance lipid-lowering effects. Used in mono-
therapy, it can be expected to decrease LDL-C by 18%, 
while the combination of ezetimibe 10 mg with 10 mg, 
20 mg, 40 mg, and 80 mg of simvastatin reduces LDL-C by 
44%, 45%, 53%, and 57%, respectively. This medication is 
systemically absorbed and does undergo hepatic metabolism 
and recirculation. Consequently, it can rarely cause liver 
function test abnormalities, particularly with concomitant 
statin use. 

While several studies have confirmed the LDL-C lowering 
effects of this agent, there are currently no published large 
scale trials assessing its efficacy for cardiovascular end-
points. The recently published ENHANCE trial compared 
the efficacy of simvastatin plus ezetimibe versus simvastatin 
alone on change in mean carotid intima-media thickness 
in 720 patients with heterozygous familial hypercholester-
olemia. Despite significantly lower LDL-C levels in those 
receiving simvastatin plus ezetimibe (56 versus 39%), no 
difference in changes in carotid intima-media thickness 
(IMT) was observed between the two groups. However, the 
majority of study participants had been on long-standing 
statin therapy and had low values of carotid IMT at the 
beginning of the study. The ongoing IMPROVE-IT trial of 
approximately 18,000 patients assessing clinical endpoints 
will better define the role of ezetimibe in reducing cardio-
vascular events.

Omega 3 Fatty Acids
Omega-3 fatty acids are polyunsaturated fatty acids that 
include the long chain docosahexaenoic acid (DHA) and 
eicosapentaenoic acid (EPA), which are also found in 
fish. From an epidemiologic perspective, populations with 
higher consumption of omega-3 fatty acids have a lower 
risk of CV events. The randomized, open label GISSI 
Prevenzione trial also demonstrated that 1 gram of EPA 
supplementation given subsequent to a recent MI reduced 
the risk of all-cause and CV death by 14% and 17%, respec-
tively. In addition, the recent Japan EPA Lipid Intervention 
Study (JELIS) of hypercholesterolemic Japanese patients 
revealed a reduction in composite CV outcomes when 
1.8 grams of EPA was combined with low dose statin ther-
apy, compared with statin therapy alone. The mechanisms 
of these salutary effects of EPA and DHA are not known 
but are possibly related to antiarrhythmic effects, decreased 
platelet aggregation, and improved arterial and endothelial 
function.

Higher doses of EPA and DHA (3-4 g/day) can effectively 
lower triglyceride levels in those with significant hypertrig-
lyceridemia (≥500 mg/dL) by as much as 50%, but with 
a variable increase in LDL-C, resulting in a net slight de-
crease in non-HDL-C and total cholesterol. The current 
AHA guidelines recommend 1 gram of omega-3 fatty acid 

supplementation daily for secondary prevention of CHD, 
and 3-4 grams daily for triglyceride lowering. The omega-3 
fatty acid supplements are generally safe, with common side 
effects including nausea, gastrointestinal upset, and a “fishy 
burp,” which can be minimized by ingestion at bedtime or 
with meals. High doses of omega-3 fatty acids may prolong 
bleeding time, requiring periodic monitoring of patients 
taking anticoagulants. Importantly, many over the coun-
ter preparations contain approximately only 300-400 mg of 
EPA and DHA per 1 gram capsule, while a purified prescrip-
tion formulation, Lovaza, contains approximately 900 mg 
per 1 gram capsule.

NCEP TREATMENT GUIDELINES 
FOR DYSLIPIDEMIA

The treatment guidelines for dyslipidemia are based upon the 
National Cholesterol Education Program’s Adult Treatment 
Panel III. The full set of guidelines was initially published in 
2001 and revised in 2004 to include findings from the five 
major clinical trials published in the interim. 

Risk Assessment

The guidelines state that everyone in the population would 
optimally have an LDL-C level less than 100 mg/dL or even 
<70 mg/dL, but not all patients’ conditions warrant aggres-
sive pharmacologic interventions in attempts to achieve 
these goals. The fundamental principle of cholesterol man-
agement is to match the intensity of lipid-lowering therapy 
to the absolute CHD risk of the patient, maximizing the 
risk-to-benefit ratio. Patients can be categorized into four 
risk groups: 

 1. high risk,
 2. moderately high risk,
 3. moderate risk,
 4. low risk. 

The algorithm in assessing CHD risk according to ATP III is 
as follows (Figure 20-5): 

• Identify the presence of CHD and CHD risk equiva-
lents (symptomatic carotid artery disease or stenosis 
>50%, peripheral arterial disease, abdominal aortic 
aneurysm, and diabetes). Patients with CHD or CHD 
risk equivalents are assigned to the high risk group. 
Very high risk patients include those with 1) recent 
acute coronary syndromes, or 2) CHD and either 
diabetes, multiple uncontrolled risk factors including 
smoking, or the metabolic syndrome. 

• In patients without CHD or CHD risk equiva-
lents, the next step is to count the number of CHD 
risk factors (Table 20-8). If two or more CHD risk 
factors are present, the patient is at least moder-
ate risk, and the Framingham risk score (available 
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online at http://hp2010.nhlbihin.net/atpiii/calcula-
tor.asp?usertype=pub) (Figures 20-6  and 20-7) is 
then calculated using age, total cholesterol, HDL-C, 
systolic blood pressure, and smoking history to further 
refine risk category. The risk score estimates the 10-
year risk of hard CHD events (nonfatal MI and CHD 
death) and can stratify patients into the following 
groups: >20% 10-year risk = high risk; 10-20% = 
moderately high risk; <10% = moderate risk.

• Moderately high risk patients may undergo additional 
testing to identify individuals that should be elevated 
to the high risk group. Such tests include assessment 
of ankle-brachial index, carotid intima-media thick-
ness, coronary artery calcium, C-reactive protein, and  
exercise treadmill testing.

• When 0-1 risk factors are present, Framingham risk 
scoring is not necessary, and these patients are as-
signed to the low risk group. 

LDL-C Lowering

The primary goal of therapy per ATPIII is LDL-C lowering. 
Table 20-9 summarizes the LDL cutpoints for consider-
ing TLC and statin treatment for each group. New to the 
updated guidelines is that clinicians now have an option 
of reducing LDL to <70 mg/dL in very high risk patients. 
Furthermore, the guidelines provide an option of reducing 
LDL <100 mg/dL in moderately high risk patients. Factors 
that influence more intensive statin therapy in this group 
include advanced age, multiple or severe risk factors, and 
metabolic syndrome. Statin drugs should be the initial 
agents used for LDL-C lowering, and when employed, a 
dose sufficient to lower LDL-C by at least 30-40% should be 
used. The efficacy of LDL-C-lowering should be monitored 
every 6 weeks until the goal is reached. 

Hypertriglyceridemia and Non-HDL-C

After LDL-C goals are achieved, triglyceride levels are then 
evaluated. Several conditions are associated with hypertrig-
lyceridemia, including obesity, physical inactivity, excess 
alcohol intake, high carbohydrate intake, insulin resistance 
(diabetes, metabolic syndrome), certain drugs (corticoster-
oids, estrogens, beta-blockers), and genetic disorders (famil-
ial combined hyperlipidemia, familial hypertriglyceridemia, 
and familial dysbetalipoproteinemia).The initial treatment 
priority is to target the underlying cause of elevated triglyc-
erides when possible. Thereafter, specific management strat-
egies for hypertriglyceridemia are outlined as follows:

• Borderline high triglycerides (150-199 mg/dL): Em-
phasis is on weight reduction and increased physical 
activity.

Coronary heart disease or condition that 
confers high risk for CHD

(Symptomatic carotid artery disease, 
peripheral arterial disease, AAA, DM)

No

NoYes

Yes

LDL goal <100
Non-HDL goal <130

(optional goal for very high 
risk or CHD:

LDL <70
Non-HDL <100)

 Presence of 2+ risk factors 
(smoking, HTN, HDL <40, family history CHD 

(male <55, female <65), age (men ≥45, women ≥55)

LDL goal <160
Non-HDL goal <190

Calculate 10 yr CHD risk 
using Framingham risk score

Figure 20-5. NCEP ATP III algorithm for determining LDL-C and non HDL-C goals. AAA, abdominal 
aortic aneurysm; DM, diabetes mellitus; HTN, hypertension; CHD, coronary heart disease.

Table 20-8 • Major Risk Factors (Exclusive of LDL) 
that Modify LDL Goals

Cigarette smoking

Hypertension (BP ≥140/90 mm Hg or on antihypertensive 
therapy)

Low HDL cholesterol (<40 mg/dL)

Family history of premature CHD (first degree relative, 
male <55 years, female <65 years)

Age (men ≥45 years, women ≥55 years)

Adapted from the Third Report of the National Cholesterol Education Program 
(NCEP) Expert Panel on the Detection, Evaluation, and Treatment of High Blood 
Cholesterol in Adults (ATP III), 2001.

http://hp2010.nhlbihin.net/atpiii/calculator.asp?usertype=pub
http://hp2010.nhlbihin.net/atpiii/calculator.asp?usertype=pub
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• High triglycerides (200-499 mg/dL): Non-HDL-C 
(equal to total cholesterol – HDL) should be calcu-
lated, as it encompasses triglyceride-rich VLDL and 
becomes the secondary target of dyslipidemia man-
agement. The recommended non-HDL-C goal is 30 
mg/dL higher than the LDL-C goal. For example, if 
the LDL-C goal is <100 mg/dL, the non-HDL-C goal 
should be <130 mg/dL. Aside from weight reduction 
and increased physical activity, pharmacologic ther-
apy is recommended. This can be achieved by increas-
ing the dose of statin, or adding fibrates or nicotinic 
acid as adjunctive therapy. 

• Very high triglycerides (≥500 mg/dL): The first treat-
ment goal is to lower triglycerides to prevent acute 
pancreatitis. This is accomplished by a very low fat 
diet (≤15% of calorie intake), weight reduction, in-
creased physical activity, and the addition of fibrates, 
nicotinic acid, or omega-3 fatty acids. After triglycer-
ide levels decrease to <500 mg/dL, LDL-C lowering 
therapy can be initiated. 

Patients with Low HDL

Low HDL is defined as HDL-C<40 mg/dL and is often asso-
ciated with metabolic syndrome, smoking, obesity, very low 
fat diets, drugs (anabolic steroids), and genetic causes (fa-
milial hypoalphalipoproteinemia). At this time, the ATPIII 
guidelines have not specified a goal level for HDL-C. In pa-
tients with LDL-C and non-HDL-C at goal and residual low 
HDL-C, a fibrate or nicotinic acid can be added, especially 
in those with CHD or CHD risk equivalents. 

SPECIAL POPULATIONS

Older Persons

Although the association between high cholesterol and 
CHD events is of lesser magnitude in older than in younger 
persons, findings from subgroup analyses of clinical trials 
including HPS consistently suggest that older patients with 
established CVD or CVD risk factors still derive benefits 
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Figure 20-6. Framingham Risk Score algorithm for men. NCEP-ATPIII version of the Framingham Risk Score. 10-year risk of coronary 
heart disease death or myocardial infarction is calculated by adding points for age, total cholesterol, HDL-cholesterol, systolic blood 
pressure and smoking status and comparing the summed point total to the 10-year risk %. CHD, coronary heart disease; MI, 
myocardial infarction.
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Figure 20-7. Framingham Risk Score algorithm for women. NCEP-ATPIII version of the Framingham Risk Score. 10-year risk of coro-
nary heart disease death or myocardial infarction is calculated by adding points for age, total cholesterol, HDL-cholesterol, systolic
blood pressure and smoking status and comparing the summed point total to the 10-year risk %. CHD, coronary heart disease; MI, 
myocardial infarction.
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Table 20-9 • ATP III Update LDL Goals and Cutpoints for TLC and Drug Therapy in Different Risk Categories 

Risk Category LDL Goal Initiate TLC Consider Drug Therapy

High risk:
CHD or CHD risk equivalents
(10-yr risk >20%)

<100 mg/dL
(optional goal: ≤70 mg/dL)

≥100 mg/dL ≥100 mg/dL
(<100 mg/dL: consider 
drug options)

Moderately high risk:
2+ risk factors
(10-yr risk 10-20%)

<130 mg/dL
(optional goal: ≤100 mg/dL)

≥130 mg/dL ≥130 mg/dL
(100-129 mg/dL: consider 
drug options)

Moderate risk:
2+ risk factors
(10-yr risk <10%)

<130 mg/dL ≥130 mg/dL ≥160 mg/dL

Low risk:
0-1 risk factor <160 mg/dL ≥160 mg/dL ≥190 mg/dL

(160-189 mg/dL: consider 
drug options)

Adapted from the Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on the Detection, Evaluation, and Treatment of High Blood Cholesterol in 
Adults (ATP III) updated guidelines. Circulation. 2004;110. TLC, therapeutic lifestyle changes.
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from lipid-lowering therapy. In the Prospective Study of 
Pravastatin in the Elderly at Risk (PROSPER) study, of 5800 
men ages 70-82 years with CVD or CVD risk factors, pravas-
tatin 40 mg reduced the risk of CVD endpoints and coro-
nary death by 15% and 24%, respectively, compared with 
placebo. Importantly, although the relative risk reduction 
of lipid-lowering therapy is lower in elderly compared with 
younger subjects, the absolute risk reduction is often greater 
given the higher baseline risk for CVD events with age.

Patients with Diabetes

It is clear that patients with diabetes with or without CVD 
are at high risk for developing CV events and warrant aggres-
sive risk reduction strategies. Subanalyses from several statin 
trials have demonstrated improved CV outcomes with statin 
therapy in diabetic cohorts. As previously stated, the CARDS 
trial clearly established that atorvastatin 10 mg daily was safe 
and effective in reducing the risk of first CV event in diabetic 
patients with fasting LDL-C <160 mg/dL (mean 117 mg/dL). 
Hence, the ATP III guidelines recommend LDL-C goals of 
<70 mg/dL for diabetic patients with a history of CVD, and 
<100 mg/dL for diabetic patients without history of CVD. 
The American Diabetes Association recommendations go a 
step further and call for statin therapy in all patients with dia-
betes over the age of 40 with one additional CVD risk factor, 
regardless of baseline LDL-C level. Areas of uncertainty 
regarding lipid-lowering therapy in patients with diabetes 
include those who are young or have no CVD risk factors. 

Patients with Acute Coronary Syndromes

Patients with recent ACS are at markedly high risk of 
recurrent CV events, approximately 25% at two years. 
The Myocardial Ischemia Reduction with Aggressive 
Cholesterol Lowering (MIRACL) reported that early ini-
tiation of intensive statin therapy reduced recurrent CV 
events by 16% relative to placebo in the 4-month follow-
up period. These findings were extended by the PROVE-IT 
study in which intensive statin therapy accompanied by 
LDL-C levels <70 mg/dL further reduced recurrent CV 
events compared with standard dose statin therapy and 
LDL-C levels <100 mg/dL. Due to these findings along 
with supportive evidence from the A to Z trial, intensive 
statin therapy should now be considered for all patients 
admitted with ACS.
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Hypertension
Scott R. Yoder and John D. Bisognano

21

• “Hypertension” is the most common outpatient 
diagnosis (1 billion patients worldwide) and contrib-
utes directly to 7.1 million deaths annually.

• JNC-VII defines normal blood pressure as <120/80,
prehypertension as 120-139/80-89, hypertension as 
>140/90.

• A more stringent goal of <120/80 is reserved for 
 patients with CAD and LV dysfunction—generally an 
EF of <40%.

• BP measurement must conform to recommended 
standards.

• Good lifestyle behaviors are core to the treatment 
of hypertension. In overweight and obese patients, 
weight loss results in significant blood pressure 
reduction.

• Choice of drugs depends on the severity of hyperten-
sion and presence of comorbid illnesses (diabetes, 
nephropathy, etc.). 

• African Americans have a higher prevalence of hy-
pertension, develop hypertension at a younger age, 

and tend to have proportionally more morbidity and 
mortality associated with hypertension.

• Preeclampsia is a new-onset hypertension which 
 occurs after the 20th week of gestation and is charac-
terized by proteinuria (1+ dipstick, >300 mg/24 h); 
occurs in approximately 7% of all pregnancies, but 
is more common in women with chronic hyperten-
sion (25%)

• Hypertensive urgency and emergency warrant in-
patient admission for evaluation and treatment. In 
both cases there is evidence of end-organ damage 
due to hypertension. The distinction between the two 
is based on the clinical severity and risk of significant 
morbidity and mortality if the blood pressure is not 
corrected.

• Patients with resistant hypertension (lack of blood 
pressure control with three or more antihypertensive 
medications), and very young patients with hyper-
tension must be investigated for secondary causes: 
primary hyperaldosteronism, pheochromocytoma, 
renal artery stenosis, coarctation of aorta, etc.

d PRACTICAL POINTS

INTRODUCTION

Hypertension may well be the most important public 
health issue facing society. It is the most common outpa-
tient diagnosis (1 billion patients worldwide) and contrib-
utes directly to 7.1 million deaths annually. Suboptimal 
blood pressure control is likely to reduce 50% of ischemic 
heart disease and 60% of strokes, the second and third 
leading causes of death in the United States. Much of the 
morbidity and mortality associated with hypertension can 
be reduced with appropriate medical therapy.”

Multiple genetic and environmental factors interact in the 
development of hypertension. This chapter discusses the 
epidemiology of hypertension, diagnosis and initial therapy, 
as well as approaches to refractory hypertension.

Classification of Hypertension

Optimal blood pressures and stages of hypertension were 
redefined in the Seventh Report of the Joint National 
Committee on Prevention, Detection, Evaluation and 
Treatment of High Blood Pressure (JNC 7) (Table 21-1).
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Finding its origins in previous JNC reports, the stages of 
hypertension are convenient guides for relative risk but are 
only a part of the risk evaluation for the patient. For every 
20 mm Hg systolic or 10 mm Hg diastolic increase in blood 
pressure there is a doubling of the risk of death from cardio-
vascular disease or stroke, and this trend is incorporated in 
the JNC 7 stages. An equivalent reduction in risk is noted 
with blood pressure control, yet rates of target blood pres-
sure control remain at less than 40%. 

In addition to JNC7 recommendations there are additional 
considerations for patients with certain comorbidities. 
Although a goal of <140/90 is recommended for most pa-
tients, those with diabetes or renal dysfunction are given a 
lower target of <130/80. Recent recommendations by the 
American Heart Association also recommend treatment of 
patients with known coronary artery disease and other vas-
cular disease to a level of <130/80. A more stringent goal of 
<120/80 is reserved for patients with coronary disease and 
left ventricular dysfunction—generally an ejection frac-
tion of <40%. Patients with diabetes should be treated to 
a blood pressure level of <130/80 due to the significant in-
teraction of hypertension and diabetes in end-organ diseases 
(coronary disease, nephropathy, stroke, retinopathy, etc.). 
Patients with evidence of chronic renal impairment should 
be treated to a blood pressure level of <130/80 in order to 
prevent progression to kidney failure, and there are some 
data suggesting benefit of a 125/75 goal in these patients. 

Epidemiology

Prevalence of hypertension increases with age. Ninety per-
cent of patients who are normotensive at 55-69 years of age 
will develop hypertension if they reach the age of 80 years. 
One-half of people 60-69 years of age and 75% of people 
over 70 years of age will be hypertensive. 

Approximately 90-95% of people with hypertension have 
primary (essential) hypertension. This elevation of blood 
pressure is multifactorial in origin and represents a complex 
interaction of genetic traits with lifestyle factors (weight, 
sodium intake/excretion, and emotional stress). In contrast, 
secondary hypertension has a specific cause and may im-
prove with correction of the underlying defect. This will be 
addressed later in this chapter.

MEASUREMENT OF BLOOD PRESSURE

Appropriate technique for blood pressure measurement 
is essential for appropriate diagnosis and management. 
Equipment used to measure blood pressure must be accu-
rate and should be recalibrated on a regular basis. Blood 
pressure should be measured in the sitting position with 
the arm resting at heart level. The patient should be sit-
ting comfortably for 5 minutes prior to blood pressure 
measurement. An appropriate selected cuff bladder should 
encompass 80% of the arm circumference, the sphygno-
manonometer inflated to 20 mm Hg above the auscul-
tated heart sounds and deflated at a rate of 2 mm Hg per 
second measuring the first and second Karotkoff sounds. 
Numerous automated devices are now available and pro-
vide excellent readings in most patients, providing great 
assistance in the management of outpatients with regards 
to blood pressure.

PATIENT ASSESSMENT

The goal of patient assessment is to evaluate degree of hy-
pertension, identify additional risk factors for morbid se-
quelae, initiate therapy, and educate the patient. Initial 
evaluation should include past medical history, social 
history, family history, current medications, and physical 
exam. Specific attention should be paid to common sec-
ondary causes or comorbid conditions associated with hy-
pertension (Figure 21-1).

Physical exam should include bilateral blood pressures, 
weight, body mass index, carotid auscultation, thyroid 
evaluation, and palpation of aortic and peripheral pulses. 
Diagnostic evaluation with an ECG, basic metabolic pro-
file, and thyroid function testing should be performed. 
Additional diagnostic studies may be warranted on an in-
dividual basis.

Table 21-1 • JNC 7 Classification of Blood Pressure

BP Classification BP Measurement

Normal <120/80

Prehypertension 120-139/80-89

Hypertension >140/90

Stage I 140-159/90-99

Stage II >160/100

Comorbid conditions that require more aggressive blood 
pressure control:
Diabetes
Stroke (ischemic or hemorrhagic)
Coronary artery disease
Chronic heart failure
Chronic kidney disease

Common, easily screened causes of secondary hypertension:
Sleep apnea
Drug-induced (OCP, antidepressants, etc.)
Hyperaldosteronism
Aortic coarctation
White coat hypertension
Pseudohypertension

Figure 21-1. Comorbid and secondary conditions of hypertension.
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IDENTIFICATION AND 
TREATMENT OF HYPERTENSION

All adult patients should be screened for hypertension at 
an initial visit with their primary care physician. Physician-
patient contacts are an opportunity to discuss hypertension 
and lifestyle modifications toward reducing the risk of hy-
pertensive disease. Continued screening and evaluation is 
based on the classification of blood pressure and the pres-
ence of significant comorbid conditions such as diabetes or 
chronic kidney disease. Normotensive and prehypertensive 
patients without significant comorbidities should be re-
screened at 2 years and 1 year, respectively, and have life-
style modifications introduced and be reevaluated within 
2 months and 1 month, respectively. 

Patients presenting with severe hypertension (>180 mm Hg 
systolic or >110 mm Hg diastolic), require immediate imple-
mentation of medical therapy. They should be reevaluated 
within a week to gauge response to medical and lifestyle 
therapy.

Good lifestyle behaviors are core to the treatment of hy-
pertension (Table 21-2). Exercise and appropriate diet (low 
sodium and appropriate caloric intake) remain the most effective 
method of blood pressure reduction and control and are far more 
efficacious than available medical therapy. Overweight and 
obesity are present in 80% of patients with hypertension. 
Weight loss is associated with significant blood pressure 
reduction and control. Additional lifestyle modification 
including smoking cessation and moderation of alcohol 
intake can lead to extremely satisfying results. Although 
the benefits of therapeutic lifestyle modification cannot be 
overstated, there will still be many patients presenting as 
hypertensive at follow-up evaluation; when this is the case, 
medical therapy should be implemented. 

Numerous effective medications are available to treat hyper-
tension. When and which medications to initiate depend 
primarily on the degree of hypertension, the severity of hyper-
tension, and comorbid illnesses (diabetes, nephropathy, etc.). 
When medical therapy is deemed necessary, initial therapy 
with a thiazide diuretic is usually recommended because of its 

well-established efficacy and cost effectiveness. Beta-blockers, 
angiotensive converting enzyme inhibitors (ACEIs), angio-
tensin receptor blockers (ARBs), calcium channel blockers, 
and other antihypertensives are currently considered second-
line agents, primarily because of their relatively higher ex-
pense compared to thiazide diuretics. For end-organ damage 
related to hypertension, meta-analysis of morbidity and mor-
tality  has not, so far, demonstrated benefits of specific medi-
cations compared to blood pressure reduction alone. In short, 
it doesn’t necessarily matter what medications are being used 
as long as the medical regimen is tolerable and efficacious.

Comorbid conditions and other patient factors should be 
considered in the selection of antihypertensive medica-
tion. For example, patients with chronic kidney disease 
and/or diabetes should be on an ACEI for renal protection, 
patients with chronic congestive heart failure and cardio-
myopathy should be on spironolactone, and so on. Many of 
these medications (ACEI, ARB, several beta-blockers) are 
now generic and available for a small copay for those who 
are insured, which may make their use much more cost ef-
fective than a pharmaceutical brand name drug. Summary 
lists of medications are available that rank medications in 
various ways: cost, effectiveness, cost-effectiveness, etc. 
Combination medications are available at very affordable 
prices and may be useful for patients who already must take 
many pills or who have an aversion to pills. It is of para-
mount importance to remove barriers to treatment and to 
select a medical regimen that the patient can physically tol-
erate, as well as afford on a long term basis. 

Gradual increase in blood pressure with age is expected; 
hypertension is a progressive disease. Consequently, most 
patients will require additional medications to maintain 
control of hypertension. If patients have responded well to 
one medication, that medication should be titrated over 
time to maintain acceptable blood pressure. Other classes of 
medications should be added if necessary. 

SPECIAL POPULATIONS

Minorities

The prevalence, level of control, and health impact of hy-
pertension differ significantly across racial minorities in 
the United States. Hispanic and Native Americans have 
a much lower rate of blood pressure control than majority 
groups. African Americans have a higher prevalence of hy-
pertension, develop hypertension at a younger age, and tend 
to have proportionally more morbidity and mortality asso-
ciated with hypertension as when compared to Caucasian 
Americans. The cause of hypertension in these groups re-
mains multifactorial: no single factor has been found that 
would identify a cause for such racial discrepancies, but 

Table 21-2 • Effects of Lifestyle Modification 
on SBP (JNC 7)

Modification SBP Reduction

Weight loss 5-20 mm Hg/10 kg

DASH diet 8-14 mm Hg

Sodium restriction 2-8 mm Hg

Physical activity 4-9 mm Hg

Moderation of alcohol 2-4 mm Hg
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certainly access to health care, socioeconomic status, and 
cultural attitudes toward the health care system continue to 
be barriers to care in these at-risk populations. 

The goals of blood pressure control and the medications used 
with minority patient populations are the same as those of 
majority populations, and the benefits of blood pressure con-
trol have been confirmed in minority populations. Lifestyle 
modification with diet (specifically sodium restriction) and 
exercise remains a mainstay of therapy. Many traditional 
diets are extremely high in salt content. Consequently, suc-
cessful implementation of the Dietary Approaches to Stop 
Hypertension (DASH) diet has often been more effective 
for these minority populations. 

African Americans were shown in the Antihypertensive 
and Lipid-Lowering Treatment to Prevent Heart Attack 
Trial (ALLHAT) to have a lower response to monotherapy 
with ACEI, ARB, and beta-blockers. However, thiazide di-
uretics and calcium channel blockers were quite effective. 
African Americans experience better risk reduction when 
antihypertensives are used for comorbid conditions such as 
beta-blockade in coronary artery disease or ACEI/ARB use 
for nephroprotection in diabetes. The response of ACEI, 
ARB, and beta-blockers was often augmented with a slight 
increase in the doses of diuretic. 

Purely in terms of hypertension, thiazide diuretics are the 
first choice agent in this population. However, in the face 
of compelling comorbid conditions it would be advisable to 
use ACEI/ARB and beta-blockers while keeping in mind 
that increasing the dose of the thiazide may be necessary to 
attain adequate blood pressure control.

PREGNANCY

Pregnancy causes significant changes in a woman’s physiol-
ogy. A detailed accounting of the physiologic changes during 
pregnancy can be reviewed in an obstetric text. From the 
cardiac/hemodynamic perspective the important changes 
are reviewed here. Within the first 20 weeks of pregnancy 
a woman’s total intravascular volume increases by 30-40%. 
The red cell mass also increases by about 20% but with the 
increased volume there is a relative drop in the hematocrit. 
The increased intravascular volume, as well as neurohor-
monal changes, leads to a state of maternal systemic vaso-
dilatation relative to the prepregnancy state. This likely 
facilitates placental perfusion, which is a low-pressure system 
but requires high flux to maintain fetal growth. Heart rate 
increases by about 10 beats per minute and cardiac output/
index increase by 30% at 32 weeks gestation, with the uterus 
and placenta consuming 20% of the cardiac output (equiva-
lent to the kidney and brain at rest). With the increased 
metabolic needs, oxygen consumption is increased by 30%. 

Additionally, by 20 weeks gestation the uterus has grown 
large enough to impinge on the inferior vena cava and cause 
a position-dependent decrease in preloading of the heart. 

Blood pressure should be measured regularly in pregnant 
women. The American Congress of Obstetricians and 
Gynecologists (ACOG) and JNC 7 recommend limiting 
medications for preexisting hypertension. Certainly, ACE/
ARB must be discontinued and the teratogenic effects of other 
chronic medications should be evaluated. Many institutions 
prefer to discontinue all hypertensive medications at the be-
ginning of pregnancy and resume them if needed. In contrast 
to JNC 7 there are two classifications of blood pressure for 
pregnant women:  mild hypertension, 140-159/90-109, and 
severe hypertension, >160/110. Evidence has demonstrated a 
significant increase in the risk of arterial hemorrhagic events 
in pregnant women above 160/110 mm Hg, with significant 
mortality (approximately 50%). Treatment should be initi-
ated for any woman with severe hypertension.

Whenever possible, lifestyle modification with diet and ex-
ercise should be initiated. But, care must be taken in making 
these recommendations for any pregnant woman in order 
to assure that she maintain appropriate caloric intake and 
avoid injury. First-line medical agents for treatment include 
L-methyldopa, labetalol, and nifedipine. The largest lit-
erature base exists for methyldopa, and it is often the first 
medication attempted for blood pressure therapy. It is the 
only FDA class B medication currently available for hyper-
tension. Labetalol also has a very long history of safety and 
is, perhaps, becoming more commonly used because of its 
better tolerability. However, some studies have associated it 
with fetal growth restriction. A brief review of the common 
medications and an outline of the approach to hypertension 
during pregnancy are shown in Table 21-3.

There are several well-recognized disorders that result in hy-
pertensive state during pregnancy. Etiology is thought to be, 
in part, abnormal placentation and placental hypoperfusion. 
Neurohormonal feedback induces or exacerbates maternal 
hypertension in the body’s attempt to maintain placental 
perfusion and fetal growth. End-organ damage is caused 
directly by elevated blood pressure or from complicated 
multisystem disorders (preeclampsia/eclampsia, Hemolysis, 
Elevated Liver enzyme levels and a Low Platelet, etc). 
There are five common hypertensive disorders of  pregnancy: 
chronic hypertension, eclampsia, preeclampsia, gestational 
hypertension, and transient hypertension.

CHRONIC HYPERTENSION

Chronic hypertension, by definition, is a condition that 
must be present prior to pregnancy or prior to 20 weeks ges-
tation; it complicates approximately 3% of all pregnancies. 
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Although some women develop hypertension during the 
early periods of pregnancy, the most common diagnosis is 
essential hypertension. Many women with essential hyper-
tension will either not experience the usual drop in blood 
pressure or remain in a range where treatment is recom-
mended despite a drop in blood pressure. Chronic hyper-
tension tends to be more prevalent in women who are 
obese, of advanced maternal age, and is more common in 
African Americans. 

PREECLAMPSIA/ECLAMPSIA

Preeclampsia is a syndrome of new-onset hypertension, 
which occurs after the 20th week of gestation and protei-
nuria (1+ dipstick, >300 mg/24 h). The syndrome occurs 
in approximately 7% of all pregnancies but is much more 
common in women with chronic hypertension, at 25% of 
this population. The etiology is thought to be related to 
abnormal placentation caused by abnormal maternal blood 
vessels supplying the placenta, leading to placental hypop-
erfusion. The neurohormonal response causes significant 
hypertension as well as diffuse maternal endothelial dysfunc-
tion and end-organ damage. Other clinical features include: 
hypertension, proteinuria, central nervous system dysfunc-
tion (cerebral edema, seizures, and occipital headaches) 

and hepatic dysfunction (elevated liver enzymes and low 
platelets). Fulminate eclampsia with hemolysis, elevated 
liver enzymes, and low platelets (HELLP) is a medical emer-
gency requiring admission and attention from a trained OB 
service and often a multidisciplinary team for support. 

As noted above, the development of hypertension is re-
lated to placental under perfusion. The downstream effects 
are caused by the placental response to hypoperfusion and 
not directly related to the blood pressure. Consequently, 
treatment of the blood pressure alone will not be adequate 
to avoid sequelae of preeclampsia/eclampsia. However, the 
blood pressure may rise quickly and to significant levels, 
requiring therapy to prevent morbidity related directly to 
hypertension.

The ultimate therapy for preeclampsia/eclampsia is delivery 
of the baby, which may be necessary at significant prema-
turity. These women have the potential to become quite ill 
quite quickly and need to be monitored closely, often in an 
ICU and/or with a multidisciplinary team caring for them. 

Preeclampsia clearly has an impact on future health. Women 
with a history of pre-eclampsia are twice as likely to develop 
hypertension and have a two- to five-fold increase in their 
risk of ischemic stroke. Studies examining a link between 

Table 21-3 • Therapies and Common Side Effects of Medications for Hypertension in Pregnancy

Drug (FDA 
Pregnancy Class) Route Dose Activity Time Action Side Effects

First-line agent

Methyldopa (B) PO 0.25-1.5 g BID 3-5 days False neurotransmitter Orthostasis, sleepiness

Second-line agent

Labetalol (C) PO/IV 200-1200 mg/d BID or 
TID in divided doses. 
20-40 mg IV q30 min 
PRN

2-4 h/5 min Nonselective 
beta-blockade

Tremulousness, headache

Nifedipine (C) PO 30-120 mg/d 30 min Calcium channel 
blocker

Edema, orthostasis, 
dizziness

Hydralazine (C) PO/IV 50-300 mg/d BID-QID. 
10 mg IV q2hrs PRN

1-2 h/
20-30 min

Direct vasodilator Lupus-like syndrome 
with chronic use.

HCTZ (C) PO 12.5-25 mg daily 3-5 days Diuretic

Selective beta 
–blockers (C)

PO Variable 1-2 weeks Selective beta-blocker Generally safe, bradycardia, 
may decrease uteroplacental 
perfusion, neonatal 
hypoglycemia at higher doses

Metoprolol (C) PO/IV 25-150 mg daily 3-5 days Selective beta-blocker Bradycardia

Emergency medications

IV labetalol as noted above.

IV hydralazine as noted above.

Nifedipine(C) as noted above.

QD = daily, BID = twice daily, TID = three times daily, QID four times daily.
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ischemic heart disease and preeclampsia have demonstrated 
variable results, but there may be an association. It seems 
likely that preeclampsia represents a spectrum of endothe-
lial disorders leading to downstream health effects but the 
exact mechanism remains to be determined. Guidelines as 
well as population studies aimed at preventing future mor-
bidity and mortality are not as yet developed.

GESTATIONAL HYPERTENSION

Gestational hypertension occurs in 6% of pregnancies and is 
defined as the development of hypertension after 20 weeks 
gestation without other evidence of preeclampsia/eclampsia. 
Women with gestational hypertension do have an increased 
risk for progression to preeclampsia/eclampsia of 15-45%. 
Additionally, these patients are at continued risk for preec-
lampsia/eclampsia in the first week postpartum. As noted 
above the treatment of hypertension is aimed at prevent-
ing morbidity associated directly with the blood pres-
sure, but does not reduce the woman’s risk of developing 
preeclampsia/eclampsia.

TRANSIENT HYPERTENSION

Patients with gestational hypertension (see previous sec-
tion) who have a resolution of hypertension by 12 weeks 
postpartum are classified as having transient hypertension. 
Though the blood pressure comes back to normal and there 
is no need for chronic medications the patients are at higher 
risk for hypertension at an older age and for recurrent gesta-
tional hypertension.

HYPERTENSIVE URGENCY/
EMERGENCY

Severe hypertension, >180/110 mm Hg, can be classified 
in two basic categories: nonurgent severe hypertension and 
hypertensive urgency/emergency. The critical distinction 
between these two is the presence or potential for end-organ 
damage due to the level of hypertension. 

Nonurgent, severe hypertension is asymptomatic and without 
evidence of end-organ damage resulting from the elevated 
blood pressure. These patients are likely chronically hyper-
tensive and require only outpatient medical therapy and close 
follow-up to determine response to medications. Hospital ad-
mission is not required and there is often no need to provide 
acute therapy. The key intervention for this patient popula-
tion is to coordinate outpatient evaluation and follow-up. It is 
advisable to avoid starting new antihypertensives, as medical 
noncompliance or adverse drug reactions may lead to delete-
rious events. However, titration of current home medications 
may be warranted depending on the clinical situation. 

This presentation occurs for multiple reasons: anxiety, poor 
compliance, lack of medication, alcohol withdrawal, etc., 
and many patients are often found to have severe hyperten-
sion during presentation for other problems: trauma, motor 
vehicle accident, COPD exacerbation etc. Acute emergency 
department treatment is often accomplished with fast-acting 
medications such as clonidine or hydralazine. Both of these 
medications cause significant rebound hypertension, which 
results in a yo-yo effect of patients coming back either due to 
hypotension when they take their home medications or hy-
pertension after rebound from medications such as clonidine 
or hydralazine. If medications are to be initiated, a two-drug 
regimen, usually including a thiazide diuretic, should be initi-
ated for stage II hypertension (JNC 7). Unless there are com-
pelling reasons to do so, work-up for secondary hypertension 
is generally not warranted. The patient should be reminded 
of the risks of chronic uncontrolled hypertension and follow 
up with a primary care physician should be arranged.

Hypertensive urgency and emergency warrant inpatient ad-
mission for evaluation and treatment. In both cases there 
is evidence of end-organ damage due to hypertension. The 
distinction between the two is based on the clinical severity 
and risk of significant morbidity and mortality if the blood 
pressure is not corrected. 

Hypertensive urgency is generally a concern if the blood pres-
sure is greater than 180/110 mm Hg with suggestion of ongo-
ing or impending end-organ dysfunction:  severe head ache, 
shortness of breath, worsening renal function, etc. Patients are 
alert, hemodynamically stable and neurologically intact. The 
potential for acceleration to hypertensive emergency is quite 
likely. Consequently, therapy should be initiated in a judicious 
manner, with a goal of a 25% reduction or target blood pressure 
of 160/100 mm Hg within 2-6 hours of presentation. Further, 
acute reductions in blood pressure have been associated with 
ischemic damage in the brain, heart and kidneys due to loss of 
the high central pressure head in the setting of local, end-organ 
autoregulatory processes. In general of clonidine and hydrala-
zine are extremely rapid, effective oral medications for treat-
ment of hypertension. An effect can usually be seen in about 
1 hour. Intravenous medications may be warranted to achieve 
adequate blood pressure control in the acute setting. Many 
well tolerated oral medications have IV formulations allow-
ing easy transition to oral medications once blood pressure 
is controlled. Intravenous labetalol and nicardipine are ex-
tremely effective and usually a blood pressure effect is seen 
within 10-15 minutes. Both can be initiated as bolus or drips. 
Intravenous nicardipine is better to use as a drip because it 
has a shorter half life however, oral nicardipine usually takes 
2-3 days to take effect necessitating a longer period of time on 
intravenous drip. Labetalol has a longer half life and can cause 
sudden hypotension or bradycardia. The oral formulations 
of labetalol act quickly and can usually be easily titrated in 
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24-36 hours but oral therapy requires twice or three time daily 
dosing. Nitroglycerine can be symptomatically beneficial in 
cases of congestive heart failure but generally the degree of 
blood pressure effect is not as satisfying as other medications. 

Hypertensive emergency has been defined as a blood pressure 
is >220/140 mm Hg and/or the presence of severe end organ 
dysfunction related to ongoing hypertension (Table 21-4). 
Therapy should be initiated immediately. Many of these 
patients are in a hyper-adrenergic state leading to extreme 
vasoconstriction in the setting of a relatively low total body 
volume; consequently significant shifts in blood pressure 
can be noted with initiation of vasodilators. Intravenous 
medications should be initiated early, have a rapid onset 
and short half life allowing easy titration. A goal of reducing 
the blood pressure by 25% from presentation or to 160/100 
mm Hg is recommended but must be tempered based on the 
clinical scenario. Although the risk of hypoperfusion with 
sudden drops in blood pressure is present, the ongoing dam-
age from hypertension must also be effectively ameliorated. 
These patients can be extremely ill and become quite com-
plicated. Often invasive blood pressure monitoring and ad-
mission to a medical or CV ICU is warranted. 

Sodium nitroprusside has been the classic medication for 
treatment of hypertensive urgency. It has a short half life, 
rapid onset of action and is easily titrated. Unfortunately, it 
also produces cyanide as a break-down product and toxicity 
becomes an issue after 24-48 hours. Intravenous nicardipine 
is extremely effective: It has pharmacokinetic properties 
similar to sodium nitroprusside but no significant toxicity. 
In cases related to hyperadrenergic activity, phentolamine, 
esmolol, or labetalol may be more appropriate/ efficacious 
first-line agents. Labetalol should be used cautiously since 
its half-life is considerably longer than other medications.

SECONDARY HYPERTENSION

Resistant hypertension is defined as sub-optimal blood pres-
sure control with three or more antihypertensive medications, 
one being a diuretic. Common causes of resistant hypertension 
include inaccurate measurement of blood pressure, underdos-
ing of diuretics and fluid overload, patient noncompliance/
nonadherence, and drug-drug interaction. If these simple 

causes are remedied and the blood pressure elevation persists 
then a concerted effort to evaluate for specific underlying 
causes (secondary hypertension) is warranted. The three-
drug guideline was developed when drug therapy for hyper-
tension was fraught with side effects and triple drug therapy 
was considered maximal medical therapy. Although generally 
reasonable, the three-drug guideline is likely to yield a high 
proportion of negative workups for secondary hypertension 
and may lead to delays in evaluation of patients at higher risk 
for secondary causes of hypertension. Evaluation for second-
ary hypertension may be appropriate regardless of blood pres-
sure level or intensity of therapy, for specific groups such as 
the young, those with specific symptoms suggesting a specific 
cause of hypertension, and those with a history of hyperten-
sive emergencies or severe target organ damage. 

The remainder of this chapter describes the most common 
causes of secondary hypertension, with additional discussion 
of evaluation and management. It is important to note that 
most people with secondary hypertension also have primary 
hypertension and that addressing the secondary cause of hy-
pertension rarely provides a cure. Addressing the secondary 
causes of hypertension may reduce but not necessarily elim-
inate the need for other blood pressure-lowering therapy. 
However, appropriate diagnosis and treatment of secondary 
causes of hypertension may allow a decrease in the number 
of medications needed to achieve blood pressure goal. 

Clinical Approach to Secondary Hypertension

Before instituting an extensive evaluation for secondary 
causes of hypertension, the clinician must be certain that the 
blood pressure readings obtained are indicative of the patient’s 
actual blood pressure throughout most of the day. Blood pres-
sures measured in the physician’s office serve this purpose for 
most patients. However, a sizeable subset of patients, 20-50% 
by several studies, present with significant hypertension only 
in the physician’s office (“white-coat” hypertension) due to 
anxiety and stress related to the visit. Additionally, patients 
presenting with white-coat hypertension who also have gen-
erally stressful lifestyles, may report normal blood pressure 
measurements at home, which are taken at opportune and 
stress-free periods and may give a false sense of reassurance 
to the patient and physician. Such labile hypertension car-
ries an increased risk of cardiovascular events and generally 
warrants some treatment. Home blood pressure reading or 
24-hour ambulatory blood pressure monitoring can be im-
portant in distinguishing a patient with severe hypertension 
from one who simply has a controlled hypertension that is 
significantly augmented in the physician’s office. A workup 
for secondary causes in a patient with near-normal home 
blood pressure readings is likely to be unrevealing, and the 
cost of home blood pressure monitoring is low in compari-
son with most secondary evaluations. Moreover, home blood 
pressure readings can prevent overtreatment in patients with 

Table 21-4 • Presentation of Hypertensive 
Emergency

Hypertensive encephalopathy
Intracerebral hemorrhage
Acute heart failure
Aortic dissection
Acute renal failure
Unstable angina
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labile blood pressure, decrease drug side effects, and increase 
the patient’s ability to adhere to therapy.

The evaluation of pseudohypertension in elderly patients 
is important because measurement in calcified and non-
compressible brachial arteries of these patients can falsely 
elevate cuff readings and lead to overtreatment. In these pa-
tients, alternative blood pressure measuring devices such as 
wrist and finger monitors or even arterial lines can be useful 
when a calcified brachial artery is palpated.

Medical compliance must also be assessed before a clini-
cian embarks on an extensive patient workup for secondary 
causes of hypertension. Moderate to severe hypertension is 
often treated with multiple, expensive drugs with adverse 
side effect profiles. Because of their power in lowering blood 
pressure, drugs such as clonidine, hydralazine, and minoxidil 
are often prescribed without regard for the patient’s ability 
to tolerate their side effects. In short, patients are often not 
eager to spend money each month in order to feel miser-
able, particularly when they generally feel well despite their 
elevated blood pressure. Many clinically established medi-
cations for hypertension are now generic and have low side 
effect profiles. Several of these are currently available for $4 
per month (of $10 for three months) through large national 
pharmacies. The advent of this low cost medication pro-
gram, with a wide variety of effective medications, affords 
the practitioner an opportunity to tailor affordable and tol-
erable regiment for almost any patient. 

Finally, all numerical and physical data from a patient should 
be consistent before  secondary evaluation is considered. A 
patient with years of extremely elevated blood pressure but 
no evidence of any target organ damage (microalbuminu-
ria, left ventricular hypertrophy, retinal abnormalities) is 
unlikely to have sustained levels of blood pressure eleva-
tion out of the physician’s office and would likely have an 
unrevealing workup for secondary causes of hypertension. 
Conversely, a patient with modestly elevated readings in 
the physician’s office but evidence of target organ damage 
should be evaluated more aggressively.

Once the accuracy of the blood pressure measurements is con-
firmed and medical compliance is reasonably documented, an 
evaluation for secondary causes of hypertension can proceed.  
Evaluation and treatment of the more common secondary 
causes of hypertension is discussed here (Table 21-5).

EXOGENOUS DRUG USE

Exogenous drug use (illicit, prescribed, and over- the-
counter) is an important, and potentially reversible, cause 
of hypertension. Some of the more common drugs used by 
patients include oral contraceptives and other estrogen-

containing compounds, sympathomimetic drugs for weight 
loss and sinusitis, alcohol and cocaine, immunosuppressive 
drugs, anabolic steroids, and nonsteroidal antiinflammatory 
medications.

A relatively large proportion of young women use oral 
contraceptive medications. Although these medications 
produce only small increases of blood pressure in most pa-
tients, a subset of patients experiences significant increases 
in systolic blood pressure, sometimes as great as 22 mm Hg. 
Some studies have linked the degree of hypertension with 
increased age (older than 35 years), duration of antiovula-
tory therapy, and alcohol intake. The hypertensive effect of 
oral contraceptives is reversible in approximately 50% of 
patients 3 to 6 months after discontinuation. The residual 
elevation in blood pressure is usually attributable to underly-
ing primary hypertension. Postmenopausal estrogen replace-
ment therapy does not appear to have similar hypertensive 
effect. Women at highest risk for renal artery fibromuscular 

Table 21-5 • Initial Approach to Suspected 
Secondary Hypertension

Possible Cause of 
Secondary Hypertension Initial Diagnostic Study

Labile (white coat) 
hypertension

Home 24-hr blood pressure 
monitoring

Noncompliance Focused history including 
financial assessment, cost of 
medications, detailed review of 
side effects

Pseudohypertension Wrist or finger pressures; 
invasive blood pressure 
monitoring

Exogenous drug use Focused history including over-
the-counter, herbal medications, 
and dietary supplements

Renal parenchymal 
disease

General chemistry, urinalysis, 
urine for microalbuminuria

Renal artery stenosis Renal artery imaging: MRI, 
ultrasonography, angiography

Primary aldosteronisim Serum potassium, aldosterone, 
renin, and ratio.

Pheocrhomocytoma Urine VMA, catecholamines, 
metanephrines, or serum 
metanephrines

Cushing’s syndrome 24-hour urine for free cortisol

Thyroid disease TSH for free thyroxine

Parathyroid disease Serum calcium and ionized 
calcium levels

Obstructive sleep apnea Sleep study

Aortic coarctation Chest radiograph or CT

CT, commuted tomography; MRI, magnetic resonance imaging; TSH, thyroid 
stimulating hormone; VMA, vanillylmandelic acid
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dysplasia include a relatively high percentage that use oral 
contraceptives. If blood pressure elevations are modest and 
there is no evidence of end-organ damage, it may be worth-
while to consider discontinuation of oral contraceptives for 
3 to 6 months before an evaluation for renal artery fibromus-
cular dysplasia (see below: Renal Artery Stenosis).

Numerous sympathomimetic medications can be purchased 
over the counter and at health food stores for the treatment 
of sinusitis (pseudoephedrine and phenylephrine) or obesity 
(pheylpropanolamine and others). These drugs can produce 
profound increases in blood pressure. Because many hyper-
tensive patients are also overweight, it is useful to ask pa-
tients specifically during evaluation of their hypertension 
whether they use Over the counter weight loss drugs. The 
health gains associated with weight loss and the utility of 
continuing these medications will have to be considered in 
relation to the severity of and ability to successfully treat 
the hypertension. Inquiry should also be made about food 
supplements, because sympathomimetics may be included 
and because some products that originate outside the conti-
nental U.S. may not be labeled in English.

Recreational use of cocaine can cause transient spikes in 
blood pressure and hypertensive urgency. Care must be 
taken in this setting to avoid selective beta-blockers, which 
may worsen hypertensive crisis due to unopposed alpha-
adrenergic activity. The transient spikes in blood pressure 
and coronary spasm may cause significant myocardial isch-
emia, but generally do not cause chronic elevations in blood 
pressure. Alcohol intake of more than 2 ounces per day can 
be associated with severe hypertension resistant to medi-
cal therapy. Social history on initial examination should 
include evaluation of alcohol intake. In such patients the 
issue of compliance with medical regimen should also be 
definitively evaluated before one embarks on an extensive 
workup for other secondary causes of hypertension.

Each year, more patients receive solid organ transplants, 
and a greater proportion of these patients are surviving 
longer. Many of these patients have underlying primary 
hypertension responsive to sodium restriction. However, 
the immunosuppressive medications cyclosporine and tac-
rolimus produce hypertension directly through activation 
of the sympathetic nervous system and nephrotoxicity. 
These virtually un-avoidable side effects are necessary to 
permit adequate immunosuppression and minimize use of 
steroids. (which can also cause hypertension through vol-
ume increase). Because most patients’ survival depends on 
adequate dosing with these drugs, blood pressure must often 
be addressed with multiple medications (often to low target 
levels of 125/75 mm Hg dictated by underlying renal insuf-
ficiency) with the usual armory of antihypertensive drugs. 
Israpidine is frequently the favored calcium channel blocker 
because of its lack of effect on cyclosporine metabolism. 

Some transplant groups are using diltiazem because it inhib-
its cytochrome p450 3A4, allowing reductions in tacrolimus 
while maintaining therapeutic levels. 

As mentioned, the use of anabolic steroid medications med-
ically, but more commonly for bodybuilding, can lead to 
mild increases in blood pressure as a result of sodium reten-
tion. It may be important to counsel hypertensive patients 
who participate in bodybuilding to avoid exogenous steroid 
usage and also to inform them that bodybuilding itself can 
exacerbate hypertension.

Finally, the increasing use of nonsteroidal antiinflammatory 
drugs can cause hypertension both acutely and chronically 
through analgesic nephropathy. This class of drugs gener-
ally produces small, if any, elevation in blood pressure in 
most patients, but certain patients have marked increase 
in blood pressure. Cycloxygenase-2 (COX-2) inhibitors are 
generally felt to be safer compared to traditional NSAIDS, 
but likely have similar hypertensive effects, especially in 
patients with significant salt sensitivity. The initiation of 
either class of medication carries additional cardiovascu-
lar risk and the physician should seriously deliberate ini-
tiation of them in patients with known hypertension and/
or cardiovascular disease. It is important to consider these 
medications as a cause of increased blood pressure, particu-
larly in the elderly patients, who often use these drugs at 
high doses. Simply withholding these medications for a few 
weeks may result in normalization of blood pressure and 
eliminate the need for a workup for other secondary causes 
of high blood pressure.

RENAL PARENCHYMAL DISEASE

Disease of the renal parenchyma can be responsible for 
acute and chronic hypertension. In patients presenting with 
hypertensive crisis, it is mandatory one evaluate renal func-
tion through a general chemistry profile and a urinalysis. 
Although abnormalities may be the result of hypertension 
itself, evaluation for acute renal processes such as acute 
glomerulonephritis, bilateral renal artery embolism, and 
bilateral ureteral obstruction should be considered. Other 
processes, such as vasculitis and high doses nonsteroidal 
drug ingestion, can also lead to acute renal failure and hy-
pertension. Prompt consultation with a nephrologist or, if 
indicated, a vascular surgeon or urologist, should be made 
in these cases.

More commonly, chronic hypertension begets chronic 
renal insufficiency, which in turn begets hypertension in 
a vicious circle unless interrupted through medical treat-
ment. Long-standing diabetic nephropathy and chronic 
pyeloneprhitis, for example, can result in decreases in 
glomerular filtration rate, sodium retention, and worsening 
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hypertension. In patients with stable renal dysfunction 
the careful application of angiotensin-converting enzyme 
inhibition or angiotensin receptor blockade can result in 
decreased blood pressure as well as preservation of renal 
function. ACEI and ARB therapy should not be with-
held in the presence of stable renal insufficiency and the 
creatinine is never “too high” to initiate an angioten-
sive  converting enzyme inhibitor or angiotensin recep-
tor blocker if the GFR is stable. Medical therapy may be 
able to delay or halt the progression to renal replacement 
therapy. Those patients who are likely to proceed to dialy-
sis or renal transplantation should receive prompt referral 
to a nephrologist. Aggressive cardiovascular risk modifi-
cation is also warranted in these patients with end-stage 
renal disease, in whom the primary cause of death is car-
diovascular in origin.

RENAL ARTERY STENOSIS

Renal artery disease can result from either of two entirely 
separate entities: atherosclerotic renal artery stenosis and 
renal artery fibromuscular dysplasia. Both can cause hyper-
tension, but they can also exist in patients without signifi-
cant elevations of blood pressure. Great strides have been 
made since 1990 in percutaneous revascularization, includ-
ing renal artery stent placement. The greatest challenge 
however, remains in selecting the patients more likely to 
benefit from percutaneous interventions, and clinical trials 
are presently underway to investigate this.

Atherosclerotic renal artery stenosis is primarily a disease of 
the renal artery ostium and the proximal one-third of the 
renal artery. Because atherosclerosis is a systemic disease, 
renal arty stenosis occurs in patients with other cardiovas-
cular risk factors, and a high proportion of patients with ath-
erosclerotic renal artery disease also have coronary disease, 
an important consideration when renal revascularization is 
contemplated. Patients who experience subacute onset of 
severe hypertension at a late age or rapid deterioration of 
hypertension control should be considered for renal artery 
evaluation, particularly if they have other atherogenic risk 
factors. Noninvasive imaging with renal magnetic resonance 
angiography, Doppler ultrasonography, or computed tomog-
raphy (CT) can be helpful in screening patients prior to in-
vasive angiography and revascularization. Other tests such 
as selective renal vein renin and captropril renogram can 
further guide the decision of whether to perform revascular-
ization. There is some evidence that renal artery resistive in-
dices and fractional flow reserve may be useful in predicting 
responsiveness to renal artery revascularization. The sensi-
tivity and specificity of these studies vary widely by the ex-
perience level of the technicians performing and physicians 
reading the imaging studies. Also, not all modalities may be 
available in a given area. Consequently, it is most important 

for the clinician to explore a particular institution’s area of 
expertise when ordering renal artery imaging. 

Invasive arteriography remains the gold standard for deter-
mining the degree of stenosis and also enables the opera-
tor to evaluate the hemodynamic significance of a lesion. 
Several studies have demonstrated significant reductions 
in blood pressure with percutaneous and surgical interven-
tions, but the results vary widely from patient to patient. 
Selection of patients most likely to benefit from renal ar-
tery revascularization remains an area of controversy and 
active research. In rare instances patients with unilateral 
renal artery stenosis, severe hypertension, poor response to 
medication, and failure of an invasive intervention (surgi-
cally or percutaneously) may require surgical nephrectomy 
to achieve blood pressure control.

Patients with renal artery fibromuscular dysplasia have ab-
normalities in the renal arterial media, leading to weblike 
stenosis in the distal two-thirds of the renal artery. The dis-
ease occurs in both sexes and at all ages, but young women 
are most frequently affected by this disease. Most noninva-
sive imaging studies do not provide an adequate assessment 
of the distal two-thirds of renal arteries and, consequently, 
it is often necessary to perform arteriography when fibro-
muscular dysplasia is suspected. This disease is worth finding 
because a significant improvement in hypertension can be 
accomplished in 60 to 70% of patients with simple balloon 
angioplasty, without stent placement.

ADRENAL DISEASE

Adrenal hormonal excesses are responsible for a variety of 
causes of secondary hypertension. This section describes the 
evaluation and treatment of the three most common causes.

Hyperaldosteronism

Primary aldosteronism, or oversecretion of aldosterone un-
regulated by angiotensin II, classically presents as syndrome 
of hypertension and hypokalemia or an exaggerated potas-
sium loss with small doses of diuretic. Currently, many cases 
of subclinical hyperaldosteronism are uncovered through 
routine screening of aldosterone and plasma renin activity. 
Patients with suspected primary aldosteronism can be fur-
ther evaluated with a ratio of plasma aldosterone to renin 
activity: a ratio of greater than 10 is abnormal, and a ratio 
exceeding 20 is highly suggestive of hyperaldosteronism. 

Once a screening has identified a patient as having aldos-
teronism, the next step is to determine whether the aldos-
terone level can be suppressed by either saline infusion or 
captopril. This testing often requires referral to an endocri-
nologist or a hypertension specialist. Most antihypertensive 
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medications have an effect either on plasma renin or on 
serum aldosterone levels, but taking a patient off all drugs 
before testing may increase the risk of cardiovascular com-
plications, particularly in patients with severe elevations of 
their blood pressure. Once primary aldosteronism is con-
firmed with biochemical testing, the key diagnostic decision 
is whether a patient with primary aldosteronism is suffer-
ing from a benign solitary adenoma, an adrenocarcinoma, 
or bilateral adrenal hyperplasia. Adrenal CT or magnetic 
resonance imaging (MRI) can suggest this diagnosis, and 
solitary lesions can be further characterized with NP-59 
scintigraphy after dexamethasone suppression. Benign le-
sions take up the isotope, adenomas unilaterally and hy-
perplasia bilaterally, whereas malignant lesions generally do 
not. Lesions thought to be malignant on the basis of either 
NP-59 scans or size (larger than 4 cm suggests malignancy) 
should be removed. Smaller, presumably benign, lesions can 
be monitored expectantly. Improvement in blood pressure is 
expected after resection of solitary adrenal adenomas. With 
the development of laparoscopic techniques, adrenalectomy 
is an increasingly attractive alternative. Patients with bilat-
erally adrenal hyperplasia are treated with spironolactone, 
but can also be treated effectively with other antihyperten-
sive medications.

Pheochromocytoma

The diagnosis of pheochromocytoma can be made primarily 
from the patient’s history, but the symptoms of pheochromo-
cytoma overlap considerably with those of numerous other dis-
eases, including panic attacks, atrial tachyarrhythmia, alcohol 
withdrawal, and perimenopausal hot flashes, as well as intermit-
tent medical compliance. The classic patient with a pheochro-
mocytoma has wide, almost rhythmic, unprovoked fluctuations 
in blood pressure accompanied by tachycardia, pallor, sweating, 
headaches, and sometimes cardiac failure caused by progressive 
catecholamine-induced left ventricular failure.

In patients with an appropriate history, the most widely 
used screening test is a 24-hour urine collection for meta-
nepherine, normetanephrine, and vanillylmandelic acid. 
Labetalol can interfere with older fluormetric assays, but the 
now more commonly used high performance liquid chroma-
tography determination is not similarly affected. Another 
screening test is random plasma metanephrine level, which 
has 99% sensitivity for diagnosis.

If there is biochemical evidence for a pheochromocytoma, 
the next step is to localize the tumor for resection. Eighty-
five percent of pheochromocytoma occurs in the adrenal 
glands and can be demonstrated by CT or MRI. In patients 
without obvious adrenal masses, metaiodobenzylguanidine 
(MIBG) scanning with I 131-labeled benzylguanidine can 
localize the tumor, which is usually found along the sympa-
thetic chain or in the bladder.

Once localized, pheochromocytoma should be resected 
with careful perioperative blood pressure control, usually 
with phenoxybenzamine and other medications. Beta-
blockers should be used cautiously until alpha-blockade is 
established, to prevent further increases in blood pressure. 
Malignant pheochromocytoma can be treated with various 
agents such as metyrosine and treptozocin.

Cushing’s Syndrome

Cushing’s syndrome, and excess glucocorticoid secretion, 
is an unusual cause of secondary hypertension. One clue 
to this diagnosis is the lack of normal nocturnal decline 
in blood pressure and abnormal diurnal variation in glu-
cocorticoid levels. This syndrome should be suspected in 
patients with depression and physical features of Cushing’s 
syndrome, such as central obesity, purple striae, moon fa-
cies, etc. When Cushing’s syndrome is suspected, a 24-
hour urine collection for free cortisol yields nearly 100% 
sensitivity. A dexamethasone suppression test should help 
determine the site of the adenoma. If hypercortisolism is 
independent of adrenocorticotropic hormone (ACTH), 
the adrenal glands are the most likely site and should be 
imaged by CT or MRI. If the hormonal tests suggest that 
the disease is ACTH-dependent, then the pituitary gland 
is the likely location of the tumor. Hypertensive patients 
with hypercortisolism are likely to benefit from referral to 
an endocrinologist for evaluation, including evaluation of 
rarer causes of cortisol excess.

THYROID AND PARATHYROID 
ABNORMALITIES

Patients with symptoms of hyperthyroidism or hypothyroid-
ism should be screened by thyroid stimulating hormone 
(TSH) measurement. However, since the symptoms of 
hypo- and hyperthyroidism may be vague or nonspecific, 
routine screening with TSH may be helpful to rule out these 
diagnoses. Additionally, elderly patients often have atypi-
cal manifestations of thyroid dysfunction, and it is therefore 
prudent to screen all elderly hypertensive patients with TSH 
measurement. Patients with hypothyroidism often have 
a depressed cardiac output with a markedly increased pe-
ripheral vascular resistance, which results in hypertension. 
Similarly, patients with hyperthyroidism have tachycardia 
and increased inotropism and can be hypertensive for those 
reasons. Treatment of these patents can yield improvement 
in blood pressure, both systolic and diastolic.

Hyperparathyroidism can lead to hypertension due to in-
creased vascular reactivity to catecholamines and/or renal 
parenchymal disease from chronic calcium deposition in the 
kidneys. Hyperparathyroidism should be considered in hyper-
tensive patients with elevated serum calcium levels.
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OBSTRUCTIVE SLEEP APNEA

Obstructive sleep apnea may occur in as many as 30% of hy-
pertensive patients, although some investigators have noted 
no daytime hypertension among patients with obstructive 
sleep apnea. Observational studies have shown that systemic 
and pulmonary pressures rise during apneic episodes, which 
have also been associated with increased sympathetic activ-
ity. Screening patients with clinical signs of obstructive sleep 
apnea and treatment with weight loss and continuous positive 
airway pressure ventilation may yield significant reductions 
in blood pressure. Diet, weight loss, and lifestyle modifica-
tions should be stressed heavily to these patients, especially 
as weight loss is likely to produce significant benefits.

AORTIC COARCTATION

Significant aortic coarctation is generally diagnosed in child-
hood and is often amenable to balloon dilation, but does oc-
casionally require surgical correction. Attendant lesions are 
often focal but can be diffuse and extend down large lengths 
of the aorta. Patients with less severe coarctation often sur-
vive quietly into adulthood and develop hypertension as a 
result of a post obstructive vasoconstriction. Coarctation 
causes activation of the renin-angiotensin system and exces-
sive catecholamine elevation during exercise. Adult patients 
with aortic coarctation often present with heart failure, aor-
tic rupture, bacterial endocarditis, or intracranial hemor-
rhage. The diagnosis can sometimes be made by evaluating 
the aortic contour on plain chest radiography, but it is more 
definitively made by CT, MRI, or transesophageal echocar-
diography. The prevalence of hypertension among adults 
with coarctation approaches 33%. Evaluation of young pa-
tients with hypertension should include consideration of 
aortic coarctation, because repair of the coarctation can im-
prove the hypertension and, more important, sequelae of the 
coarctation can be minimized or prevented.

CONCLUSIONS

Hypertension is a significant contributor of death and 
morbidity. Much of the health effects of hypertension 
can be prevented or delayed with appropriate diagnosis, 
education, and treatment. At the core of treatment is life-
style modification: diet, exercise, and weight loss. Medical 
therapy, when recommended, should be initiated at all age 
groups. There are many medications that are effective, 

affordable, and easily tolerated. In patients with refractory 
hypertension, evaluation for secondary causes of hyper-
tension may be warranted. It is important to realize that 
the overwhelming majority of patients with hypertension, 
even those with severe or secondary causes of hyperten-
sion, have primary (essential) hypertension. The patient’s 
medical regimen should be reevaluated with a special focus 
on its cost and the patient’s ability to adhere to the regi-
men before labeling a patient’s hypertension as “refrac-
tory to treatment.” In addition, it is essential to look for 
exogenous causes of a patient’s blood pressure elevation, 
because attention to these causes can result in reversal of 
much of a patient’s hypertension, and, in many ways, these 
causes are among the most treatable “secondary” causes of 
hypertension. Once it has been established that a patient’s 
hypertension is truly refractory to treatment or has charac-
teristics (either laboratory or clinical) suggestive of other 
secondary causes, prompt and complete evaluation can 
lead to marked improvement or even complete resolution 
of hypertension. Most important, an evaluation for hyper-
tension is not simply a reason for the physician to treat 
the elevated numbers, it is also an opportunity—perhaps 
one that will not occur again before a decade passes—for 
examination of the patient’s overall cardiovascular risk 
profile, with attention to modifiable risk factors and for 
interventions that will provide significant reduction of 
cardiovascular risk.
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• Macrovascular disease is the most common cause of 
mortality in DM. CV risk begins below the threshold 
for clinical diagnosis of DM.

• Severity of hyperglycemia correlates more strongly
with microvascular than macrovascular outcomes.

• Macrovascular disease in DM is typically multifac-
torial.

• 75% of diabetic patients eventually develop hyper-
tension.

• Clustering of hyperglycemia, hypertension, obe-
sity, dyslipidemia, and atherosclerosis may lead to 
“ diabetic cardiomyopathy”/heart failure

• Silent myocardial ischemia is found in 10-20% of 
the diabetic population as compared to 1 to 4% of 
 non-diabetics.

• Dysautonomia (25% of type 1 and 33% of type 2 dia-
betic patients) often results in significant CV morbid-
ity and mortality.

• Diabetes mellitus is considered a CAD risk equiva-
lent and merits stringent risk factor modification.

• In those with T2DM and ≥1 risk factor (cigarette 
smoking, hypertension, or family history of prema-
ture CAD), the LDL-C target should be <70 mg/dL; 
otherwise, the LDL-C target is <100 mg.

• Multiple risk factor reduction strategies can result 
in significant mortality benefits in those with T2DM.

d PRACTICAL POINTS

INTRODUCTION

Clinical manifestations of diabetic heart disease include 
atherosclerosis leading to ischemic cardiomyopathy, diabetic 
cardiomyopathy (DCM), and diabetic autonomic neuropa-
thy (DAN); the complex pathophysiologic processes include 
macrovascular disease, microvascular disease, myocellular 
hypertrophy and fibrosis, and autonomic nerve fiber degen-
eration, as further described in Table 22-1. While the mac-
rovascular component—atherosclerosis—generally receives 
the greatest attention, it represents only one com ponent of 
the cardiovascular disease process caused by diabetes mel-
litus (DM). Cardiovascular disease, including coronary ar-
tery disease (CAD), cerebrovascular disease, and peripheral 

vascular disease, is the most common cause of death in dia-
betic  patients; the majority of deaths result from CAD. 

ROLE OF HYPERGLYCEMIA

Increasing blood glucose concentration is an independent 
and continuous risk factor for cardiovascular disease; risk 
begins below the glucose threshold required for a clinical 
diagnosis of diabetes; the risk of heart failure increases by 
10-15% per 1% increase in HgbA1c in individuals both with 
and without known diabetes. The blood glucose level dur-
ing acute myocardial infarction (AMI) predicts long-term 
mortality in patients both with known and with previously 
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undiagnosed diabetes; an increase in glucose of 18 mg/dL 
is associated with 4% increase in mortality in nondiabetic 
and 5% in diabetic patients. The relative risk of in-hospital 
death in nondiabetic patients with AMI with admission 
glucose ≥ 110 mg/dL is 3.9 compared with normoglycemic 
nondiabetic patients. Among AMI patients with diabetes, 
those with admission glucose ≥ 180 mg/dL have a 70% rela-
tive increase in the risk of in-hospital death compared with 
diabetic patients with normal admission glucose values.

Hyperglycemia has been associated with elevated cat-
echolamine levels, elevated systolic blood pressure (SRD) 
and diastolic blood pressure (DBP), QT prolongation, a 
prothrombotic state with lower tissue plasminogen acti-
vator (tPA) and higher plasminogen activator inhibitor-1 
(PAI-1) levels, increased platelet aggregation, reduced fi-
brinogen survival, and increased markers of vascular inflam-
mation. Higher glucose levels in patients presenting with 
ACS have been associated with higher free fatty acid (FFA) 
concentrations, insulin resistance, and impaired myocardial 
glucose utilization, thereby increasing O2 consumption and 
negatively impacting ischemia. When FFA availability ex-
ceeds fatty acid oxidation rates, intramyocardial lipids will 

accumulate, causing lipotoxicity, which plays a role in the 
development of contractile dysfunction; FFA may increase 
the incidence of malignant ventricular arrhythmias. 

CORONARY ARTERY DISEASE (CAD)

Epidemiology

Cardiovascular mortality among patients with type 2 diabe-
tes mellitus(T2DM) but without prior MI has been reported 
to be as high as that in nondiabetic patients with previous 
infarction in a 7-year follow-up. Diabetic patients have an 
AMI mortality rate approximately twice as high as that ob-
served in nondiabetic patients. Use of fibrinolytic agents 
does not reduce excessive morbidity and mortality. This find-
ing is not related to the ability of fibrinolytic agents to restore 
complete reperfusion or increased risk of reocclusion of the 
infarct-related artery, but rather the degree of hyperglycemia, 
impaired ventricular performance at the noninfarct areas, 
and metabolic derangements during the acute phase of MI. 

Despite the premature occurrence of CAD, the more ex-
tensive the disease at diagnosis, the greater morbidity and 

Table 22-1 • Diabetic Heart Disease: Pathophysiological Process

Macrovascular Disease Not clearly related to glycemic control
↑ Incidence and severity of obstructive epicardial disease
Associated dyslipidemia
Hypercoagulable state
↑ Platelet aggregation (↑ glycoprotein Ib and IIb/IIIa)
↑ PAI-1
↑ Coagulation factors (TF, VII, thrombin)
↓ Thrombomodulin, protein C
↓ Bioavailability of nitric oxide (NO)
↓ PGI2, ↑ endothelin-1

Microvascular Disease Related to degree of glycemic control
Intimal thickening
Microaneurysms
Thickened capillary basement membranes
Decreased coronary flow reserve

Myocellular Hypertrophy/Fibrosis Cellular hypertrophy
Interstitial and myco-cytolytic necrosis 
Accumulation of glycoproteins and collagen
Perimysial fibrosis

Diabetic Autonomic Neuropathy Parasympathetic, followed by sympathetic, denervation, causing initial 
exaggerated sympathetic imbalance

Absent heart rate variability due to DAN is predictive of both LV failure and 
increased mortality

Loss of afferent reflex sensitivity

Biochemical Abnormalities Decrease in myosin ATPase with a shift from the faster V1 isoform to the slower V2,
leading to a decreased speed of muscle shortening 

Reduced rate of Ca2+ binding and uptake by sarcoplasmic reticulum
Reduced Na+ /Ca2+ exchanger activity, associated with Increased protein kinase C 

activity and altered cell signaling
↑ Superoxide anion and oxidative stress
↓ Mitochondrial activity leading to ↓ ATP production and cardiac contractility
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mortality after infarction, and the reduced success with 
revascularization, histopathological studies have indicated 
similarity in plaque composition and structure between 
diabetic and nondiabetic individuals. However, diabetic 
atherosclerotic plaques are often more diffuse and distal in 
distribution; small vessel disease and endothelial dysfunc-
tion with resultant blunted vasodilatory responses are pres-
ent as well. Further, CAD is frequently silent in diabetes. 
Silent myocardial ischemia is found in 10-20% of the dia-
betic population as compared to 1-4% of nondiabetics. 

“Symptomatic” cardiac disease has been reported in over 
15% of T2DM patients over age 65. Atypical symptoms in-
clude dyspnea, fatigue, and gastrointestinal complaints with 
exertion, and such complaints require further evaluation to 
determine etiology of symptoms and type of cardiac disease 
which may be present, the need for invasive testing, and the 
most appropriate therapeutic intervention. Unexplained 
congestive heart failure (CHF), particularly when resulting 
from systolic left ventricular (LV) dysfunction, requires test-
ing to exclude asymptomatic CAD. 

Testing

Atypical symptoms and asymptomatic ischemia, coupled 
with the poor outcome in diabetic patients following AMI, 
mandate effective means of early identification of CAD. 
However, echocardiographic and nuclear testing images 
must be interpreted carefully due to the high prevalence of 
false positive tests that result from the effects of diabetes 
on myocardial function. Among the confounding issues are: 
LVH (false positive ST segment changes and nuclear per-
fusion defects), DCM (wall motion abnormalities, blunted 
adrenergic enhancement of contractility, nuclear perfusion 
defects), concomitant renal disease (increased adenosine 
concentration resulting in decreased maximal flow reserve 
following dipyridamole, in turn leading to decreased SPECT 
sensitivity), DAN (decreased chronotropic response to ex-
ercise, decreased coronary vasodilator capacity, dissociation 
of cardiac from external work), and endothelial dysfunction 
(decreased coronary vasodilator capacity).

General indications for cardiac testing as recommended 
by the ADA/ACC Consensus Conference are listed in 
Table 22-2, and Table 22-3 for symptomatic diabetic pa-
tients with risk factors. Table 22-4 lists recommended fol-
low-up after initial use of ECG treadmill testing; even in the 
presence of a moderately positive test, a normal to near single 
photon emission computed tomography (SPECT) perfusion 
study indicates a very good prognosis (<2% annual cardiac 
event rate). The selection of initial screening tests should be 
governed by the intent of testing: to detect occult disease or 
to estimate prognosis and provide risk stratification.

The ECG itself should not be overlooked; a normal ECG 
virtually precludes the presence of significant systolic 

dysfunction. On the other hand, ST-T abnormalities rep-
resent a significant risk factor in both men and women for 
the subsequent demonstration of asymptomatic CAD by ex-
ercise ECG and SPECT imaging. For diabetic patients who 
are able to exercise with a normal or near normal ECG, a 
simple treadmill or bicycle exercise test, evaluating exercise 
capacity, ventricular reserve, and ST segment changes will 
detect almost all who have left main and significant 3-vessel 
disease. A normal test indicates a good prognosis. Peak tread-
mill heart rate is perhaps the single most important prognos-
tic indicator; a treadmill result that was either abnormal or 
inconclusive due to failure to achieve 90% of the predicted 
maximal heart rate predicts poor outcomes. In the presence 

Table 22-2 • Indications for Exercise Testing 
in Patients with Diabetes

ADA-ACC indications

Typical or atypical cardiac symptoms
Resting ECG suggestive of ischemia or infarction
Peripheral or carotid occlusive arterial disease
Sedentary lifestyle, age ≥ 35 years, and plans to begin 

vigorous exercise program
Two or more of the following risk factors in addition to diabetes:

 Total cholesterol • ≥ 240 mg/dL, LDL ≥ 160 mg/dL, 
or HDL < 35 mg/dL
Blood pressure • > 140/90 mm Hg 
Smoking•
Family history of premature CAD•
Nephropathy, manifested as micro/macroalbuminuria •
Unexplained systolic dysfunction•

ACC/AHA/ADA indications prior to vigorous 
exercise training

Known or suspected CAD
T1DM for >15 years
T2DM for >10 years or age ≥ 35 years
Additional atherosclerotic risk factors, or 
Evidence of microvascular disease, PAD, or autonomic 

neuropathy.

Table 22-3 • Cardiac Testing of Symptomatic 
Diabetic Patients

Symptom Appropriate Next Test

Unstable or moderately 
severe angina

Mild angina and MI
Definite ischemia on ECG
Mild angina and CHF

Possible angiography

Mild angina and normal/
near normal ECG

Atypical chest pain and 
abnormal ECG

Stress perfusion imaging 
or stress echo (treadmill 
exercise preferred to 
pharmacological stress)

Atypical chest pain with 
normal ECG

Exercise stress test alone 
(if ≥2 risk factors, then 
stress imaging)
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of suspected CAD, sensitivity and specificity for maximal 
ECG exercise test is approximately 75% and 77%, respec-
tively, for significant CAD (≥ 70% occlusion of at least one 
coronary artery), compared with sensitivity and specificity of 
80% and 87%, respectively, for thallium-201 (201Tl) myocar-
dial scintigraphy.

Perfusion imaging with 201Tl or technicium-99m (99mTc) 
sestamibi, preferably with exercise but also effective with 
pharmacological vasodilation, allows quantification of the 
extent of perfusion abnormalities, which is important in 
both identifying the presence of disease and providing prog-
nostic information. Multiple perfusion defects, large defects 
or areas of reversibility, reduced ventricular function, in-
creased isotope uptake in the lung, and transient left ven-
tricular dilation are all predictive of future cardiac events. 
In patients with angiographically “normal” coronary arter-
ies, abnormal perfusion scans may indicate diffuse coronary 
disease or endothelial dysfunction and an increased event 
rate relative to individuals with normal perfusion scans. 

Stress echocardiography is a reasonable alternative to stress 
perfusion imaging in the presence of appropriate echocar-
diographic expertise. SPECT imaging is superior to SE 
in the detection of single vessel disease and in detecting 
 ischemia; the techniques are similarly able to detect multi-
vessel disease. The role of DSE testing appears very limited 
at this time due to dissociation between myocardial oxida-
tive metabolism (demonstrated by 11C-acetate clearance 
by PET scanning) and cardiac work (rate-pressure prod-
uct) demonstrated in T2DM with normal stress perfusion 
SPECT; this defect in myocardial oxidative metabolism be-
comes apparent during dobutamine stress. The sensitivity, 
specificity, positive, and negative predictive values of DSE 
for detection of asymptomatic CAD in T2DM are reported 
as 82%, 54%, 84%, and 50%, respectively. 

Test selection in the symptomatic patient is determined by 
the severity of symptoms and presence and extent of ECG 
abnormalities, which could either limit the ability to inter-
pret a routine exercise stress test or indicate more extensive 
heart disease, such as prior MI, than suggested clinically. 
Those patients with symptoms suggestive of moderate or 
more severe angina or ECG evidence of CAD, particularly 
if associated with heart failure, will in most cases benefit 
from cardiac catheterization without prior screening; this 
will quickly establish the presence and extent of atheroscle-
rosis and allow prompt initiation of appropriate treatment. 
However, once asymptomatic patients with CAD have been 
identified, there are no data to demonstrate that treatment 
interventions improve their subsequent outcomes. If all dia-
betic patients are treated to aggressive BP, lipid, and glucose 
secondary prevention targets with regimens including as-
pirin, renin-angiotensin-aldosterone system (RAAS) inhi-
bition, and statins, medical management alone may prove 
adequate; the challenge is to identify asymptomatic patients 
most likely to benefit from revascularization. 

Dyslipidemia
The most prevalent lipid pattern in T2DM is that of elevated 
triglycerides and decreased HDL-C; there is a preponderance 
of small, dense LDL-C (high apoB); HDL-C may be best 
predictor of coronary disease (inverse correlation). LDL-C-
lowering is beneficial in clinical trials but is not a significant 
predictor in observational studies; elevated triglycerides may 
be a better predictor of coronary disease that elevated LDL-C 
because triglycerides are more closely correlated with other 
components of the insulin resistance syndrome.

DIABETIC CARDIOMYOPATHY

Heart failure is not a diagnosis but rather a clinical syn-
drome resulting from progression of cardiomyopathy, a term 
defined simply as “disease of heart muscle.” Diabetes pro-
duces both adaptive and maladaptive myocardial responses; 
altered metabolism and impaired insulin action in heart 
and skeletal muscle are both cause and consequence of al-
tered cardiac function. Hyperglycemia may promote the 
progression of heart failure by accelerating atherosclerosis 
and excessive interstitial myocardial collagen accumula-
tion, protein kinase C (PKC) activity, increasing oxidative 
stress, and upregulating renin-angiotensin-aldosterone sys-
tem (RAAS) activity. The combination of hyperglycemia, 
hypertension, obesity, dyslipidemia, and atherosclerosis 
commonly seen with diabetes mellitus produces structural 
damage in the heart that manifests as both systolic and 
diastolic LV dysfunction and ultimately as HF, explaining 
the more common occurrence of this syndrome in diabetic 
patients. In the united kingdom prospective diabetes study 
(UKPDS), each 1% increase in HgbA1c levels was associ-
ated with a 12% increase in heart failure risk. Diabetes is 

Table 22-4 • Appropriate Follow-Up after Initial 
Stress Testing

ETT Results

Pretest Risk Normal Mildly Moderately Markedly

High (>RF) 2 3 4 4

Moderate
(2-3 RF)

1 3 3 4

Low (<1 RF) 1 3 3 4

1 = routine follow-up: yearly ECG, repeat ETT in 3-5 years
2 = close follow-up: repeat ETT in 1-2 years
3 = nuclear or echocardiographic imaging study
4 = coronary angiogram
(Risk factors are those listed in Table 22-1)
“Mildly” positive is defined by such observations as 1-1.5 mm ST segment  depression 
at a moderate to high exercise level; “markedly” positive is defined by such features 
as hypotension during exercise, a positive test at heart rate <110 bpm, exercise 
capacity <6 min, ST segment depression in >5 leads, or >2 mm maximum ST 
segment depression.



CHAPTER 22 /  Diabetes and Cardiovascular Disease 251   

a risk factor for the development of coronary atheroscle-
rosis with resultant myocardial ischemia and infarction, 
is frequently associated with hypertension (a factor in the 
pathogenesis of approximately 70% of all HF cases), and 
causes the development of a specific DCM independent of 
CAD. Conversely, HF patients have an increased risk of 
developing diabetes. 

Pathophysiology

Dilated cardiomyopathy (DCM), defined as myocardial 
dysfunction in the absence of obstructive epicardial CAD, 
is characterized pathophysiologically by diastolic LV dys-
function and myocardial fibrosis. Data from animal models 
suggest that prediabetic metabolic derangements, such as 
insulin resistance, may produce abnormalities in collagen 
deposition and LV fibrosis prior to the development of overt 
DM. Myocardial fibrosis underlies the pathologic hypertro-
phy and dysfunction observed in HF. In vivo studies indi-
cate that circulating and tissue RAAS are involved in the 
structural remodeling of the myocardial collagen matrix, re-
sulting in fibrosis that disrupts the electrical and mechani-
cal behavior of the hypertrophied myocardium. Subclinical 
vascular involvement in the form of impaired endothelial 
function and increased carotid intimal-medial thickness 
have been demonstrated in young diabetic subjects. The 
critical importance of this fibrosis is highlighted by the ob-
servation that pharmacological inhibition of PKC-(epsilon) 
attenuates cardiac fibrosis and dysfunction in hypertension-
induced HF.

Inflammation

Data appear to demonstrate that CRP levels predict cardiac 
risk independent of diabetic status. However, the fact that 
diabetics tend to have higher CRP levels and that, in some 
clinical studies, diabetes still remained a significant inde-
pendent predictor, suggests that inflammation and meta-
bolic derangements may represent two different aspects of 
the same process and thus both could be considered as inde-
pendent predictors of cardiac risk.

Insulin Resistance

Insulin resistance is commonly present in HF even in the 
absence of diabetes; the exact mechanisms for such insu-
lin resistance is unknown, but hypotheses include: (1) an 
 increased adrenergic drive leading to increases in FFA oxida-
tion and subsequent insulin resistance; (2) elevated levels of 
circulating TNF-α exerting direct negative effects on insulin 
sensitive cells and also leading to elevated plasma FFA con-
centrations; and (3) some mechanism of HF itself that is pos-
sibly secondary to circulatory changes or as part of the overall 
neurohormonal and metabolic response to HF. The failing 
heart metabolizes carbohydrates and FFAs for energy produc-
tion; insulin resistance compromises these mechanisms.

Microcirculation

The concordant effects of the metabolic derangements of dia-
betes and the vascular abnormalities associated with hyperten-
sion may lead to microvascular-induced tissue injury, which 
then leads to HF, as suggested by the observation that patients 
with overt albuminuria develop higher and earlier occurrence 
of HF hospitalizations than those with micro- or normoalbu-
minuria; SBP, but not DBP, contributes to heart failure. After 
adjustment for age and sex, diabetics have higher SBP, pulse 
pressures, and heart rates, lower DBP, and longer durations of 
hypertension than nondiabetics (HGEN study). LV mass and 
relative wall thickness are higher in diabetic than nondiabetic 
subjects independent of covariates. Compared with nondia-
betic hypertensives, diabetics had lower stress-corrected mid-
wall shortening without any difference in LVEF. Insulin levels 
and insulin resistance were higher in non-insulin-treated dia-
betics than nondiabetic subjects. Insulin resistance is positively 
but weakly related to LV mass and relative wall thickness. 

Hypertension

Approximately 75% of adults with T2DM are hypertensive, 
resulting in a 7.2-fold increase in mortality; in the presence 
of nephropathy, hypertension is associated with a 37-fold in-
crease in mortality. The pathogenesis of hypertension in dia-
betes is multifactorial; a relationship has been noted to both 
high and low renin levels, together with changes associated 
with abnormal free water clearance in damaged kidneys, and a 
possible association with increased glycoprotein and connec-
tive tissue infiltration in the walls of resistance vessels, caus-
ing a reduction in vascular compliance. Diabetic retinopathy 
and nephropathy are more frequent in the presence of hyper-
tension, and an elevated serum creatinine is an independent 
risk factor for the development of HF. Hypertensive T2DM 
patients have less regression of LVH with antihypertensive 
therapy than do nondiabetics, and thus regression becomes a 
less useful surrogate marker of outcomes in these patients. 

Systolic and Diastolic Cardiac Abnormalities

The signs and symptoms of HF are the same whether or not 
LVEF is preserved. The existence of DCM, independent of 
atherosclerotic and hypertensive heart disease, has been firmly 
established in the adult population; its presence in younger 
patients with insulin-dependent diabetes mellitus is less estab-
lished. Most studies have found normal resting cardiac function 
in young patients, but have been limited by the assessment of 
LV performance by ejection-phase indexes that are dependent 
not only on myocardial contractility but also on loading condi-
tions. Therefore, the specific level of cardiac contractility has 
not been determined in this patient population. More detailed 
evaluation has associated the early onset of diabetes with in-
creased LV mass, performance (shortening fraction, velocity of 
circumferential fiber shortening, stroke volume, and cardiac 
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index), contractility, and BP, and it has correlated these find-
ings with increased creatinine clearance and microalbuminu-
ria, in turn suggesting that alterations in cardiovascular and 
renal function may occur in parallel. Tissue Doppler imaging 
can detect diastolic dysfunction more often than any other 
echocardiographic approach and thus would appear to mark-
edly improve echocardiographic detection. Diastolic abnor-
malities occur in as many as two-thirds of insulin-dependent 
asymptomatic diabetic patients, are associated with higher 
glucose and HbgA1c levels, and may predict subsequent devel-
opment of overt HF. Diastolic dysfunction is twice as common 
as systolic dysfunction; of those diabetic subjects with systolic 
dysfunction, 83% have impaired diastolic function, whereas 
only 30% of diabetic patients with diastolic dysfunction have 
systolic abnormalities. Clinically apparent systolic dysfunction 
most commonly results from associated myocardial ischemia 
and hypertension. Altered myocardial energy metabolism, as 
assessed by magnetic resonance imaging and 31P nuclear mag-
netic resonance spectroscopy, may contribute to LV diastolic 
functional changes in patients with recently diagnosed, even 
well-controlled and uncomplicated, T2DM. 

DIABETIC AUTONOMIC NEUROPATHY 

Dysautonomia results in altered myocardial blood flow, elec-
trical instability, and sudden death. DAN can be detected 
in 25% of type 1 and 33% of type 2 diabetic patients, is as-
sociated with increased mortality, and may result in severe 
orthostasis, postural hypotension, exercise intolerance, 
enhanced intraoperative instability, and an increased inci-
dence of silent ischemia and infarction. In T1DM, DAN 
is associated with the HLA-DR3/4 phenotype. It does ap-
pear that prolonged hyperglycemia is a major contributor to 
development and progression, and that aggressive diabetes 
management may slow progression. The presence of DAN 
can be documented by 131I-metaiodobenzylguanine (MIBG) 
nuclear scanning or C11 hydroxyephedrine PET imaging. 
Abnormalities of adrenergic cardiac innervation are re-
lated to adrenergic cardiac denervation and are character-
ized by cardiac sympathetic dysinnervation with proximal 
hyper innervation complicating distal denervation, causing 
exaggerated sympathetic imbalance. The result is parasym-
pathetic, followed by sympathetic, denervation, with loss of 
afferent reflex sensitivity. Subclinical autonomic neuropathy 
can be detected early using these autonomic function tests: 

supine resting (for 15 min) HR • >100 bpm;
lack of beat-to-beat heart rate variability;• 
ratio of longest to shortest RR • ≤1.10 during Valsalva;
ratio of RR of 30th beat to 15th beat after stand-• 
ing ≤1.0;
fall in systolic BP • >30 mm Hg after 1 min standing, 
and;
prolonged QT, at rest and particularly after exercise.• 

Assessment of heart rate variability by 24-hour monitoring 
may be more sensitive and reliable in detecting DAN than 
single tests, and it may provide further detection of abnormal 
circadian rhythms. The absent heart rate variability due to 
parasympathetic denervation is predictive of both LV failure 
and increased mortality. The presence of DAN has been asso-
ciated with the presence of diabetic nephropathy, and this as-
sociation contributes to the high mortality rate. Furthermore, 
the presence of DAN may alter the sensitivity, specificity, and 
interpretation of noninvasive testing by reducing chronotro-
pic response to exercise, reducing coronary vasodilator capac-
ity, and dissociating cardiac from external work.

MANAGEMENT

Glycemic Control

Although intensive glycemic control may not alter indices 
of systolic function, UKPDS data have clearly demonstrated 
that intensive BP reduction (mean = 144/88 mm Hg) and 
glucose control (mean HgbA1c = 7.0%) reduce stroke, mi-
crovascular outcomes, death, and all diabetes endpoints. 
Although BP control (even with pressure reduction signifi-
cantly less than that recommended by JNC 7 and ADA stan-
dards) had a greater impact than did glycemic control in this 
study, glycemic control proved to be very important: Each 1% 
reduction in HgbA1c was correlated with reductions of 21% 
in risk for any endpoint or deaths related to diabetes, 14% for 
AMI, and 37% for microvascular complications. Metformin 
does have activity as a peripheral insulin sensitizer, but its 
main mechanism is the inhibition of hepatic gluconeogen-
esis; it is the only drug thus far demonstrated to decrease car-
diovascular events in patients with T2DM independently of 
glycemic control. While the thiazolidinediones offer attrac-
tive properties (reduction in insulin resistance and decrease 
plasma insulin concentration), they may cause fluid accumu-
lation and weight gain; these effects are more common dur-
ing combination therapy with sulfonylureas or insulin. Data 
now suggest that rosiglitazone does not reduce the cardiovas-
cular event rate despite its reducing HgbA1c; pioglitazone 
does not appear detrimental and may reduce cardiovascular 
events. The possibility that sulfonylureas may increase car-
diovascular mortality has been debated since release of the 
UGDP results over 25 years ago. It is now established that 
sulfonylureas act by inhibiting the ATP-sensitive potassium 

channel (KATP); this inhibition in the pancreas induces insu-
lin release, but in the heart blocks ischemic preconditioning 
and may lead to enhanced cell death and arrhythmias result-
ing from delayed after-depolarizations. Furthermore, sulfony-
lureas are vasoconstrictors, worsen vascular reactivity, and 
appear to adversely affect outcome after PTCA.

The ACCORD and ADVANCE trials, both designed 
to evaluate the effects of intensive glycemic control on 
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vascular outcomes using intensive but differing blood-glu-
cose-control strategies in high risk T2DM patients, pro-
vided different and confusing results. ADVANCE reported 
that intensive treatment produced a relative reduction of 
10% in the primary composite outcome of major macrovas-
cular and microvascular events, primarily as a consequence 
of a reduction in nephropathy. In ACCORD, the intensive-
therapy group had an increased rate of death from any cause 
within 2 years that persisted throughout follow-up. Both 
 trials showed that targeting HgbA1c to levels that are below 
currently accepted standards in high risk T2DM patients 
did not reduce the cardiovascular disease event rate. Until 
the availability of further information defining both targets 
and drug regimens for glycemic control, a target HgbA1c 
level of approximately 7% appears appropriate for high risk 
populations. 

The AHA, recognizing the adverse impact of hyperglycemia 
in ACS, has issued a scientific statement with the following 
recommendations:

Glucose level should be a part of the initial evaluation•  

in all patients with suspected or confirmed ACS.
In patients admitted to an ICU with ACS, glucose • 
levels should be monitored closely and intensive glu-
cose control initiated in patients with plasma  glucose 
>180 mg/dL. Approximation of normoglycemia 
(plasma glucose 90 to 140 mg/dL) and avoidance of 
hypoglycemia appears to be a reasonable goal.
Insulin, administered as an intravenous infusion,•  is cur-
rently the most effective means of controlling glucose.
Treatment should be instituted as soon as feasible, • 
without compromising the administration of estab-
lished treatments. 
In patients hospitalized in the non-ICU setting, efforts•  

should be directed at maintaining plasma glucose lev-
els <180 mg/dL with subcutaneous insulin regimens.

ACS patients with hyperglycemia but without prior • 
history of diabetes should have predischarge evalu-
ation to determine the severity of their metabolic 

 derangements.
Before discharge, plans for optimal outpatient glucose • 
control should be determined in those patients with 
established diabetes, newly diagnosed diabetes, or 
 evidence of insulin resistance. 

Blood Pressure

In the UKPDS epidemiological study, each 10-mm Hg 
decrease in mean SBP was associated with risk reductions 

of 12% for any complication related to diabetes, 15% for 
deaths related to diabetes, 11% for MI, and 13% for micro-
vascular complications. No threshold of risk was observed 
for any endpoint; improvement in cardiovascular outcomes 
continued down to a SBP of 110 mm Hg. 

The HOT trial demonstrated that more aggressive treat-
ment (DBP at trial end = 81.1 mm Hg) reduced the risk of 
major cardiovascular events by approximately 50% relative 
to a less aggressively treated group (DBP 85.2 mm Hg). The 
ADA, NKF, and JNC 7 advocate lowering blood pressure 
to <130/80 mm Hg. The difficulty in achieving target, par-
ticularly for SBP, has been well documented; the majority 
of patients will require in excess of three antihypertensive 
agents from different antihypertensive classes. Treatment 
regimens should include RAAS inhibition, preferably with 
an ACE inhibitor or an ARB, whenever possible to delay 
or prevent macro- and microvascular complications. The 
most aggressive trials have been successful in achieving SBP 
targets in approximately two-thirds of subjects, and DBP 
targets in greater than 90%. It does appear from these trials 
that regimens that include a thiazide diuretic do result in 
an increase the incidence of new diabetes and worsen the 
control of existing diabetes relative to regimens that avoid 
thiazides. 

Dyslipidemia

The MRC/BHF HPS demonstrated that cholesterol re-
duction was beneficial for diabetic patients even in the 
absence of manifest CAD-elevated cholesterol levels, sug-
gesting that use of a statin regimen could prevent about 
5% of diabetic patients without occlusive vascular disease 
from having at least one major vascular event over a 5-year 
period. In CARDS, the first large HMG-CoA reductase 
inhibitor study to enroll only patients with T2DM, ator-
vastatin reduced cardiovascular events by 37% compared 
with placebo. Diabetes is now defined as a CAD equivalent 
by NCEP-ATP III guidelines, and statin therapy should 
be considered routine. Recent ACC/ADA Consensus 
guidelines recommend that in the presence of T2DM and 
≥1 risk factor (cigarette smoking, hypertension, or fam-
ily  history of premature CAD), the LDL-C target should 
be <70 mg/dL, non-HDL-C <100 mg/dL, and apoB 
< 80mg/dL. In the absence of these factors, the LDL-C 
target becomes <100 mg/dL, non-HDL-C <130 mg/dL, 
and apoB <90 mg/dL. It is important to remember that 
the residual major vascular event rate in diabetic patients 
treated with statins is still higher than that of untreated 
patients without diabetes.

Fibric acid derivatives (fibrates) are PPAR-α agonists and 
alter the transcription of genes-encoding proteins that con-
trol lipoprotein metabolism; fibrates reduce plasma triglyc-
eride levels by 30-50%, increase HDL-C levels by 10-15%, 
and shift the distribution of LDL-C subfractions towards 
larger, less atherogenic particles (lower apoB). DAIS, con-
ducted exclusively in patients with T2DM, found that feno-
fibrate reduced the progression of angiographic CAD; the 
VA-HIT showed that gemfibrozil reduced cardiovascular 
events in subgroups of diabetic patients. In the FIELD trial, 
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fenofibrate did not significantly reduce the risk of the pri-
mary outcome of coronary events, but it did reduce total 
cardiovascular events, mainly due to fewer nonfatal myo-
cardial infarctions and revascularizations. Fenofibrate also 
reduced microvascular events: less albuminuria progression 
and less retinopathy needing laser treatment. Overall ben-
efit was most apparent in patients concomitantly treated 
with statins.

Coronary Artery Disease

The initial BARI trial indicated that 5 and 7 years after 
randomization, patients with treated DM had significantly 
higher overall and cardiac mortality compared to non-
diabetic subjects, regardless of the initial revascularization 
strategy assigned. Those diabetic subjects assigned to an ini-
tial PCI strategy had significantly higher 5-year mortality 
than did patients randomized to CABG. Further follow-up 
indicated that, despite its association with smaller distal 
and poorer quality vessels, the presence of diabetes did not 
appear to adversely affect patency of internal mammary or 
vein grafts over the initial 4-year follow-up, suggesting that 
the survival differences may have resulted from noncardiac 
causes. However, the relevance of such trials becomes ques-
tionable in the era of drug eluting stents. A meta-analysis 
of over 11,000 diabetic patients with either paclitaxel or 
sirolimus-eluting stents has demonstrated a revasculariza-
tion rate of less than 10% and major adverse cardiovascular 
events rate (death, MI, repeat revascularization) of 10-12%. 
However, the efficacy of PCI procedures for treatment of 
AMI requires further evaluation. The use of GpIIb/IIIa in-
hibitors at the time of stent placement reduces acute isch-
emic events and the 6-month risk of death, MI, and target 
vessel revascularization among diabetic patients to an ex-
tent similar to that in nondiabetic patients. Whether there 
are quantitative differences in this treatment effect among 
the available GpIIb/IIIa inhibitors remains controversial. 
In diabetic patients with ACS, bivalirudin monotherapy, 
as compared with treatment with heparin plus GpIIb/IIIa 
inhibitor, provided similar protection from ischemic events 
with less major bleeding and thus a significant reduction in 
net adverse 30-day clinical outcomes (ACUITY). Enteric 
aspirin in a dose between 81 and 325 mg daily is recom-
mended for secondary prevention in patients with docu-
mented vascular disease and as primary prevention for high 
risk patients.

Heart Failure

Functional, biochemical, and morphological myocardial 
abnormalities independent of atherosclerosis, particu-
larly when associated with hypertension and LVH, may 
result in impaired LV diastolic function, contributing to 
the clinical syndrome of HF with preserved systolic func-
tion. Meta-analysis of six studies (CONSENSUS, SAVE, 

two SOLVD studies, SMILE, and TRACE) confirmed that 
treatment of patients with or without diabetes produce 
similar reductions in mortality (15%) with ACE inhibitor 
therapy. The relative risk reductions for beta-blocker trials 
(CIBIS, COPERNICUS, MERIT-HF) were 35% for non-
diabetic patients and 23% for diabetic patients; this differ-
ence was not significant. Although the relative reduction 
in mortality may be less for diabetics, because the absolute 
risk of mortality is greater, the absolute risk reduction is 
certainly equal or greater for diabetic than nondiabetic HF 
treated with beta-blockers. Beta-blocker treatment im-
proves outcome by decreasing the incidence of both sud-
den death and pump failure and is of particular benefit in 
AMI complicated by systolic dysfunction. Although it has 
been suggested that beta-blocking agents with vasodilat-
ing properties may provide additional benefit because of 
possible improved insulin sensitivity and vasorelaxation, 
this hypothesis remains unproven. The ARB candesartan 
has been demonstrated to reduce mortality alone and in 
combination with ACE inhibitors; in patients without a 
diagnosis of diabetes at baseline, the number of patients 
in the candesartan group who developed diabetes was 
significantly lower than that in the placebo group. In 
EPHESUS, treatment with the specific aldosterone recep-
tor antagonist eplerenone resulted in a 15% reduction in 
overall mortality and cardiovascular mortality and hospi-
talization; however, this did not achieve statistical signifi-
cance. If spironolactone or eplerenone is administered to 
diabetic patients, careful monitoring of serum potassium 
is absolutely essential. Although tight glycemic control 
decreases the risk of HF in diabetes, the effects of differ-
ent diabetic treatment regimens on diastolic HF remain 
unproven.

Usual Treatments

There are now data indicating that target-driven, long-
term, intensified intervention aimed at multiple risk fac-
tors in patients with T2DM and microalbuminuria may 
reduce the risk of macrovascular and microvascular com-
plications by about 50%. SANDS, a randomized, open-la-
bel, 3-year trial, reported the effects of aggressive LDL-C 
(goal < 70 mg/dL) and BP (goal < 115/75 mm Hg) reduc-
tion versus the standard goals of LDL-C < 100 mg/dL and 
BP < 130/85 mm Hg on the progression of subclinical ath-
erosclerosis in over 500 American Indian men and women 
over 40 years of age, with T2DM. Mean target LDL-C 
and SBP levels for both groups were reached and main-
tained; the lower targets resulted in regression of carotid 
intimal medial thickness and greater decrease in LV 
mass.

Multiple studies have demonstrated the benefits of ARB 
and ACE inhibitors on macrovascular and microvascular 
outcomes in patients with both T1DM and T2DM patients 
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Abbreviations and Acronyms

(A)MI
ACC
ACCORD

ACE
ACS
ACUITY

ADA
ADVANCE

AHA
ARB
BARI

(S/D)BP
CABG
CARDS
(C)HF
CIBIS
CONSENSUS

COPERNICUS

CRP
DAIS
DAN
DCM
DM
DSE
EPHESUS

FFA
FIELD

HGEN

(Acute) myocardial infarction
American College of Cardiology
Action to Control Cardiovascular Risk in 

Diabetes
Angiotensin-converting enzyme
Acute coronary syndrome
Acute Catheterization and Urgent Intervention 

Triage Strategy
American Diabetes Association
Action in Diabetes and Vascular Disease: 

Preterax and Diamicron Modified Release 
Controlled Evaluation

American Heart Association
Angiotensin-receptor blocker
Bypass Angioplasty Revascularization 

Investigation
(Systolic/diastolic) blood pressure
Coronary artery bypass graft
Collaborative Atorvastatin Diabetes Study
(Congestive) heart failure
Cardiac Insufficiency Bisoprolol Survival Study
Cooperative Northern Scandinavian 

Enalapril Survival Study
Carvedilol Prospective Randomized Cumulative 

Survival
C-reactive protein (cardiospecific)
Diabetes Atherosclerosis Intervention Study
Diabetic autonomic neuropathy
Dilated cardiomyopathy
Diabetes mellitus
Dobutamine stress echocardiography
Epleronone Post-Acute Myocardial 

Infarction Trial
Free fatty acids
Fenofibrate Intervention and Event Lowering 

in Diabetes Study
Hypertension Genetic Epidemiology Network 

(HyperGEN) Study

HOT
JNC-7
LV(H)
LVEF
MERIT-HF

MRC/BHF HPS

NCEP-ATP

NKF
ON-TARGET

PAI-1
PCI
PG
PKC
PPAR-α

RAAS
SANDS

SAVE
SMILE

SOLVD
SPECT

T1(2)DM
tPA
TRACE
UGDP
UKPDS
VA-HIT

Hypertension optimal treatment
Joint National Committee - 7
Left ventricle (hypertrophy)
Left Ventricular Ejection Faction
Metoprolol Controlled Release/Extended 

Release Randomized Intervention Trial in 
Chronic Heart Failure 

Medical Research Council/British Heart 
Foundation

National Cholesterol Education Program – 
Adult Treatment Program

National Kidney Foundation
Ongoing Telmisartan Alone and in 

Combination with Ramipril Global 
Endpoint Trial

Plasminogen activator inhibitor-1
Percutaneous coronary intervention
Prostaglandin
Protein kinase C
Peroxisome proliferator-activated 

alpha receptor agonists
renin-angiotensin-aldosterone system 
Stop Atherosclerosis in Native Diabetics 

Study
Survival and Ventricular Enlargement Trial
Survival of Myocardial Infarction Long-term 

Evaluation Trial
Studies of Left Ventricular Dysfunction Trial
Single photon emission computed 

tomography
Type 1 (Type 2) diabetes mellitus
Tissue plasminogen activator
Trandolapril Cardiac Evaluation Study
University Group Diabetes Program
United Kingdom Prospective Diabetic Study
Veterans Affairs Cooperative Studies 

Program HDL-C Intervention Trial

with either mild or more severe hypertension. In patients 
with microalbuminuria or clinical nephropathy, both 
ACE inhibitors (T1DM and T2DM) and ARB (T2DM) 
are considered first-line therapy for both prevention of 
and progression of nephropathy. There are suggestive data 
that RAAS inhibition may delay the progression of neph-
ropathy by mechanisms beyond that offered by reduc-
tion of blood pressure. However, the ON-TARGET trial 
has suggested an adverse renal effect with the high-dose 
combination of telmisartan and ramipril. Although beta-
blockade is generally considered less effective that RAAS 
inhibition in preventing diabetic complications, atenolol 
was equally effective as captopril in reducing blood pres-
sure and the risk of microvascular and macrovascular end-
points in the UKPDS; similar proportions of patients in 
the two groups showed deterioration in retinopathy by 

two grades after nine years. Intensive treatment, with a 
stepwise implementation of behavior modification and 
pharmacologic therapy that targeted hyperglycemia, hy-
pertension, dyslipidemia, and microalbuminuria, along 
with secondary prevention of cardiovascular disease with 
aspirin has been reported to  significantly lower the risk 
of cardiovascular disease by 53%, nephropathy by 61%, 
retinopathy by 58%, and DAN by 63%.
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• Balanced release of bioactive factors from the vas-
cular endothelium facilitates vascular homeostasis. 
The normal endothelium consists of a monolayer of 
endothelial cells that form an active barrier between 
the blood and the underlying tissues. 

• Nitric oxide (NO), the key endothelium-derived va-
sorelaxing factor, plays a crucial role in the mainte-
nance of vascular tone and reactivity. 

• NO is generated from the conversion of L-arginine to 
L-citrulline mediated by the enzyme endothelial NO 
synthase (eNOS), in the presence of cofactors such 
as tetrahydrobiopterin (BH4).

• The endothelium secretes vasoconstrictors as well; 
endothelin-1 (ET-1), released in response to hypoxia, 
ischemia, inflammatory cytokines, and oxidized LDL, 
is one of the most potent vasoconstrictors. 

• Ang II is a potent vasoconstrictor that increases blood 
pressure, stimulates aldosterone secretion, and has 
a proinflammatory effect resulting in endothelial dys-
function and atherosclerosis. 

• Endothelial dysfunction implies diminished produc-
tion or availability of NO and/or and imbalance in 
the relative contribution of endothelium-derived 
relaxing and contracting factors.

• Endothelial activation results in increased expression of 
selectins, VCAM-1, and intercellular adhesion molecule-1 
(ICAM-1), thereby promoting monocyte adherence.

• The assessment of endothelial dysfunction depends 
upon the measurement of the endothelial cell re-
sponse to stimulation from vasoactive (either physi-
ologic or pharmacologic) substances. 

• Strain-gauge venous impedance plethysmography 
assesses resistance vessel function in the forearm 
by examining the change in forearm blood flow in 
response to direct intra-arterial (brachial artery) ad-
ministration of agonists. 

• Brachial artery flow-mediated dilation (FMD) has 
emerged as the most common assessment tool of 
endothelial function. Flow-mediated vasodilation is 
the phenomenon by which blood vessels respond to 
an increase in flow or shear stress, by dilatation.

d PRACTICAL POINTS

WHAT IS THE ENDOTHELIUM?

The endothelium functions as a protective barrier be-
tween all tissues and the circulating blood. The single 
layer of continuous endothelium lining all blood vessels 
is strategically located to sense changes in hemodynamic 
forces and blood-borne signals and respond by releasing a 
number of autocrine and paracrine substances. The bal-
anced release of these bioactive factors facilitates vascular 
homeostasis.

The Endothelium as a Barrier

The normal endothelium consists of a monolayer of endothe-
lial cells that form an active barrier between the blood and 
the underlying tissues. Intercellular junctions, cell-surface-
binding proteins, electrostatic charges of the endothelial 
cell membranes, and transmembrane proteins regulate the 
integrity and permeability of the endothelium. This highly 
dynamic system, which may be modulated in response to se-
lected mediators, regulates cellular and nutrient trafficking 
from the circulation to the underlying tissues.
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The Endothelium as a 
Regulator of Vascular Tone

The endothelium secretes numerous mediators that influ-
ence vascular hemodynamics, blood pressure and blood 
flow in various vascular beds. Under basal conditions, 
the endothelium functions to maintain blood vessels in a 
relatively dilated state. Responses to various physical and 
chemical stimuli depend upon the rapid synthesis and re-
lease of both vasodilators and vasoconstrictors.

Nitric oxide (NO), the key endothelium-derived vasore-
laxing factor, plays a crucial role in the maintenance of 
vascular tone and reactivity. Furchgott and Zawadzki first 
demonstrated the presence of an endothelium-derived re-
laxing factor, which was later shown to be nitric oxide. 
Nitric oxide is generated from the conversion of L-arginine 
to L-citrulline mediated by the enzyme endothelial NO 
synthase (eNOS), in the presence of cofactors such as tet-
rahydrobiopterin (BH4). Nitric oxide, which has a half-life 
of 3-5 seconds, diffuses to the vascular smooth muscle cells, 
increasing cyclic guanosine monophosphate (cGMP) for-
mation, leading to vasodilation. Nitric oxide release into 
the bloodstream may serve to inhibit leukocyte adhesion 
to the endothelium, augment fibrinolysis, inhibit platelet 
adhesion and limit smooth muscle cell (SMC) migration 
and proliferation. Thus, the loss of endothelium-dependent 
NO-mediated vasodilation sets the stage for endothelial 
dysfunction. Key activators of eNOS include physical stim-
uli such as shear stress, signaling molecules such as bradyki-
nin, adenosine, and various cytokines.

Prostacyclin, another endothelial product that possesses va-
sorelaxing and antiplatelet properties, acts independently of 
NO. It is produced from arachidonic acid by the action of 
the cyclooxygenase system, also in response to shear stress. 
Prostacyclin’s biologic effects are mediated via the activation 
of adenylyl cyclase, and the subsequent increase in cyclic 
adenosine monophosphate (cAMP). Though it does possess 
vasodilatory properties, it appears to play only a small role 
in regulating vasomotor tone in humans.

To maintain vasodilator tone, the endothelium also medi-
ates the hyperpolarization of vascular SMCs via a nitric 
oxide- and prostacyclin-independent pathway. The iden-
tity and chemical structure of this endothelium-derived 
hyperpolarizing factor (EDHF) remains undetermined, 
though EDHF appears to play a more important role in 
smaller arteries rather than the large arterial conduits, es-
pecially in circumstances where NO bioavailability is re-
duced. It, too, is released in response to shear stress and 
bradykinin.

In addition to the release of vasodilator substances, the en-
dothelium modulates vascular tone via the generation of 

vasoconstrictors. Endothelin-1 (ET-1), released by endothe-
lial cells in response to hypoxia, ischemia, inflammatory 
cytokines, and oxidized low density lipoprotein (ox-LDL), 
is one of the most potent vasoconstrictors. It exerts its bio-
logic effects by stimulating the G-protein-coupled receptors 
ETA and ETB. Vascular SMCs primarily express ETA recep-
tors, the stimulation of which induces vasoconstriction and 
vascular SMC proliferation. The maximal vasoconstrictive 
response to ET-1 takes up to an hour in vivo, and thus, 
ET-1 likely contributes to prolonged changes in basal vas-
cular tone rather than to minute-by-minute regulation me-
diated by the shorter-acting NO. Endothelial cells express 
ETB receptors. Stimulation of ETB receptors leads to the 
formation of NO and prostacyclin, serving as a feedback 
mechanism in an effort to restore normal vascular tone. 
Angiotensin-converting enzyme (ACE), localized to the 
surface of the endothelium, further influences vasoregula-
tion. ACE, as part of the renin-angiotensin-aldosterone sys-
tem, cleaves angiotensin I to form angiotensin II (Ang II). 
Ang II is a potent vasoconstrictor that increases blood 
pressure, stimulates aldosterone secretion and promotes a 
proinflammatory effect on the endothelium resulting in 
the development of endothelial dysfunction and athero-
sclerosis. Furthermore, ACE deranges the balance between 
vasodilation and vasoconstriction by degrading and inac-
tivating bradykinin, which induces NO, prostacyclin, and 
EDHF release.

The Endothelium as a 
Controller of Hemostasis

Under normal physiologic conditions, the healthy endothe-
lium exerts antiplatelet, anticoagulant, and fibrinolytic 
properties. Due to the release of NO and prostacyclin, 
the intact endothelial surface is resistant to platelet adhe-
sion, activation, secretion, and aggregation. The constitu-
tive expression of ecto-ADPase/CD39 on the endothelial 
cells catabolizes ADP, a potent platelet proaggregatory 
mediator, further inhibiting platelet function. To limit 
the generation and activity of thrombin, the endothelium 
contains surface heparin sulfate and other glycosamino-
glycans, which promote intrinsic antithrombin III activity 
and thrombin inactivation. Endothelial cells also express 
tissue factor pathway inhibitor (TFPI), which binds to 
factor Xa, limiting thrombin formation. Furthermore, the 
thrombomodulin-protein C anticoagulant system limits 
thrombin’s procoagulant activity. Once thrombomodulin, 
synthesized by endothelial cells, binds to thrombin, throm-
bin is inactivated and the complex becomes an activator of 
the anticoagulant protein, protein C. In the inflammatory 
state, thrombomodulin expression is reduced, and thus, 
the anticoagulant properties of the endothelium may be 
undermined. A distinct subpopulation of endothelial cells 
have been demonstrated to secrete tissue-type plasminogen 
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activator (tPA), which stimulates the generation of the 
active protease plasmin from its precursor, plasminogen. 
However, this endothelial regulation of fibrinolysis is im-
paired upon exposure to an inflammatory stimulus, which 
in turn promotes the synthesis and release of plasminogen 
activator inhibitor (PAI) -1, which functions to limit plas-
min generation.

ENDOTHELIAL DYSFUNCTION

Under normal physiologic conditions, NO plays a key role 
in maintaining the vascular wall in a healthy state, inhibit-
ing vascular inflammation, regulating vascular tone, limiting 
platelet activation and aggregation and protecting against 
vascular thrombosis. However, upon repeated exposure to 
traditional and emerging cardiovascular risk factors, the vas-
culature loses its intrinsic capacity for repair. The net effect 
of these damaging insults results in endothelial dysfunction 
which is marked by endothelial activation. In broad terms, 
endothelial dysfunction implies diminished production or 
availability of NO and/or imbalance in the relative con-
tribution of endothelium-derived relaxing and contracting 
factors, such as ET-1 and Ang II. This represents the earliest 
stage of atherogenesis.

Endothelial Activation: Setting 
the Stage for Atherosclerosis

As previously discussed, in addition to its vasodilatory ef-
fect, NO also protects against vascular injury, inflamma-
tion, and thrombosis. It inhibits leukocyte adhesion to the 
endothelium, maintains vascular smooth muscle in a non-
proliferative state, and limits platelet aggregation. However, 
in response to the traditional cardiovascular risk factors, 
such as hypertension, diabetes, and hypercholesterolemia, 
the endogenous defenses of the vascular endothelium begin 
to break down. Hypercholesterolemia promotes attach-
ment of blood leukocytes to the endothelium, a cell layer 
that under ordinary conditions is resistant to firm leuko-
cyte adhesion. Ox-LDL causes endothelial activation and 
changes its biological characteristics in part by reducing the 
intracellular concentration of NO. Ang II, a vasoconstric-
tor, opposes NO action. Ang II can elicit the production 
of reactive oxygen species (ROS), increase the expression 
of the proinflammatory cytokines interleukin (IL)-6 and 
monocyte chemoattractant protein-1 (MCP-1), and up-
regulate vascular cell adhesion molecule-1 (VCAM-1) on 
endothelial cells. Elevated C-reactive protein (CRP) levels 
can also promote endothelial dysfunction by quenching the 
production of NO and diminishing its bioactivity. These 
endothelial modifications promote inflammation within 
the vessel wall, setting the stage for the initiation and pro-
gression of an atherosclerotic lesion. 

When endothelial cells undergo inflammatory activation, 
the increased expression of selectins, VCAM-1 and in-
tercellular adhesion molecule-1 (ICAM-1), promotes the 
adherence of monocytes. Adhesion molecule expression is 
induced by proinflammatory cytokines such as IL-1β and 
tumor necrosis factor-α (TNF-α), by the acute phase pro-
tein CRP, by protease-activated receptor (PAR) signaling, 
by oxLDL uptake via oxidized low-density lipoprotein re-
ceptor-1 (LOX-1), and by CD40/CD40 ligand (CD40L, 
CD154) interactions. Once adherent, the monocytes 
transmigrate along a concentration gradient of MCP-1, 
into the tunica intima, the innermost layer of the arte-
rial wall, passing between the endothelial cells. Once 
within the arterial intima, the monocytes develop into 
macrophages and begin to express scavenger receptors, 
such as SR-A, CD36 and LOX-1, that internalize modi-
fied lipoproteins, giving rise to lipid-laden macrophages 
or foam cells, which characterize early atherosclerotic 
lesions. Within the developing atheroma, the foam cells 
begin to secrete proinflammatory cytokines that main-
tain endothelial activation and a chemotactic stimulus 
for adherent leukocytes, augment expression of scav-
enger receptors, and promote macrophage replication. 
T cells, dendritic cells, and mast cells are also recruited 
into atheromatous plaques and contribute to the perpetu-
ation of the inflammatory response and impaired endothe-
lial function.

The fatty streak then evolves toward a complex lesion, 
typified by the proliferation of SMCs, their migration 
toward the intima, and their synthesis of collagen. Lipid 
accumulation within the atheroma continues, eventually 
leading to destabilization of the plaque. The inflammatory 
milieu promotes matrix metalloproteinase activity lead-
ing to fibrous cap thinning and increased plaque vulner-
ability. With a dysfunctional endothelium and reduced NO 
bioavailability, areas of endothelial cell desquamation de-
velop, exposing subendothelial collagen, tissue factor, and 
von Willebrand factor. With decreased NO and prostacy-
clin levels, unopposed platelet activation and aggregation 
ensue. Combined with higher levels of PAI-1, this results 
in a clinically apparent thrombotic event. Thus, endothe-
lial dysfunction and endothelial activation, resulting from 
vascular inflammation, are the first indications of evolving 
cardiovascular disease.

ASSESSMENT OF ENDOTHELIAL 
FUNCTION/DYSFUNCTION

As endothelial dysfunction represents the earliest stages 
of atherogenesis, assessment of endothelial function prior 
to the onset of overt cardiovascular disease may serve 
as a technique to improve cardiac risk evaluation. The 
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rationale for endothelial function testing, either directly or 
indirectly, to serve as an indicator of vascular disease stems 
from the observations that the healthy endothelium is non-
thrombogenic; endothelial dysfunction occurs in response 
to vascular risk factors and precedes structural atheroscle-
rosis; interventions that improve endothelial function also 
decrease cardiovascular events in patients with stable coro-
nary disease; and reproducible assessments of endothelial 
function exist. The assessment of endothelial dysfunction 
depends upon the measurement of the endothelial cell re-
sponse to stimulation from vasoactive (either physiologic or 
pharmacologic) substances. The endothelium-dependent 
vasomotor changes observed are compared to baseline, con-
trol conditions or the effect of endothelium-independent 
dilators.

Coronary Circulation—Cardiac 
Catheterization

Quantitative coronary angiography, used in the initial 
clinical studies of endothelial function, examines the 
changes in vascular diameter in response to an infusion of 
an endothelium-dependent vasodilator such as acetylcho-
line (Ach). In healthy vessels with an intact endothelium, 
Ach evokes a NO-mediated vasodilatory response; how-
ever, in patients with endothelial dysfunction, this effect 
is blunted, or paradoxical vasoconstriction may occur sec-
ondarily to a direct muscarinic SMC vasoconstrictor effect. 
Furthermore, endothelial function of the coronary micro-
vasculature may be assessed using intracoronary Doppler 
techniques to measure coronary blood flow in response to 
pharmacologic or physiologic stimuli. Although the study 
of the coronary circulation is considered by many to be the 
gold standard for the assessment of endothelial function, 
this technique is limited by its invasive nature, expense, 
and relative inaccessibility.

Peripheral Circulation—Venous 
Occlusion Plethysmography and 
Ultrasound Flow-Mediated Dilation

Strain-gauge venous impedance plethysmography assesses 
resistance vessel function in the forearm by examining 
the change in forearm blood flow in response to direct 
intra-arterial (brachial artery) administration of agonists. 
Resistance vessels participate in the regulation of blood 
flow in response to changes in metabolic needs. Forearm 
blood flow and mean blood pressure provide an estimate 
of the forearm vascular resistance. Generally, a cuff around 
the wrist is inflated to suprasystolic pressure to separate 
the forearm from the circulation. A second cuff on the 
upper arm is inflated intermittently to supravenous pres-
sures but below arterial pressures, interrupting venous 

outflow but not arterial inflow to the forearm. During this 
occlusive phase, the accumulation of blood per unit time 
in the forearm is assessed, reflecting the forearm blood 
flow. Sensitive detectors are placed around the forearm 
to assess its increase in size. The rate of increase in limb 
size is proportional to the vasodilation of resistance vessels 
in the forearm. The limb size is measured under baseline 
conditions with an inactive solution infused in the bra-
chial artery through a small cannula, after the infusion of 
an endothelium-dependent vasodilator such as Ach, and 
again after the infusion of an endothelium-independent 
dilator such as nitroprusside. Changes in limb size in 
response to the different stimuli reflect the extent of 
endothelial function/dysfunction. This technique is excel-
lent for acute interventions with repeated measurements. 
The major drawbacks are its reproducibility and its rather 
invasive nature. 

Brachial artery flow-mediated dilation (FMD) has emerged 
as the most common assessment tool of endothelial func-
tion. Flow-mediated vasodilation is the phenomenon by 
which blood vessels respond to an increase in flow or 
shear stress by dilating. The principal mediator of this 
is endothelium-derived NO. Several factors are respon-
sible for its widespread use, including that: the response 
is NO-dependent; FMD is abnormal early in the course 
of atherosclerotic disease and in response to various car-
diovascular risk factors; it improves with interventions 
known to improve cardiovascular outcomes; and it is rela-
tively inexpensive, noninvasive, and reproducible. In this 
technique the brachial artery diameter is measured before 
and after an increase in shear stress that is induced by 
reactive hyperemia using ultrasound. The forearm blood 
flow is occluded for 5 minutes using a blood pressure cuff 
placed distal to the brachial artery inflated to at least 50 
mm Hg above systolic pressure. Subsequent cuff defla-
tion induces a brief high-flow state through the brachial 
artery, the reactive hyperemia, to accommodate the di-
lated resistance vessels. The resulting increase in shear 
stress leads to local endothelial release of NO causing the 
brachial artery to dilate (FMD). The longitudinal image 
of the artery is recorded continuously from 30 seconds 
before to 2 minutes after cuff deflation. This technique 
has the advantage of being noninvasive and can readily 
identify populations with attenuated endothelial func-
tion/impaired FMD response. Limitations include: the 
requirement of expensive equipment and offline analy-
sis; the technique of FMD acquisition is highly operator-
dependent; the lack of established normal values; and the 
need to minimize the effect of physiological influences 
such as exercise, caffeine ingestion, and the use of va-
somotor medications such as nitrates, calcium channel 
blockers, ACE inhibitors and angiotensin receptor block-
ers (ARBs). (See Table 23-1.)
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CLINICAL UTILITY OF 
ASSESSING ENDOTHELIAL 
FUNCTION/DYSFUNCTION

Endothelial cell dysfunction likely marks the earliest event 
in the process of lesion formation, and hence, assessing en-
dothelial function may serve as an early, useful prognos-
tic tool for coronary artery disease. It may be detected in 
children and adults many years before the development 
of clinically apparent disease, thereby allowing for early 
intervention. Heterogeneity of vascular dysfunction must 
be appreciated. Nonetheless, coronary endothelial cell 
perturbations often are reflected in peripheral vasodilator 
abnormalities, thereby allowing the assessment of periph-
eral endothelial function as a measure of coronary vasomo-
tion. Endothelial-dependent vascular biology is not only 
important in the initiation of atherosclerotic disease but 
may also mark the transition from stable to unstable dis-
ease states. 

Cardiac Risk Factors and 
Endothelial Dysfunction

Traditional and emerging cardiovascular risk factors are asso-
ciated with endothelial dysfunction. Hypercholesterolemia, 
in both apparently healthy children and adults, is associ-
ated with abnormal endothelium-dependent dilation in 
the absence of coronary atherosclerosis. Oxidized LDL has 
a deleterious effect on endothelial NO production, it inter-
feres with normal signal transduction in endothelial cells, 
it promotes the generation of reactive oxygen species, per-
petuates an inflammatory milieu in the vasculature, and 
may lead to the accumulation of competitive inhibitors of 

eNOS. Both active and passive smoking appear to cause 
dose-dependent impairment of endothelium-dependent 
vasodilation, which is believed to be secondary to increases 
in oxidative stress leading to inactivation of NO and the 
oxidative modification of lipoproteins. Patients with 
diabetes demonstrate a loss of endothelium-dependent 
dilation in both coronary and peripheral circulations com-
pared to nondiabetic controls. These detrimental changes 
have been associated with the reduced basal release of NO 
and a diminished vasodilatory response to acetylcholine. 
The pathogenesis of impaired endothelial function in the 
setting of diabetes is not completely understood, though 
likely is secondary to a combination of hyperglycemia, 
which results in endothelial cell activation and increased 
oxidative stress that may degrade NO, and the formation 
of advanced glycation end products, which promote vas-
cular inflammation. Hyperinsulinemia, as may occur in 
prediabetic states with impaired glucose tolerance, is also 
associated with impaired endothelial function. Insulin 
stimulates the release of both endothelial NO and ET-1, 
and the imbalance between these counter regulatory 
molecules may favor vascular changes that promote vaso-
constriction. Hypertensive and prehypertensive patients 
have impaired endothelium-dependent dilation, and the 
degree of dysfunction predicts adverse clinical outcomes. 
Vascular NO activity is reduced in essential hyperten-
sion, whereas ET-1 activity is increased in hypertensive 
patients. Therefore, the increased basal vasoconstrictive 
tone in hypertensive patients appears to be secondary to 
increased ET-1 production and increased sensitivity of 
vascular SMCs to ET-1. Finally, both increasing age and 
male gender are associated with diminishing endothelial-
dependent dilation. As the number of vascular risk factors 

Table 23-1 • Current Methods of Assessing Endothelial Function

Method Advantages Disadvantages

Quantitative coronary 
angiography

Direct visualization of response to 
vasodilator in coronary circulation

May measure change in coronary 
blood flow directly

Remains the gold standard

Invasive

Expensive

Relatively inaccessible

Strain-gauge venous impedance 
plethysmography

May perform repeated measurements 
to different stimuli

Relatively invasive

Indirect measure of coronary circulation 
using forearm blood flow as a surrogate

Reproducibility

Brachial artery flow-mediated 
dilation

Response primarily nitric oxide-dependent

Not invasive

Fairly good reproducibility

Requires special ultrasound equipment

Operator-dependent and normal 
established values lacking

Influenced by the use of vasomotor 
medications, exercise
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increases among individuals without overt cardiovascular 
disease, the extent of FMD and thus endothelial vasodila-
tory capacity decreases. 

Cardiovascular Events and 
Endothelial Dysfunction

Since endothelial dysfunction occurs early in the disease 
process, it is not unexpected that it is associated with car-
diovascular events. A multivariant analysis including close 
to 2500 patients illustrated that endothelial dysfunction is 
strongly and independently associated with major cardio-
vascular events such as cardiac death, myocardial infarction, 
and need for revascularization. Coronary and peripheral en-
dothelial dysfunction demonstrated similar power in their 
ability to predict cardiovascular events. More importantly, 
cardiovascular events were observed to occur remotely from 
the site endothelial dysfunction was detected, highlighting 
the systemic nature of impaired endothelial function. The 
presence of endothelial dysfunction among patients with 
cardiovascular risk factors has a high sensitivity for coronary 
heart disease, while its absence has a high negative predic-
tive value. Brachial FMD predicts incident cardiovascular 
events in older adults, as illustrated in the Cardiovascular 
Health Study. FMD was measured in 2792 adults aged 72-98 
years in the United States, who were followed for a period 
of 5 years. Event-free survival rate for cardiovascular events 
was significantly higher in subjects with FMD greater than 
the sex-specific medians than it was in subjects with FMD 
less than or equal to sex-specific medians (78.3% versus 
73.6%, P = 0.006). After adjustment for age, gender, diabe-
tes, cigarette smoking, blood pressure, baseline cardiovas-
cular disease status, and total cholesterol, FMD remained 
a significant predictor of cardiovascular events, though, it 
did not add a great extent to the prognostic accuracy of 
traditional cardiac risk scores in this population.

Aside from serving as an independent risk factor for car-
diovascular disease, assessment of endothelial function by 
brachial ultrasound demonstrated efficacy for preoperative 
risk stratification in patients undergoing vascular surgery. 
Low flow-mediated dilation was determined to be an inde-
pendent predictor of both postoperative cardiac events at 
30 days and late cardiac events at over 1 year of follow-up. 
In post heart transplant patients the presence of endothe-
lial dysfunction was associated with the development of 
transplant vasculopathy. Patients who had a normal vaso-
dilator response to Ach immediately following transplanta-
tion developed atherosclerosis at a rate one-third that of 
those with endothelial dysfunction during the first year of 
follow-up. Also, the presence of endothelial dysfunction in 
this transplant population group tended to predict the de-
velopment of angiographic vasculopathy and cardiac death, 
either graft failure or sudden death. 

SURROGATE MARKERS OF 
ENDOTHELIAL DYSFUNCTION

Indirect tests used to gain information on the status of the 
endothelium depend upon the measurement of peripheral 
markers that are associated with endothelial dysfunction 
and the progression of inflammation and atherosclerosis. 
Direct products of endothelial cell activation, such as 
measures of NO, adhesion molecules, inflammatory cy-
tokines or markers of endothelial damage and repair may 
be assessed; however, many of these remain difficult and 
expensive to measure and primarily have been used only 
in the research setting. For example, circulating levels of 
nitrites and nitrosylated proteins reflect endothelial NO 
generation though they are difficult to measure and may 
be confounded by other sources of NO. Endothelial adhe-
sion molecules such as VCAM-1, ICAM-1, and E-selectin 
may be measured in the circulation, though these mol-
ecules may arise from multiple sources. CRP, a general 
marker of vascular inflammation and thus endothelial 
activation, and circulating endothelial progenitor cells 
(EPCs), markers of endothelial injury and repair, have 
emerged as two potential surrogate markers for overall en-
dothelial health.

High Sensitivity C-Reactive Protein

High sensitivity CRP has emerged as one of the most im-
portant inflammatory markers of cardiovascular disease. 
CRP is a powerful independent predictor of myocardial 
infarction, stroke, and vascular death in a variety of set-
tings, and appears to be a better predictor of cardiovascular 
events than LDL-cholesterol. Furthermore, CRP at con-
centrations known to predict vascular disease is not only 
an inflammatory marker but also a mediator of atheroscle-
rosis by contributing to endothelial dysfunction and ac-
tivation, atherosclerotic lesion formation, plaque rupture, 
and thrombosis. CRP directly stimulates the expression 
of endothelial cell adhesion molecules, chemoattractant 
chemokines, and macrophage LDL uptake. It promotes 
endothelial dysfunction by modulating the production 
of endothelium-derived vasoactive factors, downregu-
lating eNOS-derived NO, while augmenting produc-
tion of ET-1. Additionally, CRP has been demonstrated 
to promote the release of PAI-1 from endothelial cells, 
upregulate angiotensin-mediated neointimal formation, 
facilitate endothelial cell apoptosis, attenuate compensa-
tory angiogenesis, and alter EPC survival and differentia-
tion. Patients with elevated levels of CRP elicit impaired 
endothelium-dependent vasodilation. Levels of CRP ap-
pear to be inversely correlated with endothelial function, 
as individuals with higher CRP levels demonstrate greater 
degrees of endothelial dysfunction.
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Endothelial Progenitor Cells

Circulating endothelial progenitor cells (EPCs) are bone 
marrow-derived stem cells that have the ability to differ-
entiate into mature endothelial cells. EPCs circulate in the 
blood and home preferentially to sites of vascular or tissue 
injury, contributing significantly to both reendothelial-
ization and neovascularization. The identification of cir-
culating EPCs relies on their expression of characteristic 
cell surface markers, which may be identified using flow 
cytometry, and by their potential to differentiate to and 
function as endothelial cells. The level of circulating EPCs 
may serve as a reflection of the vasculature’s ability to re-
pair itself in response to injury, and thus reflects its overall 
health. Clinical studies suggest that traditional risk factors 
for coronary atherosclerosis are associated with lower levels 
of circulating EPCs and that the number of these progenitor 
cells in the circulation can be used to predict the occur-
rence of cardiovascular events and death. Furthermore, low 
EPC number and impaired EPC function correlate closely 
with endothelial function. A lower number of EPCs pre-
dicts severe endothelial dysfunction independent of classi-
cal cardiovascular risk factors. Therefore, the measurement 
of EPCs from a blood sample may reflect the extent of en-
dothelial dysfunction as assessed by brachial FMD or quan-
titative coronary angiography.

STRATEGIES TO MODIFY 
ENDOTHELIAL DYSFUNCTION

Strategies known to reduce cardiovascular events tend to 
decrease the extent of endothelial dysfunction, support-
ing the concept that restoration of endothelial function 
can stabilize atherogenesis. Smoking cessation reduces 
the extent of oxidative stress imparted on the vasculature. 
Treatment with aspirin improves endothelial dysfunction 
possibly via the inhibition of one or more cyclooxygenase-
dependent vasoconstrictors. Correction of hyperlipidemia 
by diet or by statin therapy results in improved endothelial-
dependent vasorelaxation likely secondary to a combina-
tion of increased NO bioavailability and a reduction in 
vascular inflammation. The management of hypertension 
via the inhibition of the renin-angiotensin system with ei-
ther an ACE inhibitor or an ARB attenuates the degree of 

endothelial dysfunction in patients with coronary disease 
likely through their antagonistic effect on the potent vaso-
constrictor Ang II. Obesity is associated with impaired en-
dothelial vasorelaxation most likely mediated by elevated 
levels of inflammatory adipokines such as IL-6 and TNF-α, 
and decreased levels of the vasculoprotective adipokine, ad-
iponectin. Weight loss, regular aerobic exercise, and a low 
fat or Mediterranean diet have all been shown to improve 
overall endothelial function.

SUMMARY

Endothelial dysfunction is apparent in the preclinical stage 
of atherosclerosis. NO bioavailability and the overall bal-
ance between vasodilator and vasoconstrictor mediators are 
of paramount importance. Endothelial function reflects the 
health of the vasculature and its ability to respond to and 
to resist vascular insults. Assessment of endothelial func-
tion provides a measure of vascular disease burden prior to 
the onset of clinically apparent cardiovascular disease and 
may serve as an independent marker of cardiovascular risk. 
Endothelial dysfunction responds to interventions currently 
utilized for cardiovascular disease and may be used to moni-
tor disease activity. However, the tests currently available 
to assess endothelial function are costly, require expertise, 
and are too variable for routine clinical use. Thus, more 
easily measured biomarkers such as circulating levels of 
EPCs or CRP may emerge as useful surrogate markers of en-
dothelial function. Clinical guidelines regarding the assess-
ment of endothelial dysfunction are lacking. Nevertheless, 
endothelial function assessment and testing will likely be 
incorporated into diagnostic algorithms, serving as an early 
marker of impending cardiovascular disease.
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hypertension (HTn), and the procoagulant state, indepen-
dently recognized that these factors were associated with 
one another as well as with cardiovascular disease (CVD). 
In 1988, Gerald Reaven (Banting lecture) coined the term 
“syndrome X” for this kind of clustering. Others have used 
the terms Reaven syndrome, plurimetabolic syndrome, 
dysmetabolic syndrome, the deadly quartet, insulin-
resistance syndrome, 4H syndrome, cardio-metabolic syn-
drome, and so on.

As evidence accumulated indicating that these risk fac-
tors played an important role in the development of CVD, 
the need to enhance awareness of them within the health 
profession increased. So, the term “metabolic syndrome” 
(MetS) was formally adopted, first by the World Health 
Organization (WHO), in 1999, and soon after by the 
National Cholesterol Education Program (NCEP)/Adult 
Treatment Panel III (ATP III), in 2001, and other bodies. 
The term denotes the cluster of cardio-metabolic factors 
associated with increased risk of CVD and type 2 diabetes 
mellitus (T2DM). 

Though several groups have attempted to set criterion 
standards for MetS (Table 24-1), there is ongoing debate 
regarding the nature of the syndrome, including the risk fac-
tors and the underlying pathologic process. Although WHO, 
NCEP/ATPIII, and the International Diabetes Foundation 
(IDF) agree on the core components of MetS—namely 
obesity, IR, dyslipidemia, and hypertension (HTn)—each 
applies these criteria differently in identifying the clus-
ter of the metabolic syndrome. In 1998, WHO proposed a 
“working definition” for MetS that included evidence of IR 
among its criteria. In 2001, NCEP/ATP III redefined MetS 
somewhat differently and did not require direct evidence of 
IR. It also designated METS as a risk factor for cardiovascu-
lar disease (CVD). The IDF criteria of 2002, and redefined 
in 2005, retained three of the five NCEP/ATP III diagnostic 
criteria: HTn, hypertriglyceridemia, and low HDL-C levels. 
However, IDF it set new thresholds for the remaining two 

• Metabolic syndrome (MetS) represents a risk 
cluster that increases the incidence and preva-
lence of CVD morbidity and mortality.

• Pooled data from several prospective studies sug-
gest that the relative risk for DM is around 2.99 
(1.96-4.57) in individuals with MetS.

• Chronic hyperglycemia, impaired fasting glucose 
(IFG), and impaired glucose tolerance (IGT) are 
all predictors of CVD. Dysglycemia is a compo-
nent of METS.

• Elevated serum TG and low high-density lipo-
protein cholesterol (HDL-C) are considered the 
main lipid abnormalities in METS and are directly 
linked to obesity and insulin resistance.

• Lifestyle modification with moderate weight loss 
can prevent or delay the onset of diabetes in pa-
tients who have MetS.

• While therapeutic lifestyle modifications in the 
form of diet and exercise remain the mainstay 
of therapy in those with METS, judicious use of 
drugs may be needed for the treatment of hyper-
tension and dyslipidemia and in select cases, for 
obesity, and dysglycemia.

d PRACTICAL POINTS

HISTORICAL BACKGROUND 

That clustering of cardiovascular risk factors can appear 
in a given patient has been recognized for decades. In 
1923, Kylin drew attention to clustering of hypertension, 
hyperglycemia, and gout. Several investigators in the late 
1980s, studying the relationships among dyslipidemia, 
obesity, insulin resistance (IR), glucose intolerance, 



266 SECTION IV /  Preventive Cardiology

diagnostic criteria; the definition of abdominal obesity in-
cludes ethnic-specific criteria (Table 24-2), and the thresh-
old for impaired fasting plasma glucose is set at 100 mg/dL, 
rather than the 110 mg/dL of the other groups. 

Table 24-1 • Metabolic Syndrome (MetS)—Various Definitions

NCEP/ATP III WHO IDF

3 or more of the following:
 WC• >102 cm (40 in) in men; 
>88 cm (35 in) in women 
 TG• >150 mg/dL
 HDL-C• <40 mg/dL in men; 
<50 mg/dL in women 
 BP• >130/85 mm Hg
 FPG• >100 mg/dL

Diabetes, IGT, IFG, or IR, plus 2 or 
more of the following: 

 BMI • >30 kg/m2 and/or 
WHR >0.9 in men; >0.85 in women
 TG • >150 mg/dL and/or HDL-C 
<35 mg/dL in men; <39 mg/dL 
in women
 BP• >140/90 mm Hg
 Microalbuminuria UAE• >20 μg/min 
or albumin: creatinine ratio >30 mg/g

Central obesity* plus any 2 of the following 
4 factors:

 TG• >150 mg/dL or specific treatment for 
high TG
 HDL-C• <40 mg/dL in men; <50 mg/dL in 
women or specific treatment for low HDL-C
 Systolic BP• >130 or diastolic BP 3>85 mm Hg 
or treatment of previously diagnosed HTn.
 FPG• >100 mg/dL; or previously diagnosed 
T2DM. If >100 mg/dL, OGTT is strongly 
recommended but is not necessary.

BMI; body mass index; BP, blood pressure; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; IFG, impaired fasting glucose; IDF, 
International Diabetes Foundation; IGT, impaired glucose tolerance; OGTT, oral glucose tolerance test; National Cholesterol Education Program (NCEP)/Adult 
Treatment Panel III; UAE, urinary albumin excretion; WC, waist circumference; WHO, World Health Organization; WHR, waist-to-hip ratio
*Suggests use of ethnic-specific waist circumference. If BMI is >30kg/m², central obesity can be assumed and waist circumference does not need to be measured.

Table 24-2 • Ethnic Specific Values for Waist 
Circumference

Country/Ethnic Group
Waist 
Circumference

Europids*
In the USA, the ATP III values 
(102 cm male; 88 cm female) 
are likely to continue to be 
used for clinical prupose

Male

Female

≥94 cm

≥80 cm

South Asians
Based on a Chinese, Malay 
and Asian-Indian population

Male

Female

≥90 cm

≥80 cm

Chinese
Male ≥90 cm

Female ≥80 cm

Japanese**
Male ≥90 cm

Female ≥80 cm

Ethnic South and Central 
Americans

Use South Asian 
recommendations until more 
specific data are available

Sub-Saharan Africans Use European data until more 
specific data are available

Eastern Mediterranean 
and Middle East (Arab) 
populations

Use European data until 
more specific data are 
available

*In future epidemiological studies of populations of Europid origin, prevalence 
should be given using both European and North American cut-points to allow 
better comparisons.
**Originally different values were proposed for Japanese people but new data 
support the use of the values shown above.
(Source: http://www.idf.org/webdata/docs/IDF_Meta_def_final.pdf accessed 
08-28-08)

Syndrome is defined as a simultaneous or sequential occur-
rence in an individual of a set of signs and symptoms that 
points to a single disease or pathophysiologic entity as the 
cause. One way of ascertaining if MetS truly exists in an 
individual is through determination of whether its central 
components occur simultaneously more than one would 
expect to find by chance alone (i.e., clustering); or if they 
occur independent of each other (coincidence). Using this 
approach, a few studies have demonstrated that clustering 
of CVD risk factors does indeed occur in MetS, and the ac-
tual prevalence of any combination of 3-5 MetS factors was 
more than that could be expected by chance alone. In most 
studies, obesity and insulin resistance were 2.5 and 2.9 times 
more prevalent in MetS, respectively, than in the group as 
a whole. 

MetS AND CVD–
EPIDEMIOLOGIC ASPECTS

Metabolic syndrome criteria perform differently than the 
Framingham Risk Score as a CVD risk predictor tool, be-
cause they do not factor in age, gender, smoking status, or 
total cholesterol levels, all important in CVD risk predic-
tion. However, epidemiologic data do support a link between 
MetS and CVD. For example, the age-adjusted prevalence 
of MetS in sequential National Health and Nutrition 
Examination Surveys (NHANES) were 24.1 and 27.0% 
(P = 0.088), respectively, representing a respective 23.5% 
(P = 0.021) and 2.2% (P = 0.83) increase in women and 
men, between 1988 and 2000. Pooled estimates from sev-
eral prospective studies done between 1988 and 2004 reveal 
that the combined relative risk (RR) for all-cause mortality 
in MetS is around 1.27 (95% CI 0.90-1.78). The RR for 
CVD and DM was 1.65 (1.38-1.99) and 2.99 (1.96-4.57), 
respectively. The population-attributable fraction for MetS 

http://www.idf.org/webdata/docs/IDF_Meta_def_final.pdf
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was approximately 6-7% for all-cause mortality, 12-17% for 
CVD and 30-52% for DM. 

MetS RISK FACTOR 
FOR DIABETES MELLITUS 

Pooled estimates from several prospective studies done 
between 1988 and 2004 suggest that the RR for DM is 
around 2.99 (1.96-4.57) in individuals with MetS. In a 
population-based sample study involving two nondiabetic 
cohorts—the San Antonio Heart Study (SAHS) and 
Mexico City Diabetes Study (MCDS) cohorts—the sensi-
tivities of the NCEP MetS criteria for predicting DM were 
66.2 and 62.4% in the SAHS and the MCDS, respec-
tively, and the corresponding false-positive rates were 27.8 
and 38.7%. In the Atherosclerosis Risk in Communities 
(ARIC) cohort study (7915 participants 45-64 years 
of age) conducted from 1987-1989 to 1996-1998, all par-
ticipants were free of diabetes at baseline, and there were 
1292 incident cases of DM ascertained by clinical diagno-
sis or oral glucose tolerance test (OGTT). Evaluation of 
scores based on the MetS as defined by the NCEP or with 
slight variations showed area under the curve (AUC) of 
0.75 and 0.78, respectively. This compares favorably with 
the predictive efficacy of risk function score, which is based 
on waist, height, HTn, BP, family history of diabetes, 
ethnicity, and age, performed similarly to one based on 
fasting glucose. Risk functions composed of the clinical 
variables plus fasting glucose (AUC 0.78) and, addition-
ally, including triglycerides and HDL cholesterol (AUC 
0.80) performed better (P < 0.001). Rules based on all 
these approaches, while identifying 20-56% of the sample 
as screen positive, achieved sensitivities of 40-87% and 
specificities of 50-86%.

COMPONENTS OF THE 
METABOLIC SYNDROME

Waist Circumference, Visceral 
Adiposity (Abdominal Obesity), 
and Cardiovascular Risk 

The NCEP MetS criteria include a WC of >102 cm 
(40 in) in men and >88 cm (35 in) in women. Analysis of 
the NHANES III survey demonstrated that waist circumfer-
ence WC was more closely linked to CVD risk than was 
body mass index (BMI), but the cut points (adjusted for 
multiple risk factors) at which positive predictive values ex-
ceeded negative predictive values were 98 cm for men and 
87 cm for women. To limit future weight gain and impact 
CVD risk factors favorably, some experts have suggested 
that the WC cut points should be 90 cm in men and 83 

cm in women. WC correlates positively with abdominal 
fat content, especially in those with BMI in excess of 30. 
Current evidence suggests that a vast majority of “healthy” 
men (>75%) with WC more than 90 cm and serum TG 
greater than 178 mg/dL (“hypertriglyceridemic waist”) also 
have elevated insulin, elevated apolipoprotein B (apo B), 
and small, dense low-density lipoprotein (LDL) particles. 
Visceral obesity is also characterized by a proinflammatory, 
prothrombotic state with elevated levels of C-reactive pro-
tein, many cytokines, and plasminogen activator inhibitor-1 
(Table 24-3).

Observational studies suggest that the odds ratio for the 
NCEP MetS could be as high as 4.7 (95% CI 4.2-5.3) in 
overweight men and 30.6 (26.7-35.0) in obese men, as com-
pared with men of normal weight. 

Dysglycemia, IR, and Cardiovascular Risk

In an analysis of data from the Norfolk cohort of the 
European Prospective Investigation of Cancer and 
Nutrition, hemoglobin A1C (HbA1c) predicted all-cause, 
CVD, and ischemic heart disease (IHD) mortality con-
tinuously in men aged 45-79 years, in individuals with and 
without diabetes; and at HbA1c levels below those consid-
ered indicative of DM. Relative risk for CVD mortality 
at 4 years was 2.53 in men with HbA1c concentration of 

Table 24-3 • Abnormalities Associated with IR

Abnormality Characteristics

Glucose
Metabolism

Impaired fasting glucose•
Impaired glucose tolerance•

Lipid
metabolism

Increased plasma triglyceride•
Increased LDL cholesterol particles•
Postprandial lipemia•
 Increased small, dense LDL cholesterol•
Decreased HDL cholesterol•

Uric acid 
metabolism

Elevated serum uric acid•
Decreased urinary uric acid excretion•

Hematological/
Prothrombotic

Increased PAI-1•
Increased fibrinogen•
 ↑• Markers of inflammation in serum: 
high sensitivity C-reactive protein

Hemodynamic Renal salt retention•
Increased sympathetic nervous tone•
Hypertension•
Endothelial dysfunction•

Mononuclear cell adhesion
Plasma concentration of cellular 

adhesion
Plasma concentration of 

asymmetric dimethylarginine
Endothelial-dependent vasodilatation

Other  Polycystic ovaries and hyperandrogenism•
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5.0-5.4%, 2.46 in men with HbA1c levels of 5.5-6.9%, and 
5.04 in men with HbA1c levels ≥7%, compared with men 
with HbA1c <5.0%. In the Nurses’ Health Study, in women 
aged 30-55 years, after adjusting for age, BMI, smoking, 
and other cardiovascular risk factors, the relative risk for 
myocardial infarction (MI) in women who developed DM 
was 3.17 (95% CI 2.61-3.85) prior to diagnosis and 3.97 
(3.35-4.71) after diagnosis, compared with women who did 
not develop DM. A meta-analysis of 95,783 people (3707 
cardiovascular events over 12.4 years) found that the pro-
gressive relationship between elevated plasma glucose and 
CVD risk begins at a level well below the threshold for a 
diagnosis of DM. The Diabetes Epidemiology Collaborative 
Analysis of Diagnostic Criteria in Europe (DECODE), in-
cluded 22 cohorts totaling 29,714 individuals who were 
followed up for 11 years. Among subjects without previ-
ously diagnosed diabetes, the relation between glucose and 
CVD mortality did not show a threshold effect at higher 
levels. The hazard ratio for CVD mortality in subjects with 
impaired fasting glucose (IFG) (110-125 mg/dL) was 1.1 
(95% CI 1.0-1.3) and increased to 1.6 (95% CI 1.3-1.9) 
in subjects with previously undetected DM, compared with 
subjects with fasting plasma glucose between 80 and 110 
mg/dL. Subjects with fasting plasma glucose <110 mg/dL 
had a hazard ratio of 1.3 (1.0-1.8). In the Nurses’ Health 
Study, an increased risk for MI and stroke was evident well 
before the diagnosis of diabetes.

Insulin resistance is associated with increased risk for 
CVD. Although DM clusters with other CHD variables 
such as HTn, dyslipidemia, and obesity, the rate of CHD 

mortality exceeds that expected from interaction of these 
multiple risk factors. Chronic hyperglycemia, IFG and im-
paired glucose tolerance (IGT) are all predictors of CVD 
(Figure 24-1). In the (DECODE) study, 29,000 nondia-
betic individuals with 11 years’ follow-up, the highest inci-
dence of all-cause and CVD mortality was seen in subjects 
with IFG. In the San Antonio Heart Study, at years, 471 
of the 4875 subjects  developed T2DM. In this group, the 
CVD mortality in those in the top quartile of fasting plasma 
glucose (FPG) was 4.7 times greater than those in the lowest 
two quartiles, combined after adjustment for other potential 
risk factors. Individuals with diabetes but no history of MI 
have a similar rate of risk for MI as nondiabetic individuals 
with a prior MI. In the ARIC study, carotid wall thickness 
was correlated with IFG in all gender and race subgroups in 
a large and diverse sample of over 15,800 subjects without 
symptomatic CVD. The impaired glucose tolerance T2DM 
transition may take 10 years or more, a period during which 
macrovascular disease may continue unrecognized. Indeed, 
macrovascular disease may predate onset of clinical diabetes 
in as many as 50% of those with T2 DM, and IGT may in-
deed represent a state of enhanced cardiovascular risk.

Insulin resistance is common to prediabetes, DM, and CVD. 
In one study the annual CHD events attributable to IR was 
46.8%, 6.2%, and 12.5% in T2DM, non-T2DM, and total 
U.S. population (projected), respectively. In the Helsinki 
Policemen Study, the risk of developing fatal and nonfatal 
CHD in nondiabetic subjects over a 25-year follow-up was 
seen to be highest in participants with the highest insulin 
concentration. Measures of IR such as the clamp technique 

Logistic regression analysis of IGT, WHO
metabolic syndrome, NCEP metabolic
syndrome, and IDF metabolic syndrome
definitions with risk of incident diabetes
in nondiabetic IRAS subjects by sub-
groups of ethnicity. MetS indicates
metabolic syndrome.
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Figure 24-1. Adapted from: Hanley AJ, Karter AJ, Williams K et al. Prediction of type 2 diabetes mellitus with alternative definitions of 
the metabolic syndrome: the insulin resistance atherosclerosis study. (Circulation. 2005; Dec 13;112(24):3713–3721.)
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are cumbersome and seldom used, and mathematical ma-
nipulations of fasting plasma glucose and insulin, such 
as Homeostasis Model Assessment of Insulin Resistance 
(HOMA-IR) and Quantitative Insulin Sensitivity Check 
Index (QUICKI), yield estimates that correlate well with 
clamp estimates of IR. In the Verona Diabetes Complications 
Study of 1326 patients with T2DM, HOMA-IR was an in-
dependent predictor of both prevalent and incident CVD. 
A 1-unit increase in (log) HOMA-IR value was associated 
with an odds ratio for prevalent CVD at baseline of 1.31 
(95% CI 1.10-1.56, P = 0.002) and for incident CVD dur-
ing follow-up of 1.56 (95% CI 1.14-2.12, P < 0.001). The 
Botnia study group reported similar results. In yet another 
study, plasma TG to HDL-C ratio >3.5 was the best sur-
rogate predictor of insulin resistance (steady-state plasma 
glucose concentration during the insulin suppression test), 
with a sensitivity and specificity of 47 and 88%, respectively. 
However, one must bear in mind that HOMA-IR has never 
been validated for single-patient use, and clinical markers 
for IR, such as acanthosis nigricans, have poor sensitivity, 
making clinical confirmation of IR somewhat difficult.

The American Diabetes Association (ADA) has recently 
combined IGT and IFG into a separate nosologic entity, 
called “prediabetes”. (Figure 24-2) although, the NCEP, 
ADA, and IDF have lowered the threshold for diagnosing 
IFG from 110 mg/dL to 100 mg/dL, there is some reluctance, 
especially amongst European investigators, in accepting this 
definition, because of the purported increase in the “at-risk” 
population at large, despite minimal demonstrable increase 
in health risks and complications attributable to the new 
cut-off. 

Dyslipidemia in the Setting 
of the Metabolic Syndrome

The lipid abnormality in obesity/MetS is largely driven by 
the underlying obesity/insulin resistance. Not all obese in-
dividuals have dyslipidemia, and, in part, ethnic factors may 
play a role in the observed differences. Visceral adiposity 
may be more important pathogenetically, as compared to 
subcutaneous fat, and may serve to explain why some obese 
individuals (with predominant subcutaneous adiposity) do 
not have the biochemical correlates of MetS. 

Elevated serum TG and low high-density lipoprotein 
cholesterol (HDL-C) are considered the main lipid ab-
normalities in MetS. It is important to realize that CVD 
risk increases with increasing insulin resistance, and dys-
lipidemia and dysglycemia are evident long before onset of 
clinical diabetes—the so called “ticking clock” hypothesis. 
This hypothesis is based partly on 8-year follow-up obser-
vations in the San Antonio Heart Study. Patients who 
were nondiabetic at baseline examination but went on to 
develop T2DM had substantially higher total cholesterol, 
triglycerides, BMI, and BP, accompanied by lower levels 
of HDL-C, compared with subjects who did not develop 
T2DM. 

 Altered metabolism of triglyceride-rich lipoproteins (TGRL) 
is an integral part of the atherogenic dyslipidemia seen in 
prediabetes and diabetes, and is observed in many patients 
with the METS. Many patients have elevated non-HDL 
cholesterol (equal to total cholesterol – HDL cholesterol), 
which is valid in the nonfasting state and bears a positive 
correlation with apo B, the principle apolipoprotein in the 
atherogenic lipoproteins, namely, LDL, IDL, VLDL, VLDL 
remnants and small, dense LDL. Obesity results in increased 
fat mass, and insulin resistance promotes lipolysis and gen-
eration of excess free fatty acids (FFA) (nonesterified) from 
adipose tissue. Increased hepatic uptake of FFA ensues, 
resulting in increased hepatic synthesis and export of very 
low-density lipoprotein (VLDL). Diminished clearance of 
VLDL and intestinally derived chylomicrons (CM) result in 
prolonged plasma retention of these particles and accumu-
lation of highly atherogenic partially lipolyzed cholesterol-
enriched intermediate-density lipoprotein (IDL) remnants 
(Figure 24-3). In the insulin-resistant patient, levels of 
Apo C-III, an inhibitor of the enzyme lipoprotein lipase, 
increases, while that of apo C-II, an activator of lipoprotein 
lipase, decreases with net diminished activity of the enzyme, 
thus impacting hydrolysis/delipidation of VLDL and caus-
ing hypertriglyceridemia. Increased hepatic production and/
or diminished plasma clearance of large VLDL also results 
in increased production of precursors of small, dense LDL 
particles. Current evidence suggests that LDL particle con-
centrations, specifically levels of small, dense LDL are pre-
dictive of coronary events, independent of other coronary 
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Figure 24-2. Prediabetes: diagnostic criteria. (Copyright 2010 
American Diabetes Association from http://www.diabetes.org. 
Reprinted with permission from The American Diabetes 
Association.)
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disease risk factors. Seven distinct LDL subspecies differing 
in their metabolic behavior and pathological roles have 
been identified (Table 24-4). Plasma VLDL levels correlate 
with increased density and decreased size of LDL. Small, 
dense LDL particles appear to arise from the progressive 
intravascular processing of specific larger VLDL precursors 
through a series of steps, including lipolysis (Figure 24-3). 

Cholesterol ester transfer protein (CETP)-mediated TG 
enrichment of lipolytic products and hepatic lipase medi-
ated hydrolysis of TG and phospholipids result in increased 
production of small, dense LDL particles. The reduction in 
HDL-C seen in MetS and T2DM is multifactorial, but an 
important factor is the increased transfer of cholesterol from 
HDL to apo B-containing TGRL (VLDL, IDL, and LDL), 
with reciprocal transfer of TG to HDL. Hydrolysis of TG-
rich HDL particles by hepatic lipase results in its rapid ca-
tabolism and clearance from plasma. The usual pattern is 
one of low HDL2b, and relative increases in the small, dense 
subfractions HDL3b and HDL3c. 

Hypertension

The NCEP and IDF definitions of MetS use a BP cut off 
130/85 mm Hg. A detailed discussion on hypertension is be-
yond the scope of this chapter, but is found elsewhere in this 
volume (Chapter 21, Hypertension). In general, beginning 
at 115/75 mm Hg, the risk of CVD doubles with each incre-
ment of 20/10 mm Hg. Individuals who are normotensive 
at age 55 still have a 90 percent lifetime risk for develop-
ing hypertension. Current recommendations support active 
screening for hypertension by routine BP measurements in 
all individuals 18 years or older. Hypertension affects more 
than 50 million Americans. Annually, it is associated with 
approximately 500,000 strokes and 1,250,000 heart attacks. 
It is a major risk factor for coronary artery disease, congestive 
heart failure, renal disease, retinopathy, ruptured aortic an-
eurysm, and stroke. Current data have shown that only 27% 
of adults are controlled at <140/90 mm Hg. Almost 50% 
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Figure 24-3. Lipid pathways in those with the metabolic syndrome and prediabetes/insulin resistance.

Table 24-4 • LDL and HDL Subparticle Changes 
in Prediabetes and Diabetes (Atherogenic 
Dyslipidemia)

Lipoprotein
Subclass

Pattern Seen in 
Diabetes Mellitus

Particle Density 
(g/mL)

LDL1 ↓ 1.019-1.023

LDL2a ↓ 1.023-1.028

LDL2b ↓ 1.028-1.034

LDL3a ↑ 1.034-1.041

LDL3b ↑ 1.041-1.044

LDL4a variable 1.044-1.051

LDL4b variable 1.051-1.063

HDL2b ↓ 1.1063-1.1

HDL2a variable 1.1-1.125

HDL3a variable 1.125-1.147

HDL3b ↑ 1.147-1.167

HDL3c ↑ 1.167-1.2

Adapted from Krauss RM. Lipids and lipoproteins in patients with type 2 diabetes. 
Diabetes Care. 27(6);2004.
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of hypertensive patients are either unaware (13 million) or 
aware and untreated (7 million). Of those treated, 58% are 
uncontrolled.

METABOLIC SYNDROME: 
TREATMENT CONSIDERATIONS

Prevention of CVD and Diabetes

A large number of studies have shown that treating dyslipi-
demia and hypertension prevents CVD events, as reviewed 
in national cholesterol and blood pressure guidelines. 
Multiple studies have also provided conclusive evidence 
that lifestyle modification with moderate weight loss can 
prevent or delay the onset of diabetes in patients who are 
at high risk for developing diabetes, including the Da Qing 
IGT and Diabetes Study, the Oslo Diet and Exercise Study, 
and the Diabetes Prevention Program. In addition, pharma-
cological therapies such as Metformin and acarbose have 
been shown to prevent/postpone diabetes.

In the Diabetes Prevention Program, in which 3234 non-
diabetic individuals who had elevated fasting and post 
load plasma glucose concentrations were randomized to 
Metformin (850 mg twice daily), a lifestyle modification 
program (goals of 7% weight loss and 150 min physical 
activity per week), or placebo for an average follow-up of 
2.8 years, the lifestyle modification group had the greatest 
reduction in the incidence of diabetes (58%), whereas the 
Metformin group had a 31% decrease, compared with pla-
cebo. A subsequent analysis from the Diabetes Prevention 
Program found that both intensive lifestyle intervention 
and Metformin therapy were also effective in reducing inci-
dence of metabolic syndrome (NCEP/ATP III definition), 
which occurred in 53% of participants at baseline and was 
reduced by 41% in the lifestyle group (P <0.001) and by 
17% in the Metformin group (P = 0.03) compared with 
placebo.

Despite the impressive evidence that DM can be prevented 
in individuals who are at increased risk, epidemiological sta-
tistics suggest a marked increase in the incidence and prev-
alence of obesity and DM globally. This portends a steep 
increase in morbidity and mortality attributable to CVD 
as well. 

While therapeutic lifestyle modifications in the form of 
diet and exercise remain the mainstay of therapy in those 
with the metabolic syndrome, many patients will po-
tentially benefit by the judicious use of pharmacological 
agents for the treatment of hypertension (see Chapter 21) 
and dyslipidemia (see Chapter 20), and in select cases, for 
obesity and dysglycemia. In particular, combination ther-
apy may be required in the treatment of both hypertension 

and dyslipidemia with a view to reaching therapeutic tar-
gets, while minimizing side effects due to larger doses of the 
indiv idual agents. 

Current Approaches to 
Risk Assessment for CVD and 
Diabetes for Metabolic Syndrome

Why are we failing in clinical practice to prevent DM de-
spite convincing clinical trial data? A successful prevention 
program in clinical practice requires (1) effective screening 
and risk assessment to identify high risk individuals, and (2) 
effective implementation of therapies in high-risk individu-
als, which prevent the development of the disease. The cur-
rent poor success in prevention of DM may be related to 
both lack of effective risk assessment strategies and lack of 
effective office-based therapeutic interventions. 

Unfortunately, the current guidelines for risk assessment 
provided to physicians by medical societies and national or-
ganizations are not only numerous and confusing but also 
inconsistent in the basic approach to identifying high risk 
patients. The NCEP/ATP III guidelines for the prevention 
of CVD are based on the fundamental concept that the in-
tensity of therapy should be determined by the absolute risk 
for development of CHD. Risk is initially assessed by count-
ing the number of major risk factors; if an individual has two 
or more major risk factors, the absolute risk for CHD should 
be calculated using the Framingham risk algorithm. This ap-
proach has evolved from the initial concept of “primary” 
versus “secondary” prevention, as the dichotomous clas-
sification, although simple, may not be the best approach 
when there is a continuum of risk. The approach taken by 
the American Diabetes Association has been to identify 
those with “prediabetes,” as alluded to earlier. Although 
most clinical trials examining the prevention of diabetes 
have enrolled individuals based upon OGTT results, the 
OGTT is not routinely performed in clinical practice and 
is not recommended by the American Diabetes Association 
for routine risk assessment for “prediabetes.” An alternative 
approach to the dichotomous classification of presence or 
absence of “prediabetes” would be to assess the absolute risk 
for development of diabetes with an equation or risk algo-
rithm, and to this end, several risk “engines” are available 
on the Internet. The UKPDS risk engine (http://www.dtu.
ox.ac.uk/index.php?maindoc=/riskengine/) and the ADA 
risk calculator (http://www.diabetes.org/risk-test.jsp) are two 
such examples. Risk for diabetes can be assessed through in-
formation from clinical variables and routine clinical labo-
ratory tests (fasting glucose and lipids) that provide similar 
predictive value concerning sensitivity and specificity com-
pared with an OGTT. More importantly, the use of a risk 
equation or algorithm routinely to assess the absolute risk 
for developing diabetes over time would provide physicians 
with critical information to match the intensity of therapy 

http://www.dtu.ox.ac.uk/index.php?maindoc=/riskengine/
http://www.dtu.ox.ac.uk/index.php?maindoc=/riskengine/
http://www.diabetes.org/risk-test.jsp
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with the risk for developing diabetes. In the ARIC study, 
individuals in the 9th and 10th deciles of risk as calculated 
by risk equations had respective observed frequencies for 
development of diabetes of 30 and 50% over 9 years, and 
individuals in the 9th and 10th deciles of risk accounted for 
more than 50% of all new cases of diabetes in ARIC. In con-
trast, for individuals who were in the lower five deciles of 
risk, the observed rates for developing diabetes over 9 years 
ranged from 1 to 9%.

Quantitative risk assessment to identify individuals at the 
highest risk for development of diabetes would also optimize 
resource allocation to identify which individuals may ben-
efit the most from more intensive and more expensive life-
style modification programs and/or pharmacotherapy. This 
approach has been used extensively to determine which 
patients merit drug therapy for hyperlipidemia and is the 
basis of reimbursement of drug therapy for hyperlipidemia 
in many countries.

FUTURE DIRECTIONS

In the first half of the twentieth century, an alarming in-
crease in the development of CVD led to intensive re-
search on the epidemiology and pathogenesis of CVD, with 
development of national approaches for routine screening 
of blood pressure and lipids to identify individuals with in-
creased CVD risk; development of successive guidelines rec-
ommending early and more intensive interventions for risk 
factor reduction; and development of many new and more 
effective therapies to treat elevated BP and lipid disorders. 
These approaches along with dramatic improvements in 
treatment of acute coronary syndromes, revascularization 
procedures for coronary artery disease, and reduced smok-
ing have led to marked improvements in the age-adjusted 
incidence of cardiovascular events. In the beginning of 

the twenty-first century, an alarming increase in the inci-
dence and prevalence of overweight, obesity, and diabetes, 
in both children and adults portends a significant increase 
in complications such as CVD. Extending routine system-
atic assessment from cardiovascular risk to cardiometabolic 
risk—i.e., risk for developing CVD and/or diabetes—and 
improved understanding of the basic mechanisms that reg-
ulate energy balance and metabolic risk factors, combined 
with more effective lifestyle modification and development 
of improved therapies, will be necessary to address this 
impending epidemic of diabetes, which will challenge our 
health care system.
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• Prevalence of ED can be as high as 31-52% in popula-
tion studies.

• ED is highly prevalent in those with CVD; in patients 
with ED, the prevalence of hypertension and dyslipi-
demia is greater than 40% and that of DM greater 
than 20%.

• A major mechanism that links ED, atherosclerosis, 
and CV risk factors together is dysfunction of NO-
releasing endothelial cells. 

• Management of ED begins with a comprehensive as-
sessment of cardiac risk and risk stratification. 

• In high risk cases, cardiologic evaluation, testing, 
and management should be optimized before rec-
ommending restarting sexual activity.

• Sedentary lifestyle is a potentially modifiable risk fac-
tor for ED.

• Phosphodiesterase-5 (PDE-5) inhibitors have become 
first-line therapy for erectile dysfunction in many pa-
tients; these agents inhibit the metabolism of nitric 
oxide by PDE-5, thus facilitating the c-GMP-mediated 
relaxation of penile arteriolar smooth muscle.

• PDE-5 inhibitors may cause hypotension in those 
with hypotension, aortic stenosis, left ventricular 
outflow obstruction, and hypovolemia; concomitant 
usage of nitrates and PDE-5 inhibitors is absolutely 
contraindicated.

• Where drugs cannot be used, invasive injections, 
mechanical devices, and surgical implants may be 
indicated.

• A multidisciplinary approach involving primary care 
physicians, cardiologists, urologists, and psychia-
trists is recommended to treat high risk patients and 
complex cases of ED.

d PRACTICAL POINTS

INTRODUCTION

Sexual dysfunction is defined as any problem during any 
aspect of sexual response which prevents satisfaction from 
sexual activity. Sexual dysfunction is a wide-ranging set of 
common disease processes that includes both female sexual 
dysfunction and erectile dysfunction (ED). Erectile dys-
function is a highly prevalent disease with dramatic impact 
on patients’ quality of life. The mechanism of ED is mul-
tifactorial, with involvement of psychosocial, neurological, 
humoral-hormonal, and vascular processes. Historically, ED 
has been evaluated primarily by urologists and psychiatrists. 

However, there is an increased role of cardiovascular (CV) 
specialists in the assessment and safe treatment of ED. This 
is driven by both research elucidating the relationship 
between ED and CV disease and the expansion of pharma-
cologic treatment options.

EPIDEMIOLOGY

Male erectile dysfunction is defined by the US National 
Institute of Health as “an inability to achieve an erect penis 
as part of the overall multifaceted process of male sexual 
function.” It is a widely prevalent condition in the general 
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population. Large studies have reported the prevalence of 
ED to be 31-52% in a general population. The estimated 
incidence in the US is 25.9 cases per 1000 patient-years, 
which translates to an annual incidence of >600,000 new 
cases per year. 

However, the prevalence of ED varies depending on the 
comorbidities of the population. The prevalence and inci-
dence of ED is significantly higher in patients with known 
cardiovascular disease, including both patients with coronary 
artery disease and patients with heart failure. Several “tradi-
tional” cardiovascular risk factors are also associated with an 
increased prevalence of ED, including diabetes, hyperten-
sion, dyslipidemia, advanced age, tobacco use, and meta-
bolic syndrome. Diabetes mellitus has a particularly strong 
association with ED. The prevalence of ED in diabetic popu-
lations has been reported to be 71-86%, and the incidence is 
as high as 50.7 cases per 1000 patient-years (relative risk = 
1.83 compared to a general population). Erectile dysfunc-
tion is certainly an extremely common phenomenon and is 
even more prevalent in patients with cardiovascular disease 
and risk factors.

ERECTILE DYSFUNCTION 
AND CARDIOVASCULAR RISK

Erectile dysfunction commonly coexists with traditional car-
diovascular risk factors. In patients with ED the prevalence 
of hypertension and dyslipidemia is greater than 40%. The 
prevalence of diabetes in patients with ED is greater than 
20%. This is useful information, as these diseases often lack 
obvious clinical symptoms. Patients with erectile dysfunc-
tion are also more likely to have metabolic syndrome, lead 
sedentary lifestyles, or have a history of smoking. Erectile 
dysfunction and cardiovascular disease share risk factors, and 
additionally, patients with ED are more likely to have con-
comitant coronary atherosclerosis. This is manifest by an in-
creased likelihood of having a positive stress test, significant 
coronary artery calcification, or angiographically proven 
coronary artery disease. There is also prospective data that 
suggest ED is an independent predictor of the onset of inci-
dent coronary artery disease in diabetic patients. 

Furthermore, ED is a predictor of future cardiovascular 
events. In a study of >9000 male patients, incident or prev-
alent ED was associated with a hazard ratio of 1.45 (95% 
confidence interval (CI) 1.25-1.69) for subsequent cardio-
vascular events (including angina, myocardial infarction 
(MI), cerebrovascular accident, transient ischemic attack, 
congestive heart failure (HF), or cardiac arrhythmia) at 7 
years follow-up. For reference, the relationship of ED and 
cardiovascular events is in the range of risk associated with 
certain traditional cardiovascular risk factors, such as cur-
rent smoking and family history of MI. Incident ED itself has 

been associated with a statistically significant hazard ratio of 
1.25 (95% CI 1.02-1.53) for future cardiovascular events. 
The risk of adverse cardiovascular events in higher risk 
populations is even more profound. In diabetic patients with 
erectile dysfunction and asymptomatic coronary artery dis-
ease, the hazard ratio for incidence of major adverse cardio-
vascular events is 2.1 (95% CI 1.6-2.6). This is particularly 
remarkable, considering the absence of angina in this popu-
lation. Symptoms of ED often precede diagnosis, events, or 
symptoms of cardiovascular disease. These symptoms may 
suggest cardiovascular disease in otherwise asymptomatic 
patients with silent ischemia, a population with a high rate 
of concomitant ED. Erectile dysfunction may be a precursor 
to the diagnosis of underlying and menacing, but largely un-
recognized, cardiovascular disease and cardiovascular risk. 

Erectile dysfunction is a harbinger of cardiovascular disease 
and cardiovascular events. Presentation of new-incident 
erectile dysfunction should prompt an evaluation for po-
tentially modifiable cardiovascular risk factors and dis-
ease regardless of the presence of absence of other cardiac 
symptoms. The Second Princeton Consensus recommends 
measurement of blood pressure, blood glucose, lipids, and 
screening for vascular disease in all men with erectile dys-
function that lacks an obvious cause (such as trauma). 

Physiology of Erectile Dysfunction

Erection is initiated by neurological stimulation and im-
pulses that ultimately lead to the release of nitric oxide 
(NO) from endothelial cells in the penis. NO, which is the 
principal regulating biochemical factor in penile erection, 
activates a cyclic guanosine monophosphate (c-GMP)-
mediated process on smooth muscle that reduces intracel-
lular calcium levels. This subsequently results in relaxation 
of arterial and trabecular smooth muscle, allowing for in-
creased blood flow into the penile sinusoids. The filling of 
the sinusoids causes compression of the venous plexuses 
that drain the penis, thereby greatly reducing outflow. This 
combines to increase the intracavernous pressure within the 
penis, leading to tumescence.

The major underlying mechanism that links ED, atheroscle-
rosis, and cardiovascular risk factors together is dysfunction 
of NO-releasing endothelial cells. Hypertension, dyslipi-
demia, obesity, and tobacco use have all been shown to be 
associated with endothelial dysfunction by various inflam-
matory and humoral-hormonal processes. Diabetes also has 
been shown to cause endothelial dysfunction and, addition-
ally, may cause ED through neurogenic factors. Endothelial 
dysfunction is a key contributor to the development and pro-
gression of atherosclerosis itself and is correlated with myo-
cardial ischemia and cardiovascular events. Furthermore, it 
has been shown that there is a significant reduction in the 
endothelium-dependent NO-mediated relaxation of smooth 
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muscle in patients with ED. Endothelial dysfunction is a 
mechanism of systemic vascular disease— and penile vascu-
lature is not spared. 

RISK ASSESSMENT OF SEXUAL 
ACTIVITY IN THE CARDIAC PATIENT

Management of ED begins with assessment of cardiac risk. A 
full history and physical as well as screening laboratory tests 
provide data necessary for proper evaluation of risk. All car-
diovascular risk factors should be assessed and appropriately 
managed during this initial evaluation. While there is insuf-
ficient data to encompass all cardiac diseases, most patients 
can be stratified into one of three major graded categories of 
cardiac risk defined by the Second Princeton Consensus: low-
risk, intermediate risk, and high risk (Tables 25-1 to 25-3).

The low risk group includes the following patient popula-
tions (Table 25-1):

 1.  asymptomatic patients with <3 risk factors for coro-
nary artery disease (Table 25-4),

 2. controlled hypertension,
 3. mild, stable angina,
 4. post successful coronary revascularization,

 5. uncomplicated past MI (>6-8 weeks),
 6. mild valvular disease,
 7.  HF or LVD (New York Heart Association functional 

class I).

Low-risk patients are generally at insignificant risk for car-
diac complications from sexual activity. However, further 
evaluation, including noninvasive testing, may be recom-
mended so that the risk of sexual activity may be more 
judiciously investigated (Table 25-1). However, patients at 
low risk may safely engage in sexual activity and may be 
treated for erectile dysfunction. First-line therapies should 
be considered on an individual basis, and it is recommended 
that patients be reassessed every 6-12 months for change in 
clinical status. 

The intermediate risk group includes the following patient 
populations:

 1.  ≥3 major risk factors for coronary artery disease 
(Table 25-4),

 2. moderate, stable angina,
 3. recent MI (2-6 weeks),
 4. HF or LVD (NYHA II),
 5.  noncardiac sequelae of atherosclerotic disease (such as 

cerebrovascular accident, peripheral vascular disease).

Table 25-1 • Low Cardiovascular Risk Group (from Second Princeton Consensus) 
and Management Recommendations

Patent Categories Management Recommendations

Asymptomatic, <3 risk factors Low risk for cardiac complications•
Good candidates for pharmacologic and nonpharmacologic therapy for ED•

Controlled hypertension Patients on beta-blockers or thiazide diuretics may be predisposed to ED•
 Neither BP control nor change in medication class has been shown to improve symptoms •
of ED. Specific therapy for ED is often required but generally safe

Mild, stable angina pectoris  Generally, the functional reserve for these patients is greater than the metabolic requirement •
of sexual activity
 However, the burden of coronary artery disease should be evaluated via noninvasive •
evaluation (such as exercise stress test) prior to engaging in sexual activity
 Antianginal regiments may require modification prior to using phosphodiesterase •
inhibitors

Post-revascularization Risk is relative to the adequacy of revascularization•
 Exercise stress testing can be used to evaluate for residual ischemia after revascularization •
procedure

Post-MI
(>6-8 weeks)

 It has been traditionally recommended that sexual activity be avoided for 6-8 weeks post-•
myocardial infarction. However, sexual activity may safe in as little as 3-4 weeks post-MI in 
asymptomatic, revascularized patients with non-ischemic treadmill tests
 Exercise training and cardiac rehabilitation may be helpful in reducing coital symptoms •
and coital heart rates

Mild valvular disease Patients with mild mitral disease are not at higher risk due to sexual activity•
This is also likely true in patients with mild aortic valve disease•

LVD 
(NYHA Class I)

 With proper medical management, such patients do not typically have coital •
symptoms and can be safely managed for ED

MI, myocardial infarction; LVD, left ventricular dysfunction; NYHA, New York Heart Association
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Intermediate-risk patients are at indeterminate or un-
certain risk of cardiac complications from sexual activity, 
and further testing or cardiologic evaluation is needed so 
patients may be restratified into high or low risk groups. 
Proper management of these diseases may allow patients to 
be restratified into the low risk group. Management recom-
mendations are summarized in Table 25-2. 

The high risk group includes the following patient 
populations:

 1. unstable or refractory angina,
 2. uncontrolled hypertension,

 3. CHF or LVD (NYHA III or IV),
 4. recent MI (<2 weeks) or CVA,
 5. high risk arrhythmia,
 6. hypertrophic obstructive cardiomyopathy or other 

cardiomyopathy,
 7. moderate/severe valvular disease.

High risk patients have sufficiently severe cardiac condi-
tions and are at significant risk of cardiac symptoms and 
complications from any physical activity, including sex-
ual activity. Furthermore, common medications used in 
treatment of erectile dysfunction may be inappropriate 

Table 25-3 • High Cardiovascular Risk Patients (from Second Princeton Consensus) 
and Management Considerations

Patient Categories Management Considerations

Unstable or refractory angina Patients are at high risk for coital MI •
Prompt cardiac evaluation should be prioritized•

Uncontrolled hypertension Patients are at risk for acute cardiac events as well as other vascular events, such as strokes•
HF
(NYHA Class III or IV)

Sexual activity may cause symptomatic, decompensated heart failure •
Maximal medical management including cardiac rehabilitation should be considere•

Recent MI 
(<2 weeks)

Patients are at risk for reinfarction, arrhythmias, and cardiac rupture•
Maximum risk is in the first 2 weeks and sexual activity should be avoided•

High risk arrhythmias Sexual activity may cause malignant arrhythmias and sudden cardiac death•
Risk may be diminished by implantable defibrillator or pacemaker•

Hypertrophic obstructive and 
other cardiomyopathies

 While there is little known about the cardiovascular risk of sexual activity in these patients, •
usage of vasodilators that increase the intraventricular gradient should be avoided
Exercise stress testing and echocardiography may help guide management•

Moderate-to-severe valvular 
disease

 Specific risk is unclear, but vasoactive drugs that decrease perfusion of coronary and •
cerebral vasculature should be used with caution

MI, myocardial infarction; NYHA = New York Heart Association; HF, heart failure

Table 25-2 • Intermediate Cardiovascular Risk Group (from Second Princeton Consensus) 
and Management Recommendations

Patient Categories Management Recommendations

Asymptomatic, ≥3
risk factors

 Cardiovascular assessment such as noninvasive stress testing is recommended to stratify •
risk. Nonischemic stress test would be reassuring and justify assignment to low-risk group

Moderate, stable angina  Myocardial ischemia can often be produced from increase in heart rate and blood pressure •
associated with sexual activity
Exercise stress testing is recommended to further stratify patient risk•

Recent MI 
(>2, <6 weeks)

 History of myocardial infarction in this time period may be at increased risk of ischemia, •
re-infarction, and malignant arrhythmias
Risk may be reassessed with exercise stress testing•

LVD or HF 
(NYHA Class II)

 Such patients may be at increased risk for exacerbation of symptoms due to left ventricular •
dysfunction while undergoing sexual activity
 Cardiovascular assessment and rehabilitation may allow for reduction of risk and •
subsequent restratification 

Noncardiac sequelae of 
atherosclerotic disease

 Patients with clinically evident history of peripheral arterial disease, transient ischemic •
attacks, or stroke are at high risk due to the diffuse nature of atherosclerosis
Cardiovascular assessment, including stress testing is recommended•

MI, myocardial infarction; LVD, left ventricular dysfunction; HF, heart failure; NYHA, New York Heart Association 
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for patients with these potentially unstable conditions. 
Cardiologic evaluation, testing, and management should be 
prioritized before recommending resumption of any sexual 
activity. Patients should be strongly encouraged to abstain 
from sexual activity until cardiac condition has been sta-
bilized and their healthcare provider deems the risk to be 
appropriately low. Management recommendations are sum-
marized in Table 25-3.

Evaluation and co-management of heart failure and ED is 
a unique challenge. Epidemiological data suggests that ED 
is even more prevalent in patients with heart failure com-
pared to patients with known vascular disease. There are 
many mechanisms that may contribute to this relation-
ship, including atherosclerosis, loss of exercise tolerance, 
concomitant depression, altered endothelial function, 
and medications commonly used in treatment of heart 
failure. In particular, beta-adrenergic blockers, digoxin, 
and diuretics have all been associated with sexual dys-
function. Stabilization of intermediate and high risk 
heart failure patients with ED relies on proper usage of 
these medications. However, the presence of unaddressed 
sexual dysfunction may lead to medication noncompli-
ance due to patients’ efforts to retain sexual function. 
Thus, careful counseling should be done in all patients 
who are being treated with these agents. Even in the low 
risk heart failure population, addressing sexual function 
and frequent counseling is critical to ensure compliance 
with medications that have shown to improve cardiovas-
cular outcomes.

Regardless of cardiac risk, all patients with erectile dys-
function require close monitoring and follow up of cardio-
vascular disease and risks. Erectile dysfunction shares risk 
factors with atherosclerotic disease, and it may be the sole 
symptom in patients with otherwise subclinical cardio-
vascular disease. Repeat evaluation of risk factors should 
be done routinely in patients with ED, and coexisting 
risk factors should be appropriately managed for erectile 
dysfunction.

Physiology of Sexual Activity

The physiologic effect of sexual arousal and sexual activity 
is somewhat variable. However, sexual activity is associated 
with sympathetic activation, which may elevate blood pres-
sure and may induce arrhythmias ranging from premature 
complexes to ventricular tachyarrhythmias. Furthermore, 
there is a metabolic requirement from sexual activity. The 
preorgasmic phase is associated with a metabolic equivalent 
(MET) range of 2 to 3. The orgasmic phase is associated 
with a range of 3 to 4 METs, and in younger individuals, 
the upper range of metabolic demand is approximately 5-6 
METs. The physiologic response may be greater than with 
exercises of similar metabolic demand as sexual arousal may 
also augment the sympathetic response of sexual activity. 
While cardiac complications of sexual activity are rare, it 
is critical to assess cardiac risk prior to treating erectile dys-
function due to the consequences of sexual activity on car-
diac physiology.

TREATMENT OF ERECTILE 
DYSFUNCTION

Lifestyle Modification

Lifestyle modifications should be considered for all patients 
seeking evaluation for ED. Sedentary lifestyle is a potentially 
modifiable risk factor for erectile dysfunction. There is some 
evidence that exercise and weight loss may improve symptoms 
of ED, and the Second Princeton Consensus supports the role 
of increasing exercise to improve erectile function. There is 
minimal evidence to support the role of dietary intervention 
in the treatment of erectile dysfunction. However, a small trial 
has suggested that a Mediterranean diet may reduce the preva-
lence of ED in patients with metabolic syndrome. Still, dietary 
recommendations should be focused towards the management 
of underlying cardiac disease and cardiac risk factors. 

Phosphodiesterase Inhibitors

Phosphodiesterase-5 (PDE-5) inhibitors have become first-
line therapy for erectile dysfunction in many patients. These 
agents inhibit the metabolism of nitric oxide by PDE-5, thus 
facilitating the cyclic-GMP-mediated relaxation of penile 
arteriolar smooth muscle. This in turn leads to increased 
penile blood flow and subsequent penile tumescence. To 
date, there are three FDA-approved agents in this pharma-
cologic class being marketed in the United States: sildenafil 
(Viagra®), vardenafil (Levitra®), and tadalafil (Cialis®). Each 
agent differs slightly in pharmacokinetics, dosing, and PDE-5 
selectivity. However, they have each been shown to be rela-
tively efficacious in improving sexual function and may be 
used in most patients as first-line pharmacologic option. 
PDE-5 inhibitors have also been studied in the treatment of 

Table 25-4 • Major Risk Factors for Coronary 
Artery Disease

1. Age
2. Hypertension
3. Diabetes mellitus
4. Obesity
5. Cigarette smoking
6. Dyslipidemia
7. Sedentary lifestyle
8. Male, postmenopausal female*

*Gender is excluded from cardiovascular risk assessment
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pulmonary hypertension. PDE-5 receptors are also present 
in lung smooth muscle, and PDE-5 inhibitors may decrease 
pulmonary vascular resistance, which in turn may ease symp-
toms of right heart failure and improve exercise capacity. To 
date, only sildenafil (marked as Revatio®) has been FDA-
approved for the treatment of pulmonary hypertension.

The safety of PDE-5 inhibitors has been well studied and 
reported in both controlled and postmarketing trials. PDE-5 
inhibitors do not increase rates of myocardial infarction or 
death. They do not cause ischemia or hemodynamic com-
promise in patients with known coronary artery disease or 
heart failure. There may be a slight decrease in blood pres-
sure associated with PDE-5 inhibitors, but this is considered 
clinically insignificant in most patients. However, this re-
sponse may be clinically relevant in patients with hypoten-
sion, aortic stenosis, left ventricular outflow obstruction, 
and hypovolemia. PDE-5 inhibitors are also generally well 
tolerated. Common reported side effects include headaches, 
flushing, and dyspepsia. Still, the safety of PDE-5 inhibitors 
is limited by several critical drug-drug interactions that must 
be investigated and avoided by clinicians (Table 25-5).

Nitrates including nitroglycerin, isosorbide mononitrate, 
and isosorbide dinitrate are commonly used to treat angina 
and heart failure, but concomitant usage of nitrates and 
PDE-5 inhibitors is absolutely contraindicated. Nitrates in-
hibit the breakdown of cyclic-GMP, and PDE-5 inhibitors 
facilitate their action by inhibiting nitric oxide metabo-
lism. The result is an overly robust vasodilatation, which 
can cause significant and unpredictable reduction of blood 
pressure, as well as symptomatic hypotension. Hypotension 
may be treated with intravenous fluids and vasopressors as 
needed. For refractory hypotension, intra-aortic balloon 
pump can also be considered. 

Providers should be judicious in medication review prior to 
prescribing PDE-5 inhibitors. It is reasonable to use PDE-5 
inhibitors beginning 2 weeks after cessation of using nitrates. 
Patients who experience angina soon after usage of PDE-5 
inhibitors should be encouraged to cease all sexual activity, 
and if the angina persists, they should seek emergency care. 
Patients should be instructed to inform emergency provid-
ers of recent PDE-5 inhibitor use. Patients who have taken 
sildenafil or vardenafil should not receive nitrates within 
the first 24 hours of use and visa versa. Tadalafil has a longer 
half-life than the other two drugs, and nitrates should be 
avoided within the first 48 hours of its use. All other usual 
therapy (other than nitrates) may be used in emergency 
treatment of angina and acute coronary syndromes.

Several other medications also interact with PDE-5 inhibi-
tors (Table 25-5). Vardenafil has a mild effect on QT du-
ration its use not recommended in patients on type 1A or 
type 3 antiarrhythmics, as well as patients with congenital 

long-QT syndrome. Alpha-blockers also cause vasodila-
tion, and when used in combination with PDE-5 inhibitors, 
may cause hypotension. While concomitant use of alpha-
blockers and PDE-5 inhibitors is not a contraindication, 
caution must be taken and dosage may require adjustment. 
Finally, PDE-5 inhibitors are metabolized by the CYP3A4 
pathway. Drugs such as azole antifungals and protease in-
hibitors may decrease metabolism, while agents such as ri-
famin and phenytoin, which induce CYP3A4, may increase 
metabolism of PDE-5 inhibitors. Dose adjustments should 
be strongly considered. 

Other Therapies for ED

Several other pharmacologic agents have been used to treat 
erectile dysfunction. However, neither their efficacy nor 
their cardiovascular safety has been well studied or estab-
lished. Yohimbine is an alpha-blocker that has been used 

Table 25-5 • Drug Interactions of 
Phosphodiesterase-5 Inhibitors

Drug Class Examples Effect

Nitrates Nitroglycerin
Isosorbide

mononitrate
Isosorbide

dinitrate

Vasodilation, 
hypotension

ABSOLUTE
CONTRAINDICATION

Alpha-blockers Terazosin
Doxazosin
Prazosin
Tamsulosin

Vasodilation, 
hypotension

Type 1a 
antiarrhythmics

Quinidine
Procainamide

May prolong QT interval 
when used with 
vardenafil*

Type 3 
antiarrhythmics

Amiodarone
Sotalol
Bretylium

May prolong QT interval 
when used with 
vardenafil*

CYP3A4 inducers Rifampin
Phenytoin
NNRTI
Barbituates
TZDs

Decrease bioavailability 
of PDE-5 inhibitors

CYP3A4
inhibitors

Fluconazole,
ketoconazole

Protease
inhibitors

Macrolide
antibiotics

Grapefruit
juice

Amiodarone
Diltiazem

Increase bioavailability 
of PDE-5 inhibitors

NNRTI, non-nucleoside reverse transcriptase inhibitors; TZDs, thiazoladinediones; 
PDE-5, phosphodiesterase-5
*Sildenafil and tadalafil not shown to prolong QT interval.
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for erectile dysfunction for decades. However, its efficacy 
is unclear and adverse cardiovascular events have been re-
ported. L-arginine may improve erectile function in patients 
with mild ED. It is a precursor of nitric oxide, which induces 
penile arterial vasodilation. Apomorphine is a dopamine re-
ceptor antagonist that is available only in Europe for treat-
ment of mild ED. Its safety profile appears to be favorable, 
although there is a rare risk of vasovagal syncope. Finally, 
treatment of hypogonadism with testosterone may also im-
prove symptoms of ED in patients who have failed PDE-5 
inhibitor monotherapy. The impact of testosterone on the 
cardiovascular system is unclear. Patients on testosterone 
therapy should be monitored for elevations in prostate-
specific antigen and for polycythemia (especially in patients 
with heart failure).

Invasive injections, mechanical devices, and surgical im-
plants have been used for treatment of ED. Penile injections 
of vasoactive agents such as alprostadil are commonly used 
in patients who do not respond to PDE-5 inhibitors. The 
overall risk of these agents appears to be low, and there is 
no cardiovascular contraindication to their use. However, 
caution should be taken in all patients on anticoagulation. 
Intraurethral alprostadil suppositories may spare patients 
from injections, but they are less efficacious than invasive 
injections. There is also a risk of vasovagal syncope asso-
ciated with intraurethral alprostadil use. Vacuum devices 
have been used to create negative pressure around the penis, 
which in turn increases blood flow to the corpus caverno-
sum. Lastly, surgical implantation is a final option, reserved 
for men who have failed other modalities for treatment of 
ED. Although implantation is generally successful, the pro-
cedure puts patients at operative risk from anesthesia and 
the surgery itself. Thus, this treatment is generally not rec-
ommended for patients with high risk cardiovascular disease. 
There is also a risk of infection and device failure associated 
with surgical implantation. Treatment of ED should also in-
volve treatment of any coexisting mental health diseases, 
such as depression, which is strongly associated with ED. 
Erectile dysfunction is a complex disease with numerous 
mechanisms and comorbidities. Thus, a multidisciplinary 
approach involving primary care physicians, cardiologists, 
urologists, and psychiatrists is recommended to treat high 
risk patients and complex cases of ED.

SUMMARY

Erectile dysfunction is a common condition and is increas-
ingly frequently seen in clinical practice. While the etiol-
ogy of ED is polyfactorial, the close relationship amongst 
ED, cardiovascular risk factors, and occult cardiovascular 
disease suggests that ED itself may be an early manifesta-
tion of cardiovascular disease. Female sexual dysfunction in 
women is a growing field of research. However, it remains 
poorly understood at this time, and it is unclear if female 
sexual dysfunction carries the same cardiovascular risk as 
ED. All patients with ED should be screened for modifi-
able cardiovascular risk factors, and the opportunity to 
treat them vigilantly should not be missed. The first step 
in treatment of ED is cardiovascular risk assessment and 
stabilization of any coexisting disease. Once the risk of 
sexual activity is minimized, PDE-5 inhibitors can be used 
judiciously. However, all patients on PDE-5 inhibitors must 
be educated on the potentially dangerous interaction with 
nitrates. Other pharmacologic and nonpharmacologic op-
tions are available, but their safety and efficacy are not 
well understood. Erectile dysfunction should be managed 
actively in a multidisciplinary fashion by providers to im-
prove quality of life, to increase patient satisfaction, and 
to potentially reduce the risk of cardiovascular events by 
treatment of comorbid disease.
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INTRODUCTION

Myocardial infarction (MI) and stroke, among the most sig-
nificant causes of morbidity and mortality in industrialized 
countries, typically occur in the context of atherosclerotic 

disease. In general, atherosclerotic plaques first form early 
in life and remain clinically silent for long periods of time. 
The clinical sequelae associated with atherosclerosis tend to 
occur many years after plaques start to form. Given the per-
vasiveness of atherosclerosis and the severe consequences 

• Nonmodifiable risk factors for atherosclerosis in-
clude male sex, family history of early-onset coronary 
artery disease, and age over 50 (for men) or 60 (for 
women).

• Cigarette smoking, the metabolic syndrome (MetS), 
and associated conditions (hyperlipidemia, diabetes 
mellitus, hypertension, obesity) are the most com-
monly encountered modifiable risk factors for ath-
erosclerosis development.

• Formation and growth of atherosclerotic plaque in-
volves interplay between accumulation of lipid ma-
terial in the subendothelial compartment of arteries 
and other inflammatory cells, such as macrophages 
and lymphocytes.

• Smooth muscle cells, when activated by the presence 
of oxidized lipid, will secrete extracellular matrix, 
which comprises the “fibrous cap” of an atheroscle-
rotic lesion.

• Increase in inflammation can lead to increase in re-
lease of matrix metalloproteinases during digestion; 
it can also thin the “fibrous cap” potentially leading 
to plaque instability.

• The Glagov phenomenon describes the relative pres-
ervation of the endoluminal diameter of the vessel 
in the area of a plaque in its early stages of growth. 
This process is not well understood, but appears to 
involve dilatation of uninvolved areas of vessel wall.

• Atherosclerotic lesion progression is staged: a Type I 
lesion involves the build-up of lipid in the intima, just 
beneath the vascular endothelial cells, and a Type II 
lesion, often referred to as a “fatty streak,” is a more 
advanced form of a Type I lesion that does not con-
tain activated lymphocytes. Type III lesions contain 
a more significant amount of lipid and also contain 
activated lymphocytes. Type IV and V lesions are con-
sidered “advanced” lesions. Type IV lesions are dis-
tinguished from Type III lesions by the presence of a 
large lipid core (~25% of the lesion volume or greater). 
If a fibrous cap is present, the lesion is Type V.

• A “high-risk” plaque is an advanced plaque whose 
fibrous cap has been thinned and is, therefore, more 
susceptible to rupture.

• Treatment of atherosclerosis is generally targeted at 
the treatment of the underlying causes (cessation of 
tobacco use, weight loss for overweight individuals, 
medical management of relevant conditions). Statins 
and ACE inhibitors/ARBs are particularly beneficial.

d PRACTICAL POINTS
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of its sequelae, early identification of at-risk individuals is 
extremely important. Therefore, a working understanding 
of the pathophysiology and treatment of atherosclerosis is 
important to all cardiologists. Recent years have witnessed 
large strides in our understanding of the molecular mech-
anisms that govern the development of atherosclerotic 
plaques and their progression to clinically evident disease. 
We review here the basic pathophysiology of plaque forma-
tion, including the salient molecular interactions between 
the cellular players in atherosclerotic lesions. We also re-
view risk assessment parameters, currently available points 
of therapeutic intervention, and accepted therapeutic strat-
egies for atherosclerosis.

EPIDEMIOLOGY

Incidence

Atherosclerotic disease is exceedingly common in indus-
trialized countries. Atherosclerosis leads to coronary artery 
disease and cerebrovascular disease, which are together re-
sponsible for nearly 700,000 deaths in the United States each 
year. The typical progression of atherosclerosis is character-
ized by a very long indolent period during which no symp-
toms are evident. For example, up to 17% of Americans have 
evidence of arterial thickening with fatty streaks as early as 
the second decade of life. While initially asymptomatic, this 
thickening progresses over time. Clinical manifestations of 
advanced atherosclerosis, such as angina, myocardial isch-
emia/infarction, transient ischemic attack/stroke, or limb 
claudication, tend to occur many years later, typically in the 
sixth decade and beyond. In women, atherosclerosis-related 
conditions typically occur even later in life.

Risk Factors and Genetics

In most cases, the development of atherosclerosis appears 
to represent a complex interplay between genetic predis-
position and environmental/lifestyle factors. Our ability to 
predict the presence of coronary atherosclerosis in an indi-
vidual is limited, but a number of risk factors have been vali-
dated on a population level. Currently known risk factors 
can be broadly categorized according to whether or not they 
are based on modifiable risk factors (See Table 26-1).

Nonmodifiable risk factors include age greater than 45 years 
for men or greater than 55 for women. In addition, several 
genetic risk factors have been associated with atheroscle-
rosis. The most prominent genetic factor is male sex. Most 
other genetic factors, such as family history of early-onset 
coronary artery disease (age at time of diagnosis 55 years or 
younger for men, 65 years or younger for women) in first-de-
gree relatives, appear to involve multiple genes. In the case 
of family history, the heritability rate of atherosclerosis is 

high, often measured to be in excess of 50%. Dyslipidemias, 
many of which have strong genetic components, are also 
associated with an increase in atherosclerotic risk. The 
classic example of low-density lipoprotein (LDL) receptor 
deficiency, which leads to elevated blood LDL levels and 
early-onset atherosclerosis, is due to a single-gene defect; 
however, this condition is rare, and most cases of hyperlipi-
demia appear to be due to defects in multiple genes. 

The most common modifiable risk factor for atherosclerotic 
disease is a high-fat diet. A sedentary lifestyle, associated 
with lack of exercise is similarly associated with increase in 
atherosclerotic risk. Population studies have revealed that 
migration to a Western country confers an increase in ath-
erosclerotic risk above heritable risk, further underscoring 
the influence of lifestyle. Cigarette smoking is also known 
to dramatically increase the risk for atherosclerotic disease; 
conversely, smoking cessation has also been shown to re-
duce the risk of atherosclerosis. 

The presence of the aforementioned risk factors is also asso-
ciated with several readily observable clinical phenomena, 
such as hypertension and hyperlipidemia, both of which 
are independent risk factors for the development of ath-
erosclerosis. Clinical studies have revealed that reversal of 
both hypertension and hyperlipidemia can reduce the risk of 
atherosclerosis. Several other conditions, including diabetes 
mellitus, the metabolic syndrome, and obesity, also confer 
an increase in risk. 

Table 26-1 • Risk Factors Associated with 
Atherosclerosis and Coronary Heart Disease

Modifiable Risk Factors Nonmodifiable Risk Factors

Elevated LDL level Age (>45 for men, 
>55 for women)

Depressed HDL level* Male gender

Elevated Lp(a) level Family history

Elevated triglyceride level

Elevated homocysteine level**

Cigarette smoking

Diabetes mellitus

Obesity/metabolic syndrome

Hypertension

Sedentary lifestyle and 
high-fat diet

Elevated CRP level, systemic 
inflammation

* While HDL levels <40 are associated with an increase in risk of coronary events, 
increase in HDL level with lifestyle and medical interventions has not yet been 
shown to be associated with a reduction in risk.
** Elevated homocysteine levels are associated with an increase in risk of coronary 
events, but treatment has not yet been shown to reduce risk.
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Blood levels of several compounds can serve as reliable 
markers of elevated atherosclerotic risk. Perhaps the best 
known molecular markers are total cholesterol, LDL, and 
high-density lipoprotein (HDL). The impact associated 
with several of these markers is well documented. For exam-
ple, the relative risk for death due to coronary heart disease 
increases for total cholesterol levels greater than 150 mg/dL. 
Levels in excess of 200 mg/dL are formally considered to 
be elevated. In addition, elevation in the levels of specific 
types of lipid particles has been associated with increased 
risk of coronary events. For example, LDL levels in excess 
of 160 mg/dL increase risk. Triglyceride levels in excess of 
150 mg/dL are considered elevated, but levels higher than 
200 mg/dL are most strongly associated with coronary 
events. Depression of HDL below 40 mg/dL also increases 
risk. In addition, C-reactive protein (CRP), a marker of sys-
temic inflammation, is predictive of atherosclerosis. 

It is often the case that several of the aforementioned risk 
factors are present in the same individual. The combined 
impact of these factors on risk is not purely additive and 
varies per risk factor. Given the strong associations between 
these risk factors and atherosclerosis, clinicians should take 
care to track reversible risk factors, especially in patients in 
whom nonmodifiable risk factors are present. In particular, 
lifestyle and medical interventions should be made in pa-
tients in whom multiple risk factors are noted.

PATHOGENESIS

Locations of Atherosclerotic Lesions

Atherosclerotic lesions are most frequently found in large ar-
teries, such as the infrarenal segment of the abdominal aorta 
and other large arteries, such as the epicardial segments of 
coronary arteries and carotid arteries. Atherosclerosis does 
not appear in a homogeneous manner throughout the arte-
rial system. Rather, disease tends to progress in focal patches. 
A number of factors are thought to contribute to this hetero-
geneity, including hemodynamics and local variations in ves-
sel phenotype. For example, some large arteries, such as the 
internal mammary and radial arteries, are frequently spared: 
It is thought that the paucity of branches in these vessels is 
partially responsible, as the nonlaminar blood flow and al-
teration of shear stress in the area of vessel branch points are 
thought to contribute to the progression of disease. 

Plaque Formation and Evolution

Vascular endothelial cells in arteries play a critical role in the 
regulation of vascular tone, thrombosis, and inflammation. 
In the unbranched segments of blood vessels, these cells are 
flattened ellipsoids, oriented with the direction of blood flow. 
At the branch points of vessels, these cells are cuboidal and 

do not exhibit an orientation. This difference in morphology 
has been considered noteworthy, given the predilection of 
atherosclerotic lesion formation at the site of vessel bifurca-
tion. Endothelial cells are also responsible for the uptake of 
LDL. When an excess of LDL is present in the bloodstream, 
endothelial cells continue to absorb it avidly and transfer 
the LDL to the subendothelial matrix. As a result, excess 
LDL accumulates, as well as other lipoprotein components 
including apolipoprotein B (apo B). The endothelial cells 
overlying these lipid deposits consequently become progres-
sively dysmorphic and dysfunctional. In diabetic patients, 
the presence of advanced glycation endproducts (AGE) is 
thought to contribute to endothelial cell injury. As these 
cells are damaged, they become leaky and are thought to 
become more susceptible to shear stress. 

In the subendothelial portion of the intima the components 
of LDL particles, notably the lipids, are chemically modified. 
A number of important modifications occur, including li-
polysis and lipid oxidation. However, the exact mechanisms 
by which lipids are modified are not understood in detail. 
The initial phase of lipid oxidation produces a species of 
compound known as “minimally oxidized” LDL. Additional 
oxidation eventually leads to formation of “highly oxidized” 
LDL. Thus modified LDL particles are also covalently linked 
through disulfide bridges, creating Lp(a) particles. HDL 
exerts a protective effect here by taking up excess lipid in 
extracellular tissues. In addition, esterases resident in HDL 
particles degrade oxidized lipids.

Inflammation in Atherosclerosis

LDL-related compounds, when modified in the intima as 
described above, are proinflammatory and elicit a number of 
changes in surrounding cells (see Figure 26-1). The adjoin-
ing endothelial cells exhibit decreased nitric oxide synthase 
activity. In addition, endothelial cells are stimulated to 
express specific cell surface receptors, including monocyte 
adhesion molecules. These receptors bind with circulating 
monocytes, which then transmigrate through the endothe-
lial cell layer. In the intima, these monocytes are exposed 
to growth factors such as monocyte chemotactic protein 1 
(MCP-1), released due to the presence of minimally oxi-
dized lipids. CCR2, the chemokine receptor for MCP-1 on 
monocytes and macrophages, is dramatically upregulated in 
plaques. Monocytes are recruited from the circulating pool 
and also from the bone marrow. Soon after transmigration 
through the vascular endothelium, these monocytes become 
macrophages, which rapidly take up the extensively oxidized 
extracellular lipid particles in the intima. 

Scavenger receptors SR-A and CD36 on macrophages are 
among the identified receptors required for efficient endo-
cytosis of oxidized lipids; it should be noted that these re-
ceptors recognize highly oxidized, not minimally oxidized, 
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lipids. After a macrophage has taken up a considerable 
amount of lipid, the lipid-filled vesicles change the mor-
phology of the cell. As previously noted, this altered cell is 
known as the foam cell. Scavenger receptor expression on 
macrophages is upregulated by proinflammatory cytokines, 
such as interferon-gamma (IFN-γ), thus speeding the clear-
ance of extracellular lipid.

Once in the subendothelial area, macrophages and lympho-
cytes release a number of proinflammatory factors that affect 
both vascular endothelial cells and the underlying smooth 
muscle cells. If the influx of LDL continues through the vas-
cular endothelial cells, this inflammatory process continues. 
Early atherosclerotic lesions contain primarily endothelial 
cells and macrophages. In these early lesions, lipoproteins 
are actually cleared by macrophages. If lipoprotein influx 
continues, the resident macrophages are overwhelmed, and 
the proinflammatory stimuli released by these cells accumu-
late locally, attracting lymphocytes. These stimuli also lead 
to the proliferation of smooth muscle cells as well as the 
deposition of additional extracellular material by smooth 
muscle cells. Once macrophages are present in the lesion, 

inflammation and continuing lipid deposition leads to 
the expression of a number of lymphocyte-attracting cell-
surface receptors on vascular endothelial cells, including: 
P-selectins, E-selectins, and vascular cell adhesion mol-
ecule-1 (VCAM-1). These receptors, in addition to VLA-4 
receptors on lymphocytes, appear to stimulate binding of 
lymphocytes to endothelial cells. Lymphocytes thus at-
tracted then transmigrate through the vascular endothe-
lium. As the lesion increases in size, lipid can also be found 
in smooth muscle cells.

Fibrous Cap Formation 
on Atherosclerotic Lesions

Interactions between CD40 and its cognate ligand, CD40L, 
play a central role in the progression of an atherosclerotic 
plaque. The interactions between CD40 and CD40L were 
first described in the context of lymphocyte activation, but 
CD40 is generally expressed on several cell types relevant 
to atherosclerosis, including: vascular endothelial cells, 
smooth muscle cells, macrophages, and lymphocytes. The 
engagement of CD40 and CD40L acts as a strong stimulus 

Figure 26-1. Schematic overview of events in the progression of an atherosclerotic plaque. Lipid particles 
exit the bloodstream by binding to receptors on vascular endothelial cells. Overabundance of lipid leads to 
deposition of lipid material in the extracellular matrix in the vascular intima. This lipid leads to migration 
of circulating monocytes to the site: the monocytes bind to vascular endothelial cells and cross the barrier 
into the site. Once there, the monocytes transform into macrophages, which take up lipid by endocytosis. 
Lipid-filled macrophages, termed “foam cells,” clear the lipid from the site. In the event that further lipid 
enters the site, a persistent collection of lipid and foam cells is present, leading to a Type I lesion. As the 
presence of lipid and foam cells persists, the deposit grows, and the overlying vascular endothelium is 
further activated to attract circulating monocytes. The resultant Type II lesion, or fatty streak, is larger than 
a Type I lesion, but does not contain appreciable numbers of other types of inflammatory cells. Eventually, 
lymphocytes are attracted to these fatty streaks, leading to an increase in the level of inflammation and 
increase in extracellular matrix deposition. Smooth muscle cells are also attracted to the site and prolifer-
ate. The resultant Type III lesion also contains a considerably increased amount of extracellular lipid. Once 
this lipid pool occupies more than 25% of the lesion area, the lesion is classified as Type IV. Considerable 
apoptosis of inflammatory and smooth muscle cells is apparent at this stage. Extracellular matrix contin-
ues to be deposited, eventually leading to the formation of a fibrous cap over the lesion. Once the fibrous 
cap is present, the lesion is classified as being Type V.
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for the release of inflammatory cytokines from lymphocytes 
and macrophages. These stimuli lead to the secretion of 
additional extracellular matrix into the intima by smooth 
muscle cells. This matrix eventually becomes the “fibrous 
cap” of the advanced atherosclerotic lesion. The extracel-
lular matrix is also actively degraded by resident matrix 
metalloproteinases. When this matrix is digested and sub-
sequently thinned, the plaque may be more vulnerable to 
rupture. Foam cells, engorged with lipid, undergo apoptosis 
in large numbers in atherosclerotic lesions. This cell death 
leads to the release of cellular material and the return of 
oxidized lipid into the atherosclerotic lesion. Both of these 
substances activate macrophages and lymphocytes and stim-
ulate the further release of cytokines and matrix metallopro-
teinases. Thus, the existing contents of the atherosclerotic 
lesion, not just newly accumulated lipids, can stimulate in-
flammation. These molecular processes lead to the expan-
sion of the relatively acellular core of the atherosclerotic 
lesion. Associated with this expansion is the proliferation of 
the smooth muscle cells in the media under the lesion.

Glagov Phenomenon

As atherosclerotic plaques grow, they typically affect the 
vessel in an asymmetric manner: That is to say, the thick-
ness of the plaque is not uniform along the entire circum-
ference of the vessel wall. When the plaque thickens and 
extends into the lumen of the vessel, the area of the lumen 
is not concomitantly decreased in the early stages. This 
relative preservation of the vessel lumen area is the result 
of a poorly understood sequence of events that leads to the 
dilatation of the relatively unaffected portions of the ves-
sel wall. Eventually, the ability of the unaffected segments 
to compensate is overwhelmed by plaque progression, and 
stenosis becomes more severe. In the most severe lesions, 
circumferential lesions may be observed.

Angiogenesis in Atherosclerotic Lesions

Angiogenic cytokines are also proliferated in the context 
of advanced atherosclerotic lesions. Notably, vascular en-
dothelial growth factor (VEGF) is found in atheromas. This 
leads to the proliferation of adventitial tissue and the for-
mation of vasa vasorum. These microvessels, more common 
in older patients and in patients with severe atherosclerotic 
disease, are known for being quite leaky: Both fibrinogen 
and fibrin leak from them into the extracellular space. Vasa 
vasorum is also thought to be quite fragile, and may be the 
culprit in many cases of intraplaque hemorrhage. Other 
causes of hemorrhage in this location include fissure of 
the luminal aspect of the plaque. Intraplaque hemorrhage, 
when it occurs, accelerates the inflammation inside the 
plaque. Healing of this type of hemorrhage is associated 
with the deposition of additional extracellular matrix and 
calcium.

Calcium Deposition in 
Atherosclerotic Lesions

Calcium deposits are frequently observed in atheromas. 
These deposits are thought to form due to a number of 
distinct processes. Microcalcifications, especially those 
surrounding the acellular lipid core, are thought to be the 
result of foam cell death in the proximity of selected matrix 
metalloproteinases. These minor calcifications may also 
contribute to plaque destabilization. Plaque rupture, fissure, 
or denudement leads to the local accumulation of extracel-
lular matrix, platelets, and potentially the formation of a 
thrombus. This process may also occur as the result of hem-
orrhage within the plaque, as noted above. As the lesion 
heals and the thrombus resolves, calcium is deposited. As 
this process may repeat in the context of a large lesion, pro-
gressive calcium accumulation can lead to heavy, lumen-
obstructing deposits. Calcification appears to occur with 
comparable frequency in carotid and coronary arteries.

Classification of Atherosclerotic Lesions

Atherosclerotic lesions may be classified based on their his-
tologic appearance (see Table 26-2). One commonly used 
set of classification criteria was set forth by the American 
Heart Association. The least advanced atherosclerotic le-
sion, known as a Type I lesion, involves the buildup of lipid 
in the intima, just beneath the vascular endothelial cells. 

Table 26-2 • Classification of Atherosclerotic 
Lesions

Type Features

I •  Lipid present in extracellular matrix in vascular 
intima.

•  Thickened extracellular matrix, some foam 
cells present.

•  Overlying vascular endothelial cells activated, 
but intact.

II • More prominent lipid deposit, as “fatty streak”
•  A greater number of foam cells present, intermin-

gled with smooth muscle cells and a small number 
of lymphocytes.

III •  Extracellular lipid deposits much more prominent, 
with extracellular cholesterol crystals present. 

•  Greater number of activated lymphocytes present, 
attendant level of inflammation is increased.

•  Increased accumulation of extracellular matrix 
present, but no fibrous cap.

IV •  Extracellular lipid deposit accounts for 25% of the 
lesion area (on cross section) or greater.

V •  An organized fibrous cap, made up of extracellular 
matrix, is Present; otherwise, the features are the 
same as a Type IV lesion.
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These lipid deposits may contain some foam cells, but do 
not contain lymphocytes or a large number of dead cells. 
Intimal thickening, due to deposition of extracellular ma-
trix, does occur; however, the acellular lipid deposit will 
typically comprise a small portion of the lesion. The overly-
ing endothelial cells are typically intact, without evidence 
of denuded cells. 

If the physiologic forces that lead to the formation of the 
Type I lesion continue uncorrected, the plaque will advance 
to Type II morphology. Here, additional lipid is present in 
the intima, leading to the characteristic appearance of this 
lesion type, which as previously stated is known as the fatty 
streak. Lipid-laden macrophages increase in number and are 
joined by lipid-filled smooth muscle cells. Lymphocytes are 
not observed in significant numbers.

The morphologic transition between Type II and Type III 
lesions is more pronounced. As lipid continues to accumu-
late, not all of it is taken up by macrophages and smooth 
muscle cells, leading to the accumulation of significant 
amount of extracellular lipid in the form of droplets in Type 
III lesions. Cholesterol crystals may also be present. The 
degree of inflammation is also increased in this context. 
Lymphocytes, as well as macrophages/foam cells are now 
present. Proliferation of extracellular matrix is more exu-
berant, but a distinct fibrous cap is not yet present.

Type IV lesions are defined by the presence of a large core of 
extracellular lipid (~25% of the lesion or greater). However, 
the degree of inflammation and types of infiltrating cells are 
the same as the Type III lesion. When extracellular matrix 
material proliferates to the point that a fibrous cap is formed, 
the lesion is classified as Type V. 

Determinants of Plaque Vulnerability 
in Advanced Atherosclerotic Lesions

Type IV and Type V atherosclerotic lesions are considered 
to be “advanced” lesions. As noted previously, the defining 
feature of the advanced lesion is a lipid-rich core. In the 
context of the advanced lesion, significant cell death has 
occurred, leading to a necrotic, largely acellular central area 
surrounded by inflammatory cells. This core region, which 
may contain lipid crystals and frequently calcifies over time, 
is surrounded by a fibrous cap of extracellular matrix se-
creted by smooth muscle cells. The lesion thus extends into 
the vessel lumen, leading to stenosis. 

Plaque “vulnerability,” or its likelihood of rupture, is de-
termined in large part by the thickness of the fibrous layer. 
Extensive pathologic studies of atherosclerotic plaques sug-
gest that the likelihood that a plaque will rupture and form 
a thrombus that stops blood flow is more related to plaque 
composition than to percentage of stenosis. In fact, most 

ruptured plaques are associated with a noncritical level of 
stenosis. Advanced atherosclerotic lesions with a thin fi-
brous cap are particularly susceptible to rupture and throm-
bosis. As such, these lesions are considered to be the most 
dangerous. These lesions typically contain a necrotic core 
that occupies approximately 25-30% of the total volume of 
the plaque. This area is surrounded by inflammatory cells. 

Recent studies have quantified, to a degree, specific 
plaque qualities that confer higher risk of thrombosis 
(see Table 26-3). Perhaps the most important of these fea-
tures is the thickness of the fibrous plaque. In the context 
of a “high risk” atheroma, the fibrous layer is thin: generally 
less than 65 mm for coronary arteries, or less than 120 mm 
for carotid arteries. This fragile layer is prone to rupture or 
denudement, which exposes the contents of the plaque to 
blood clotting factors. Cap thickness is strongly predictive 
of plaque stability, but it is not the only factor that pre-
dicts rupture. The presence of microcalcifications, caused 
by apoptotic macrophages proximal to the fibrous cap, can 
destabilize the plaque leading to rupture. 

Plaque Rupture

The most common and serious clinical consequences of 
atherosclerosis are myocardial infarction and stroke. These 
events are generally not caused by slow, progressive narrow-
ing of an artery in the neighborhood of an atherosclerotic 
lesion. Rather, they occur when a previously quiescent 
atherosclerotic plaque ulcerates or ruptures. For example, 
over 75% of all fatal MIs caused by coronary thrombosis are 
caused by plaque rupture. The remaining vascular thrombo-
sis that are not the result of plaque rupture tend to occur due 
to other mechanisms, including plaque erosion. In either 
case, the substrate is an unstable plaque. Pathologic inspec-
tion has revealed that in ruptured plaques, the necrotic core 
comprises 30% or more of the total plaque area. As noted 
above, plaque destabilization in coronary arteries is more 
common in plaques associated with less than 50% stenosis. 
In carotid arteries, rupture is most common in slightly more 
stenotic plaques (50-70%). 

Thrombosis of an atherosclerotic plaque occurs when the 
endothelial cell layer is disrupted, and tissue factor and 

Table 26-3 • Features of High Risk Atherosclerotic 
Plaques

•  Exuberant deposits of extracellular lipid, >25% 
of plaque area

•  Influx of inflammatory cells, such as lymphocytes
•  Large numbers of apoptotic cells, notably macrophages
• Microcalcifications
• Fibrous cap is present and thinned
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other materials in the plaque contact circulating platelets 
and clotting factors. This contact may occur after plaque 
rupture, erosion, or fracture. The first step in thrombus for-
mation involves the layering of platelets on the exposed 
plaque surface. Along with platelets, fibrin and extracellu-
lar matrix materials are deposited. Not all ruptured plaques 
lead to total occlusion of the blood vessel. In fact, it should 
be noted that many plaque-associated thromboses are not 
associated with clinically apparent events. Many of these 
thrombi organize, and some even resolve over time. The 
remnants of these subclinical events are calcium deposits, 
as described above.

It is thought that the fibrous cap is compromised most fre-
quently in its “shoulder” region, or the edge of the lesion, 
proximate to the non-affected vascular endothelium. It 
should be noted that the location of rupture and predilec-
tion of a particular lesion for rupture is also determined by 
other properties of that lesion, such as cap thickness and 
the presence of destabilizing microcalcifications caused by 
apoptotic macrophages. Neutophils, which are rare in un-
ruptured plaques, are found quite frequently after rupture. It 
is thought that these neutrophils are recruited to the site as 
a result of thrombus formation.

TREATMENT

The treatment of atherosclerosis is typically aimed at revers-
ible underlying causes, notably hyperlipidemia, hyperten-
sion, and diabetes mellitus. Behavior modification through 
exercise, adherence to a low-fat diet, and smoking cessation 
is also critical. These modifications are especially important 
for those patients with the metabolic syndrome or obesity. 
The favorable effects of these interventions have been well 
documented and are reviewed here (see Table 26-4). 

Recent studies reveal that a subset of lipoproteins and the 
renin-angiogtensin-aldosterone pathway both have direct 
effects on plaque progression. Targeting of these molecules 
with statins and angiotensin-converting enzyme (ACE) in-
hibitors, respectively, may therefore produce a benefit due 
to multiple effects. 

Hyperlipidemia

Aggressive reduction of LDL levels (20-40% as compared 
with baseline) with statin therapy has been shown to re-
duce coronary heart disease events by up to 30%. Current 
guidelines recommend decreasing LDL levels to 100mg/
dL or lower for individuals with atherosclerotic disease. In 
certain individuals it is reasonable to consider a goal LDL 
level of 70 mg/dL or lower. While low HDL levels (below 
40 mg/dL) have been associated with an increase in risk for 
coronary heart disease-related events, aggressive therapy for 

increasing HDL levels has not shown significant benefit. 
Similarly, the treatment of other metabolites, such as at-
tempted lowering of elevated homocysteine levels, has not 
been correlated with benefit. 

Hypertension

The effects of hypertension on the risk of death due to 
atherosclerosis-related diseases are well known. For every 
20 mm Hg increase in systolic blood pressure above normal 
of 120 mm Hg (or a 10 mm Hg increase in diastolic blood 
pressure above normal of 80 mm Hg), the risk of death from 
myocardial infarction or stroke doubles. Treatment of hyper-
tension has a strong effect: currently, the goal of treatment 
for uncomplicated patients is to maintain blood pressure less 
than 140/90. For patients with diabetes mellitus, chronic 
kidney disease (CKD), or documented coronary artery dis-
ease, the goal is less than 130/80 mm Hg. Maintenance of 
blood pressure at a goal level is associated with a 16% coro-
nary heart disease mortality reduction.

Diabetes Mellitus

Patients with diabetes have a markedly increased risk for 
atherosclerosis-related diseases as compared with risk fac-
tor-matched patients without diabetes. A large body of evi-
dence suggests that reduction of hyperglycemia reduces the 
risk of diabetes-related microvascular disease. In type 1 dia-
betes, glucose control appears to produce a risk reduction 
for macrovascular disease progression. A similar correlation 
is not present for type 2 diabetes. While the bulk of evi-
dence supports continuing treatment of diabetes mellitus, 
recently published reports cast some doubt on the safety 
of highly aggressive medical reduction of blood glucose 
levels.

Table 26-4 • Summary of Treatment Strategies to 
Reduce Risk of Events Related to Atherosclerosis

Medical Therapy

Condition Treatment goal

Hypertension BP <140/90, or BP <130/80 for 
patients with documented coronary 
artery disease, chronic kidney disease, 
or diabetes mellitus

Hyperlipidemia LDL-lowering with statin according to 
ATP III guidelines

Diabetes mellitus HbA1c <7, avoidance of hyperglycemic 
episodes

Nonmedical Therapy Condition

Condition Treatment goal

Cigarette smoking Cessation

Sedentary lifestyle Increased exercise, low-fat diet
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(25<BMI<30). Therefore, patients with obesity/MetS repre-
sent a large population indeed. Treatment of the metabolic 
syndrome has potential for marked coronary risk reduction, 
especially in diabetics: for example, the estimated prevalence 
of coronary artery disease in diabetics is 8%, compared with 
nearly 20% in diabetics with the metabolic syndrome.
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Cigarette Smoking and 
Other Lifestyle Factors

Smoking cessation produces greater coronary risk reduc-
tion than all of the other interventions listed here. The risk 
of coronary event increases at least twofold for every pack 
of cigarettes smoked per day. Smoking-associated risks are 
compounded in women who are simultaneously using oral 
contraceptive pills.

Other risk factors associated with atherosclerosis include 
obesity (defined as body mass index (BMI) >30) and the 
metabolic syndrome (MetS) (defined as being present when 
a person has three of the following five components: hyper-
triglyceridemia, low HDL, fasting hyperglycemia, hyperten-
sion, waist circumference >102cm in men and >88cm in 
women). This topic is discussed in detail in Chapter 24. In 
the United States, it is estimated that one-third of the popu-
lation is obese, and an additional one-third is overweight 
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• Coronary heart disease caused 425,425 deaths in 
2006 and is the single leading cause of death in 
America today.

• Although death rates from CVD declined 29.2% be-
tween 1995 and 2006, mortality data for 2006 show 
that CVD accounted for 34.3% of all 2,425,900 deaths 
in 2006.

• Over 151,000 Americans who died due to CVD in 
2006 were under age 65.

• In 2006, final death rates from CVD were 306.6 for 
white males and 422.8 for black males; 215.5 for white 
females and 298.2 for black females. (Death rates are 
per 100,000 population.) 

• There are about 295,000 EMS-assessed out-of 
hospital cardiac arrests annually in the United States.

• From 1965 to 2006, smoking in the United States de-
clined by 50.4% among people ≥18 years of age. In 
2007, among Americans ≥18 years of age, 22.0% of 
men and 17.5%of women werecigarette smokers, put-
ting them at increased risk of heart attack and stroke.

• A 10% (population-wide) decrease in total choles-
terol levels may result in an estimated 30% reduction 

in the incidence of CHD. Data from National Health 
and Nutrition Examination Survey (NHANES) 1999-
2002 (NCHS) showed that overall, 63.3% of partici-
pants had high cholesterol.

• Prevalence of diagnosed DM in adults ≥65 years 
of age is 15.3%. and undiagnosed DM is 6.9%. The
total number of people with DM is projected to rise
from 171 million in 2000 to 366 million in 2030. The 
largest increase is predicted to be among blacks by 
600% among those >75 years of age.

• A higher percentage of men than women have HBP 
until 45 years of age. From 45 to 64, the percentages
of men and women with HBP are similar. After that, 
a much higher percentage of women have HBP than 
men. Compared with normal BP (<120/80 mm Hg),
prehypertension was associated with a 1.5- to 2-fold 
risk for major CVD events in those <60, 60-79, and 
≥80 years of age.

• Reduction and eradication of disparities in cardio-
vascular outcomes require education and advocacy 
programs that are population-wide, utilizing mul-
tipronged educational and cost-effective interven-
tional strategies across all geographical and ethnic 
boundaries.

d PRACTICAL POINTS

GLOBAL BURDEN OF DISEASE

Cardiovascular disease (CVD) is the number one cause of 
death globally; more people die annually from CVD than 
from any other cause. An estimated 17.5 million people 

died from CVD in 2005, representing 30% of all global 
deaths (Figure 27-1). 

Of these deaths, an estimated 7.6 million were due to coronary 
heart disease and 5.7 million were due to stroke. Over 80% of 
CVD deaths occur in low and middle income countries and 
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almost equally in men and women. By 2015 almost 20 mil-
lion people will die from CVD, mainly from heart disease and 
stroke. According to World Health Organization statistics, 

total global deaths in 2005 amounted to 58 million, of which 

35 million were a result of chronic diseases. Chronic diseases 

accounted for 6 of 10 deaths, 80% of which occurred in low- 

and middle-income countries. CVD, with a mortality of 17.5 

million, is the leading cause of death globally. In compari-
son, 2.8 million deaths occurred from HIV/AIDS, 1.6 mil-
lion from tuberculosis, and 0.8 million from malaria. CVD 
causes 3.3 times more deaths than these infectious diseases 
combined. Thus, cardiovascular and other chronic diseases 

are the leading cause of death in every part of the world ex-
cept the lowest income countries, the majority of which are 
in sub-Saharan Africa. In low and middle income countries, 
there is an increase in rates of smoking and obesity, affect-
ing younger people of working age, which portends a clear 
negative impact on economic growth while simultaneously 
threatening children. Mortality from CVD among working-
age people in India, South Africa, and Brazil has been found 
to be 1.5 to 2 times as high as that of the United States. In 
South Africa 41% of all deaths from heart disease from 2000 
to 2003 occurred in people 35 to 64 years of age, with a similar 
high figure (35%) in India. In North America, New Zealand, 
Australia, and parts of Europe, only 10% of those deaths oc-
curred among individuals <65 years of age. (Figure 27-2).

PREVALENCE OF CARDIOVASCULAR 
DISEASE IN THE UNITED STATES

Overall death rate from cardiovascular disease (CVD) 

(International Classification of Diseases) in 2005 per 
100,000 was 278.9. The rates were 324.7 per 100,000 for 

white males, 438.4 for black males, 230.4 for white females, 
and 319.7 for black females. From 1995 to 2005 death rates 
from CVD declined 26.4%. Mortality data for 2006 show 
that CHD accounted for 34.2% of all 2,425,900 deaths in 
2006 (Table 27-1).

On the basis of 2005 mortality rate data, nearly 2400 
Americans die of CVD each day: an average of 1 death every 
37 seconds. The 2006 overall preliminary death rate from 
CVD was 262.9. More than 150,000 deaths in the US from 
CVD in 2005 were less than 65 years of age. In 2005, 32% 
of deaths from CVD occurred in persons below the age of 
75 years, which is well before the average life expectancy of 
77.9 years.1 Coronary heart disease (CHD) constitutes 52% 
of all CVDs and caused about 1 of every 5 deaths in the 
United States in 2005. (Figure 27-3). 

CHD mortality in 2005 was 445,687. It is estimated that 
785,000 Americans will have a new coronary attack in 2009 
and about 470,000 will have a recurrent attack. It is estimated 
that an additional 195,000 silent first MIs occur each year. 

About every 25 seconds an American will have a coronary 
event, and about every minute, someone will die from one. 

On the basis of the National Heart, Lung and Blood Institute 
(NHLBI)-sponsored Framingham Heart Study (FHS), CHD 
makes up more than half of all cardiovascular events in men 
and women <75 years of age. The lifetime risk of develop-
ing CHD after 40 years of age is 49% for men and 32% for 
women.2 The incidence of CHD in women lags behind men 
by 10 years for total CHD and by 20 years for more serious 
clinical events such as MI and sudden death (Figure 27-4). 

The percentage of CHD out-of-hospital deaths in 2005 was 
69%. According to NCHS Data Warehouse mortality data, 
309,000 CHD deaths occur out of hospital or in hospital 
emergency departments (EDs) annually. An analysis of FHS 
data (NHLBI) from 1950 to 1999 showed that overall CHD 
death rates decreased by 59%. Nonsudden CHD death de-
creased by 64% and sudden cardiac death fell by 49%. These 

trends were seen in men and women, in subjects with and 
without a prior history of CHD, and in smokers and non-
smokers.3 From 1995 to 2005, the annual death rate from 
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CHD declined 34.3%, but the actual number of deaths de-
clined only 19.4%. In 2005 the overall CHD death rate was 
144.4 per 100,000 population. The death rates were 187.7 
for white males and 213.9 for black males; for white females, 
the rate was 110.0, and for black females it was 140.9.3 Fifty 
percent of men and 64% of women who die suddenly of 

CHD have no previous symptoms of this disease. Between 
70 and 89% of sudden cardiac deaths occur in men, and 

the annual incidence is 3 to 4 times higher in men than 
in women. However, this disparity decreases with advanc-
ing age. People who have had an MI have a sudden death 
rate 4 to 6 times that of the general population. According 
to data from the National Registry of Myocardial Infarction4 

from 1990 to 1999, in-hospital AMI mortality declined from 
11.2% to 9.4%. Mortality rate increases for every 30 minutes 
that elapse before a patient with ST-segment elevation is 
recognized and treated. 

FALL IN CHD DEATH RATES

CHD death rates have fallen from 1968 to the present. 
Analysis of NHANES (NCHS) data compared CHD death 
rates between 1980 and 2000 to determine how much of 
the decline in deaths from CHD over that period could be 
explained by the use of medical and surgical treatments 
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Figure 27-3. Percentage breakdown of deaths due to CVD 
(United States: 2006).

Table 27-1 • Prevalence of Coronary Heart Disease

Population
Group

Prevalence,
CHD,
2006
Age ≥ 20 yr

Prevalence,
MI, 2006 
Age ≥ 20 yr

New and 
Recurrent
MI and 
Fatal CHD 
Age ≥ 35 yr

New and 
Recurrent
MI
Age ≥ 35 yr

Mortality,*

CHD,
2005
All Ages 

Mortality,*

MI, 2005 
All Ages 

Hospital
Discharges,
CHD, 2006 
All Ages

Cost, 
CHD,
2009

Both sexes 16,800,000 
(7.6%)

7,900,000
(3.6%)

1 255,000 935,000 445,687 151,004 1,760,000 $165.4 
billion

Males 8,700,000 
(8.6%)

4,700,000
(4.7%)

740,000 565,000 232,115 
(52.1%)‡

80,079
(53.0%)‡

1 056,000 ...

Females 8,100,000 
(6.8%)

3,200,000
(2.7%)

515,000 370,000 213,572 
(47.9%)‡

70,925
(47.0%)‡

704,000 ...

NH white males 8.8% 4.9% 675,000§ ... 203,924 70,791 ... ...

NH white females 6.6% 3.0% 445,000§ ... 186,497 61,573 ... ...

NH black males 9.6% 5.1% 70,000§ ... 22,933 7527 ... ...

NH black females 9.0% 2.2% 65,000§ ... 23,094 8009 ... ...

Mexican American 
males

5.4% 2.5% ... ... ... ... ... ...

Mexican American 
females

6.3% 1.1% ... ... ... ... ... ...

Hispanic or 
Latino,† age ≥18 yr

5.7% ... ... ... ... ... ... ...

Asian,† age ≥18 yr 4.3% ... ... ... ... ... ... ...

American Indian/
Alaska Native,
age ≥ 18 yr 

5.6% ... ... ... ... ... ... ...

CHD includes acute MI (I21, I22), other acute ischemic (coronary) heart disease (I24), AP (I20), atherosclerotic CVD (I25.0), and all other forms of ischemic CHD (I25.1-I25.9). 
Ellipses indicate data not available. Sources: Prevalence: NHANES 2005-2006 (NCHS) and NHLBI. Total data are for Americans ≥20 years of age; percentages for racial/ethnic 
groups are age adjusted for ≥20 years of age. Data are based on self-reports. Estimates from NHANES 2005-2006 (NCHS) applied to 2006 population estimates (≥20 years of 
age). Incidence: ARIC (1987-2004), NHLBI. Mortality: NCHS (data represent underlying cause of death only). Hospital discharges: NHDS, NCHS (data include those inpatients 
discharged alive, dead, or status unknown). Cost: NHLBI; data include estimated direct and indirect costs for 2009.
*Mortality data are for whites and blacks, and include Hispanics.
†NHIS, NCHS 2007—data are weighted percentages for Americans ≥18 years of age. Estimates for American Indians/Alaska Natives are considered unreliable.1
‡These percentages represent the portion of total CHD mortality for males vs females.
§Estimates include Hispanics and non-Hispanics. Estimates for whites include other nonblack races.
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versus changes in CVD risk factors (resulting from lifestyle/
behavior). After 1980 and 2000 data were compared, it was 
estimated that ~47% of the decrease in CHD deaths was 

attributable to treatments, including secondary preventive 
therapies after MI or revascularization (11%), initial treat-
ments for AMI or unstable angina (10%), treatments for HF 
(9%), revascularization for chronic angina (5%), and other 

therapies (12%), including antihypertensive and lipid-low-
ering primary prevention therapies. It was also estimated 
that a similar amount of the reduction in CHD deaths, 
~44%, was attributable to changes in risk factors, includ-
ing lowering total cholesterol (24%), lowering systolic BP 
(20%), lowering smoking prevalence (12%), and increasing 

physical inactivity (5%). Nevertheless, these favorable im-
provements in risk factors were partially offset by increases 

in BMI and in diabetes prevalence, which accounted for 
an increased number of deaths (8 and 10%, respectively). 
Analysis of CHD mortality data among US adults 35 to 54 
years of age showed that the annual percent change in (age-
adjusted) mortality slowed markedly from 1980 to 2002 in 
both men and women. It is important to note, however, that 
the mortality rate among women 35 to 44 years of age has 
been increasing on average by 1.3% per year since 1997. 

ATHEROSCLEROSIS RISK IN 
COMMUNITIES (ARIC) STUDY 

In the NHLBI-sponsored ARIC study, in participants 45 to 
64 years of age, the average age-adjusted CHD incidence 
rates per 1000 person-years were as follows: white men, 12.5; 

black men, 10.6; white women, 4.0; and black women, 5.1. 
Incidence rates excluding revascularization procedures were 
as follows: white men, 7.9; black men, 9.2; white women, 

2.9; and black women, 4.9. In a multivariable analysis, 
hypertension was a particularly strong risk factor in black 
women, with hazard rate ratios (95% CI) as follows: black 
women, 4.8 (2.5 to 9.0); white women, 2.1 (1.6 to 2.9); 
black men, 2.0 (1.3 to 3.0); and white men, 1.6 (1.3 to 1.9). 
Diabetes mellitus was somewhat more predictive in white 
women than in other groups. Hazard rate ratios were as fol-
lows: black women, 1.8 (1.2 to 2.8); white women, 3.3 (2.4 
to 4.6); black men, 1.6 (1.1 to 2.5); and white men, 2.0 (1.6 
to 2.6)2 (Figure 27-5).

The annual age-adjusted rates per 1000 population of first 
MI (1987-2001) in ARIC Surveillance (NHLBI) were 4.2 in 
black men, 3.9 in white men, 2.8 in black women, and 1.7 in 
white women. Among American Indians 65 to 74 years of age, 
the annual rates per 1000 population of new and recurrent 
MIs were 7.6 for men and 4.9 for women. However, analysis of 
data from NHANES III and NHANES 1999-2002 (NCHS) 
showed that in adults 20 to 74 years of age, the overall distribu-
tion of 10-year risk of developing CHD changed little during 
this time. Among the three racial/ethnic groups, blacks had 

the highest proportion of participants in the high risk group.

RISK FACTORS

Major risk factors for CAD include age, gender, family his-
tory of premature CAD, elevated total and/or LDL choles-
terol, reduced HDL cholesterol, tobacco use, hypertension, 

Figure 27-4. Prevalence of CHD by age and sex (NHANES: 2005–2006).
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diabetes, obesity, and physical inactivity. In three prospec-
tive cohort studies, antecedent major CHD risk factor ex-
posures were very common among those who developed 
CHD. Approximately 90% of the CHD patients had prior 
exposure to at least one of these major risk factors, which 
include high total blood cholesterol levels or medication 
for dyslipidemia, hypertension, or medication use to lower 
blood pressure, current cigarette use, and clinical report of 
diabetes. According to a case-control study of 52 countries 
(INTERHEART), modifying 9 risk factors could result in a 
90% reduction in the risk of an initial AMI. The effect of 
these risk factors is consistent in men and women across dif-
ferent geographic regions and by ethnic group, which makes 

the study applicable worldwide. These 9 risk factors include: 

cigarette smoking, abnormal blood lipid levels, hyperten-
sion, diabetes, abdominal obesity, a lack of physical activ-
ity, low daily fruit and vegetable consumption, alcohol over 
consumption, and psychosocial index.5 

PREVALENCE OF SMOKING

In Youth

In 2007, 21.3% of male students and 18.7% of female 
students in grades 9 through 12 reported current tobacco 
use; 19.4% of male students and 7.6% of female students 
reported current cigar use; and 13.4% of male students 
and 2.3% of female students reported current smokeless 
tobacco use. Overall, 30.3% of male students and 21% of 
female students reported any current tobacco use. From 
1980 to 2006 the percentage of high school seniors who 

reported smoking in the previous month decreased 29.2%. 

Smoking decreased by 16.4% in male students, 39.8% in 
female students, 20.3% in whites, and 56.3% in blacks. 

Among youths 12 to 17 years of age in 2006, 3.3 million 
(12.9%) used a tobacco product in the past month, and 
2.6 million (10.4%) used cigarettes. The rate of cigarette 
use in the past month declined from 13.0% in 2002 to 
10.4% in 2006. Cigar use in the past month declined to 
4.1% in 2006 from 4.8% in 2004. Smokeless tobacco use 
was reported by 2.4% of youths in 2006, higher than any 
estimates since 2002. Results from the 2007. Monitoring 
the Future survey of the NIH showed a considerable drop 
in lifetime, past-month, and daily smoking among eighth 
graders. From 2006 to 2007 it dropped from 4% to 3%, 
down from its 10.4% peak in 1996.

In Adults

Table 27-2 summarizes the prevalence of smoking in mul-
tiple ethnic groups. From 1965 to 2006 smoking in the 
United States declined by 50.4% among people ≥18 years 
of age (NCHS). In 2007, among Americans ≥18 years of 
age, 22.0% of men and 17.5% of women were cigarette 
smokers, putting them at increased risk of heart attack and 
stroke. Rates of use of any tobacco product in 2005, among 
persons ≥12 years of age, were 31.2% for non-Hispanic 
whites only, 28.4% for non-Hispanic blacks only, 41.7% 
for non-Hispanic American Indians or Alaska Natives, 
14.6% for non-Hispanic Asians, and 24.5% for Hispanics 
or Latinos of any race (NCHS). In 2006, non-Hispanic 
American Indian or Alaska Native adults ≥18 years of age 
were more likely (32.4%) to be current smokers than were 
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non-Hispanic white adults (21.9%), non-Hispanic black 

adults (23.0%), and non-Hispanic Asian adults (10.4%). 
According to combined data from 2005-2006, among 
women 15 to 44 years of age, rates of past-month cigarette 
smoking were lower for pregnant (16.5%) women than for 
nonpregnant (29.5%) women; however, among those 15 
to 17 years of age, the smoking rate for pregnant women 
was higher than for nonpregnant women (23.1% versus 
17.1%). In 2004-2005, 28% of women and 49% of men 
≥65 years of age (age-adjusted) had previously smoked 

cigarettes. According to 2004-2006 data, most Asian 
adults had never smoked, with rates ranging from 65% 
of Korean adults to 84% of Chinese adults. Korean adults 
(22%) were 2 to 3 times as likely to be current smokers 
as were Japanese (12%), Asian Indian (7%), or Chinese 
(7%) adults.6

PREVALENCE OF ABNORMAL 
CHOLESTEROL

In Youth

Among children 4 to 11 years of age, the mean total blood 
cholesterol level is 165.8 mg/dL. For boys, it is 165.4 mg/
dL; for girls, it is 166.3 mg/dL. The racial/ethnic break-
down is as follows (NHANES 2005-2006, NCHS and 

NHLBI; unpublished analysis): for non-Hispanic whites, 
166.5 mg/dL for boys and 165.9 mg/dL for girls; for non-
Hispanic blacks, 166.5 mg/dL for boys and 165.1 mg/dL 

for girls; for Mexican Americans, 162.3 mg/dL for boys and 
160.8 mg/dL for girls. Among adolescents 12 to 19 years of 
age, the mean total blood cholesterol level is 160.4 mg/dL. 
For boys, it is 156.8 mg/dL; for girls, it is 164.2 mg/dL. The 
racial/ethnic breakdown is as follows (NHANES 2005-
2006, NCHS and NHLBI; unpublished analysis): For non-
Hispanic whites, 154.5 mg/dL for boys and 165.0 mg/dL for 
girls; for non-Hispanic blacks, 161.7 mg/dL for boys and 
162.8 mg/dL for girls; and for Mexican Americans, 158.2 
mg/dL for boys and 163.1 mg/dL for girls. Approximately 
9.6% of adolescents 12 to 19 years of age have total cho-
lesterol levels ≥200 mg/dL (NHANES 2005-2006, NCHS 
and NHLBI.7 (Table 27-3).

In Adults

A 10% (population-wide) decrease in total cholesterol lev-
els may result in an estimated 30% reduction in the inci-
dence of CHD. Data from NHANES 1999-2002 (NCHS) 
showed that, overall, 63.3% of participants whose test re-
sults indicated high blood cholesterol or who were taking a 
cholesterol-lowering medication had been told by a profes-
sional that they had high cholesterol. Women were less likely 
than men to be aware of their condition; blacks and Mexican 
Americans were less likely to be aware of their condition than 
were whites. Fewer than half of Mexican Americans with 
high cholesterol were aware of their condition. Between the 
periods 1988-1994 and 1999-2002 (NHANES/NCHS), the 
age-adjusted mean total serum cholesterol level of adults ≥20 
years of age decreased from 206 to 203 mg/dL, HDL levels 

increased from 50.7 to 51.3 mg/dL, and LDL cholesterol lev-
els decreased from 129 to 123 mg/dL. Data from NHANES 
2001-2004 (NCHS) showed the serum total crude mean 
cholesterol level in adults ≥20 years of age was 201 mg/dL 
for men and 203 mg/dL for women (Figure 27-6). Lipid-
lowering drug use rose significantly for both sexes between 
35 and 74 years of age. Awareness, treatment, and control of 
hypercholesterolemia have increased; however, more than 
half of those at borderline high risk remain unaware of their 
condition.3 According to data from NHANES 2005-2006, 
between the periods 1999-2000 and 2005-2006, mean serum 
total cholesterol levels in adults ≥20 years of age declined 
from 204 to 199 mg/dL. This decline was observed for men 
≥40 years of age and for women ≥60 years of age. There 
was little change over this time period for other sex/age 
groups. In 2005-2006 approximately 65% of men and 70% 
of women had been screened for high cholesterol in the past 
5 years, and 16% of adults had serum total cholesterol levels 
of 240 mg/dL or higher. A 10-year CHD risk according to 
the number of risk factors per Framingham study is depicted 
in Figure 27-7.

Table 27-2 • Cigarette Smoking

Population Group Prevalence, 2006 
Age ≥ 18 yr

Cost

Both sexes 47,100,000 
(20.8%)*

$193 billion/
yr

Males 26,200,000 
(23.5%)*

...

Females 20,900,000 
(18.1%)*

...

White males 23.5% ...

White females 18.8% ...

Black males 26.1% ...

Black females 18.5% ...

Hispanic males 20.1% ...

Hispanic females 10.1% ...

NH Asian-only males 16.8% ...

NH Asian-only females 4.6% ...

NH American Indian/
Alaska Native males

35.6% ...

NH American Indian/
Alaska Native females

29.0%

Ellipses indicate data are not available.
*Data are for 2006 for Americans ≥18 years of age. NHIS/NCHS percentages 
applied to 2006 population estimates.



CHAPTER 27 /  Coronary Artery Disease: Demographics and Prevalence 297   

PREVALENCE OF DIABETES

In Youth

In the Search for Diabetes in Youth Study (SEARCH), 
the prevalence of diabetes mellitus (DM) in youths <20 
years of age in 2001 in the U.S. was 1.82 cases per 1000 
youths (0.79 per 1000 among youths 0 to 9 years of age 
and 2.80 per 1000 among youths 10 to 19 years of age). 
Non-Hispanic white youths had the highest prevalence 

(1.06 per 1000) in the younger group. Among youths 
10 to 19 years of age, black youths (3.22 per 1000) and 
non-Hispanic white youths (3.18 per 1000) had the 
highest rates, followed by American Indian youths (2.28 
per 1000), Hispanic youths (2.18 per 1000), and Asian/
Pacific Islander youths (1.34 per 1000). Among younger 
children, type 1 DM accounted for ≥80% of DM; among 

older youths, the proportion of type 2 DM ranged from 
6% (0.19 per 1000 for non-Hispanic white youths) to 
76% (1.74 per 1000 for American Indian youths). This 
represents 154,369 youths with physician-diagnosed DM 
in 2001 in the United States, for an overall prevalence 
estimate for DM in children and adolescents of approxi-
mately 0.18%. Approximately 186,000 people <20 years 
of age have diabetes. Each year, about 15,000 people <20 

years of age are diagnosed with type 1 diabetes. Healthcare 
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Figure 27-6. Estimated 10-year CHD risk in adults 55 years 
of age according to levels of various risk factors (Framingham 
Heart Study). (Source: Wilson et al.)

Table 27-3 • High Total and LDL Cholesterol and Low HDL Cholesterol

Population Group

Prevalence of 
Total Cholesterol 
≥200 mg/dL, 
2006 Age ≥20 yr

Prevalence of 
Total Cholesterol 
≥240 mg/dL, 
2006 Age ≥20 yr

Prevalence of 
LDL–C
≥130 mg/dL, 
2006 Age ≥20 yr

Prevalence of 
HDL-C
<40 mg/dL, 
2006 Age ≥20 yr

Both sexes* 98,600,000 (45.1%) 34,400,000 (15.7%) 71,800,000 (32.8%) 33,900,000 (15.5%)

Males* 45,000,000 (42.6%) 14,600,000 (13.8%) 35,800,000 (33.8%) 26,300,000 (24.9%)

Females* 53,600,000 (47.1%) 19,800,000 (17.3%) 36,000,000 (31.7%) 7,500,000 (6.7%)

NH white males, % 42.1 14.3 31.0 24.9

NH white females, % 47.7 18.1 33.7 6.5

NH black males, % 35.6 7.9 36.2 13.5

NH black females, % 41.4 13.4 27.4 6.1

Mexican American males, % 52.1 17.5 45.0 30.6

Mexican American females, % 48.0 14.5 30.3 10.5

Total Hispanics† ≥20 y of age, % ... 29.9 ... ...

Total Asian/Pacific Islanders†

≥20 yr of age, %
... 29.2 ... ...

Total American Indians/Alaska 
Natives ≥20 yr of age,%

... 31.2 ... ...

NH indicates non-Hispanic. Ellipses (...) indicate data not available. Prevalence of total cholesterol ≥200 mg/dL includes people with total cholesterol ≥240 mg/dL. In adults, lev-
els of 200 to 239 mg/dL are considered borderline high. Levels of ≥240 mg/dL are considered high.
*Total data for total cholesterol are for Americans ≥20 years of age. Data for LDL cholesterol, HDL cholesterol, and all racial/ethnic groups are age adjusted for age ≥20 years.
†BRFSS (1991-2003, CDC), MMWR; data are self-reported data for Americans ≥20 years of age.
Source for total cholesterol ≥200 mg/dL, ≥240 mg/dL, LDL, and HDL: NHANES (2005-2006), NCHS, and NHLBI. Estimates from NHANES 2005-2006 (NCHS) applied to 
2006 population estimates.
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of all diagnosed cases of DM in adults In the Framingham 
study, 99% of DM is type 2. The prevalence of DM in-
creased by 8.2% from 2000 to 2001. From 1990 to 2001, 
the prevalence of those diagnosed with DM increased 

61%. On the basis of 2007 CDC data, the prevalence of 
adults who reported ever having been told by a doctor that 
they had DM ranged from 5.7% in Minnesota to 11.9% in 
Tennessee. The median percentage among states was 8.0%. 

The CDC analyzed data from 1994 to 2004 collected by the 
Indian Health Service that indicated that the age-adjusted 
prevalence per 1000 population of DM increased 101.2% 
among American Indian/Alaska Native adults <35 years 

of age (from 8.5% to 17.1%). During this time period the 
prevalence of diagnosed DM was greater among females 
than males in all age groups. The prevalence of DM for 
all age groups worldwide was estimated to be 2.8% in 2000 
and is projected to be 4.4% in 2030. The total number of 
people with DM is projected to rise from 171 million in 
2000 to 366 million in 2030.4 On the basis of projections 
from NHANES/NCHS studies between 1984 and 2004, 
the total prevalence of DM in the United States is ex-
pected to more than double from 2005 to 2050 (from 5.6 to 

12.0%) in all age, sex, and race/ethnicity groups. Increases 

are projected to be largest for the oldest age groups (for 
instance, increasing by 220% among those 65 to 74 years 
of age and by 449% among those 75 years of age or older). 
Diabetes mellitus prevalence is projected to increase by 
99% among non-Hispanic whites, by 107% among non-
Hispanic blacks, and by 127% among Hispanics. The age/
race/ethnicity group with the largest increase is expected 

to be blacks ≥75 years of age (increase of 606%).

providers are finding more and more children with type 
2 diabetes. Children who develop type 2 diabetes are 
typically overweight or obese and have a family history of 
the disease. Most are American Indian, black, Asian, or 
Hispanic/Latino. Among adolescents 10 to 19 years of age 
diagnosed with diabetes, 57.8% of blacks were diagnosed 
with type 2 versus type 1 diabetes compared with 46.1% 
of Hispanic and 14.9% of white youths with type 2 versus 
type 1 diabetes. 

In Adults

Data from NHANES 1999-2002 (NCHS) showed the 
prevalence of diagnosed DM in adults ≥65 years of age to 
be 15.3%. The prevalence of undiagnosed DM was 6.9% 
(Table 27-4). This represents ~5.4 million and 2.4 million 
older individuals, respectively. Among Americans ≥20 
years of age, 9.6% have DM, and among those ≥60 years of 
age, 21% have DM. Men ≥20 years of age have a slightly 

higher prevalence (11%) than women (9%). Among non-
Hispanic whites ≥20 years of age, 9% have DM; the preva-
lence of DM among non-Hispanic blacks in this age range is 
1.8 times higher; among Mexican Americans it is 1.7 times 
higher; and among American Indians and Alaska Natives 
it is 1.5 to 2.2 times higher .Data from NHANES (NCHS) 
show a disproportionately high prevalence of DM in non-
Hispanic blacks and Mexican Americans compared with 
non-Hispanic whites, as shown in Table 27-4. The preva-
lence of diabetes was more than twice as high for Asian 

Indian adults (14%) as for Chinese (6%) or Japanese (5%) 
adults.3 (Figure 27-8) Type 2 DM accounts for 90 to 95% 
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Figure 27-8. Prevalence of Diabetes by ethnicity.

HYPERTENSION

A hypertensive person, i.e., diagnosed with high blood pres-
sure (HBP), is one who has systolic blood pressure (SBP) 
≥140 mm Hg or diastolic blood pressure (DBP) ≥90 mm Hg; 
or who takes antihypertensive medicine; or who has been told 
at least twice by a physician or other health professional that 
he or she has HBP. One in three U.S. adults has HBP. A higher 
percentage of men than women have HBP up to 45 years of 
age. From 45 to 54 years and 55 to 64 years of age, the percent-
ages of men and women with HBP are similar. Beyond these 
age ranges, a much higher percentage of women have HBP 
than men. HBP is 2 to 3 times more common in women tak-
ing oral contraceptives, especially in obese and older women, 
than in women not taking them.9 Data from NHANES 2005-
2006 found that 29% of US adults ≥18 years of age were hy-
pertensive. The prevalence of hypertension was nearly equal 
between men and women. An additional 37% of U.S. adults 

Table 27-4 • Diabetes Prevalence

Population
Group

Prevalence of Physician-
Diagnosed DM, 2006 
Age ≥20 yr

Prevalence of 
Undiagnosed
DM, 2006 
Age ≥20 yr

Prevalence of 
Prediabetes,
2006
Age ≥20 yr

Incidence of 
Diagnosed
DM 2005 
Age ≥20 yr

Mortality
(DM), 2005 
All Ages

Hospital
Discharges,
2006
All Ages

Cost, 
2007

Both sexes 17,000,000 (7.7%) 6,400,000 
(2.9%)

57,000,000
(25.9%)

1,600,000§ 75,119 584,000 $174 
billion

Males 7,500,000 (7.4%) 3,900,000 
(3.8%)

34,000,000
(31.7%)

... 36,538 
(48.6%)*

283,000 ...

Females 9,500,000 (8.0%) 2,500,000 
(2.1%)

23,000,000
(19.9%)

... 38,581 
(51.4%)*

301,000 ...

NH white males 5.8% 3.6% 32.0% ... 29 628 ... ...

NH white females 6.1% 2.2% 18.7% ... 30,127 ... ...

NH black males 14.9% 4.7% 22.9% ... 5730 ... ...

NH black females 13.1% 3.1% 19.0% ... 7240 ... ...

Mexican
American males

11.3% 6.0% 28.5% ... ... ... ...

Mexican
American females

14.2% 1.9% 23.6% ... ... ... ...

Hispanic or 
Latino,† age ≥18 yr

11.1% ... ... ... ... ... ...

Asian,† age ≥ 18 yr 8.9% ... ... ... ... .. ...

AI/AN, age ≥18 yr
Asian Indian

17.2%
14%

... ... ... ... ... ...

Ellipses (...) indicate data not available; NH, non-Hispanic; AI/AN, American Indian/Alaska Native.
Undiagnosed DM is defined here as those whose fasting glucose is ≥126 mg/dL but who did not report being told by a healthcare provider that they had DM. Prediabetes is a fast-
ing blood glucose of 100 to <126 mg/dL (impaired fasting glucose). Prediabetes includes impaired glucose tolerance.
*These percentages represent the portion of total DM mortality that is for males vs females.
†NHIS. Data are age-adjusted estimates for Americans ≥18 years of age.
‡Mortality data are for whites and blacks and include Hispanics.
§CDC; National Diabetes Fact Sheet, 2007. Accessed June 24, 2008.
Sources: Prevalence: Prevalence of diagnosed and undiagnosed diabetes: NHLBI computations from NHANES 2003-2006; extrapolation to the 2006 US population. Prevalence of 
prediabetes: CDC Fact Sheet. CDC computations are from NHANES 2003-2006; extrapolation to the 2007 U.S. population. Percentages for racial/ethnic groups are age adjusted 
for Americans ≥20 years of age. Incidence: NIDDK estimates. Mortality: NCHS. These data represent underlying cause of death only. Hospital discharges: NHDS, NCHS; data 
include those inpatients discharged alive, dead, or status unknown.
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(both diagnosed and undiagnosed) in 1999-2002 was 78% 
for older women and 64% for older men on the basis of data 
from NHANES/NCHS. (Table 27-6)

Children and Adolescents

Analysis of NHES, HHANES, and NHANES/NCHS sur-
veys of the NCHS (1963-2002) found that the BP, pre-HBP, 
and HBP trends in children and adolescents 8 to 17 years of 
age moved downward from 1963 to 1988 and upward there-
after. Pre-HBP and HBP increased 2.3% and 1%, respec-
tively, between 1988 and 1999. Increased obesity (more so 

had prehypertension, and 7% of adults with hypertension had 
never been told that they had hypertension. Among hyper-
tensive adults, 78% were aware of their condition, 68% were 
using antihypertensive medication, and >64% of those treated 
were controlled. (Table 27-5)

Older Adults

Age-adjusted estimates show that in 2004-2005, diagnosed 
chronic conditions that were more prevalent among older 
women than men included hypertension (51% for women, 
45% for men).The age-adjusted prevalence of hypertension 

Table 27-6 • Prevalence of High Blood Pressure

Population
Group

Prevalence, 2006 
Age ≥ 20 yr

Mortality,* 2005 
All Ages

Hospital Discharges, 
2006 All Ages

Estimated Cost, 
2009

Both sexes 73,600,000 (33.3%) 57,356 514 000 $73.4 billion

Males 35,300 000 (34.1%) 24,046 (41.9%)† 204,000 ...

Females 38,300 000 (32.1%) 33,310 (58.1%)† 309,000 ...

NH white males 34.1% 17,312 ... ...

NH white females 30.3% 25,814 ... ...

NH black males 44.4% 6019 ... ...

NH black females 43.9% 6746 ... ...

Mexican American males 23.1% ... ... ...

Mexican American females 30.4% ... ... ...

Hispanic or Latino‡ ≥18 yr 20.6% ... ... ...

Asian‡ ≥18 yr 19.5% ... ... ...

American Indians/Alaska 
Natives‡ ≥18 yr

25.5% ... ... ...

Ellipses (...) indicate data not available.
*Mortality data are for whites and blacks and include Hispanics.
†These percentages represent the portion of total HBP mortality that is for males vs females.
‡NHIS (2007), NCHS; data are weighted percentages for Americans ≥18 years of age.12

Sources: Prevalence: NHANES (2005-2006, NCHS) and NHLBI; percentages for racial/ethnic groups are age adjusted for Americans ≥20 years of age. Estimates from NHANES 
2005-2006 (NCHS) applied to 2006 population estimates ≥20 years of age. Mortality: NCHS. These data represent underlying cause of death only. Hospital discharges: NHDS, 
NCHS; data include those discharged alive, dead, or status unknown. Cost: NHLBI; data include estimated direct and indirect costs for 2009.
Note: Hypertension is defined in a person who has SBP ≥140 mm Hg or DBP ≥90 mm Hg, or who takes antihypertensive medication, or being told twice by a physician or other 
professional that one has hypertension. The NHLBI computed the numbers and rates on the basis of NHANES 2005-2006 (NCHS). Many studies define hypertension as present in 
a person who has BP ≥140/90 mm Hg or who takes antihypertensive medication. Under this definition, extrapolation of NHANES 2005-2006 (NCHS) data to the U.S. population 
in 2006 gives an estimated prevalence of 65.6 million. That is 30% of the population ≥20 years of age, compared with 33%, according to the more complete definition, a difference 
of 8 million persons.

Table 27-5 • Hypertension Awareness, Treatment, and Control: NHANES 1988-1994 and 1999-2004, by Race36

Awareness Treatment Control

1988-94 1999-2004 1988-94 1999-2004 1988-94 1999-2004

NH white male 63.0% 70.4% 46.2% 60.0% 22.0% 39.3%

NH white female 74.7% 73.4% 61.6% 64.0% 32.2% 34.5%

NH black male 62.5% 67.8% 42.3% 56.4% 16.6% 29.9%

NH black female 77.8% 81.8% 64.6% 71.7% 30.0% 36.0%

Mexican American male 47.8% 55.9% 30.9% 40.4% 13.5% 21.4%

Mexican American female 69.3% 66.9% 47.8% 54.9% 19.4% 27.4%
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abdominal obesity than general obesity) partially explained 
the HBP and pre-HBP rise from 1988 to 1999. BP and HBP 
reversed their downward trends 10 years after the increase in 
the prevalence of obesity. In addition, an ethnic and gender 

gap appeared in 1988 for pre-HBP and in 1999 for HBP: 
Non-Hispanic blacks and Mexican Americans had a greater 
prevalence of HBP and pre-HBP than non-Hispanic whites, 
and the prevalence was greater in males than in females. 
(Figure 27-9) In this study, HBP in children and adolescents 
is defined as SBP and/or DBP that is, on repeated measure-
ment, ≥95th percentile. A study in Ohio of >14,000 chil-
dren and adolescents 3 to 18 years of age observed ≥3 times 

between 1999 and 2006 found that 3.6% had hypertension. 
Of these, 26% had been diagnosed and 74% were undiag-
nosed. In addition, 3% of those with hypertension had stage 
2 hypertension, and 41% of those with stage 2 hypertension 

were undiagnosed. Criteria for prehypertension were met by 
485 children. Of these, 11% were diagnosed. In this study, 
HBP in children and adolescents is defined as SBP and/or 
DBP that is, on repeated measurement, ≥95th percentile. 

A study from 1988-1994 through 1999-2000 of children and 
adolescents 8 to 17 years of age showed that among non-
Hispanic blacks, mean SBP levels increased by 1.6 mm Hg 
among girls and 2.9 mm Hg among boys compared with 
non-Hispanic whites. Among Mexican Americans, girls’ 
SBP increased 1.0 mm Hg and boys’ SBP increased 2.7 mm 
Hg compared with non-Hispanic whites.

PREHYPERTENSION

Prehypertension in a person is untreated SBP of 120 to 139 
mm Hg or untreated DBP of 80 to 89 mm Hg and not having 
been told on 2 occasions by a doctor or other health profes-
sional that one has hypertension. On the basis of NHANES 

2005-2006 data, it is estimated that ~25% of the U.S. 
population ≥20 years of age has prehypertension, includ-
ing 32,400,000 men and 21,200,000 women (estimated by 

NHLBI). Two published sources have a higher estimate, 37% 
overall, in part because the sources did not exclude persons 
within the prehypertension BP cut points who were told on 
2 occasions by a doctor or other health professional that they 
had hypertension. Those persons are part of the 73.6 mil-
lion persons with hypertension Follow-up of 9845 men and 
women in the FHS/NHLBI who attended examinations from 
1978 to 1994 revealed that at 35 to 64 years of age, the 4-year 
incidence of hypertension was 5.3% for those with baseline 
BP <120/80 mm Hg, 17.6% for those with SBP of 120 to 129 
mm Hg or DBP of 80 to 84 mm Hg, and 37.3% for those with 
SBP of 130 to 139 mm Hg or DBP of 85 to 89 mm Hg. At 65 
to 94 years of age, the 4-year incidences of hypertension were 
16.0, 25.5, and 49.5 for these BP categories, respectively.51 

Data from FHS/NHLBI also reveal that prehypertension is 
associated with elevated relative and absolute risks for CVD 
outcomes across the age spectrum. Compared with normal 
BP (<120/80 mm Hg), prehypertension was associated with 
a 1.5- to 2-fold risk for major CVD events in those <60, 
60-79, and ≥80 years of age. Absolute risks for major CVD 
associated with prehypertension increased markedly with 
age: 6-year event rates for major CVD were 1.5% in prehy-
pertensives. <60 years of age, 4.9% in those 60-79 years of 
age, and 19.8% in those ≥80 years of age. 

PHYSICAL ACTIVITY

Youth

As reported in the 2007 Youth Risk Behavior Surveillance 
(YRBS) survey of adolescents in grades 9-12, 31.8% of 
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descent. Cardiovascular diseases (CVDs) are the leading 
cause of death among all women in the United States and 
among whites, African Americans, Hispanics, Asian/Pacific 
Islanders, and American Indian/Alaska natives, taken sepa-
rately. Nonetheless, ethnic differences in rates of CVD are 
substantial, with, for example, coronary heart disease (CHD) 
mortality rates highest among African American and low-
est among Asian women. Thus, both at present and for the 
future, it is important to recognize and understand ethnic dif-
ferences in CVD morbidity and mortality.

Among American Indians/Alaska Natives ≥18 years of age, 
it was estimated in that 5.6% have CHD (an estimate con-
sidered unreliable). Among blacks, the rate was 6.0%; among 
whites, it was 6.1%; and among Asians, it was 4.3% (NHIS, 
NCHS). Cardiovascular disease (in particular, CHD) is the 
leading cause of death in the U.S. for Americans of both sexes 
and of all racial and ethnic backgrounds. African Americans 
have the highest overall CHD mortality rate and the highest 
out-of-hospital coronary death rate of any ethnic group in the 
United States, particularly those at younger ages. Contributors 
to the earlier onset of CHD and excess CHD deaths among 
African Americans include a high prevalence of coronary risk 
factors, patient delays in seeking medical care, and dispari-
ties in health care at multiple levels. The clinical spectrum of 
acute and chronic CHD in African Americans is the same as 
in whites; however, African Americans have a higher risk of 
sudden cardiac death and present clinically more often with 
unstable angina and non-ST-segment elevation myocardial 
infarction than whites. Although generally not difficult, the 
accurate diagnosis and risk assessment for CHD in African 
Americans may at times present special challenges. The high 
prevalence of hypertension and type 2 diabetes mellitus may 
contribute to discordance between symptomatology and the 
severity of coronary artery disease, and some noninvasive 
tests appear to have a lower predictive value for disease. The 
high prevalence of modifiable risk factors provides great op-
portunities for the prevention of CHD in African Americans. 
Patients at high risk should be targeted for intensive risk 
reduction measures, early recognition/diagnosis of ischemic 
syndromes, and appropriate referral for coronary interven-
tions and cardiac surgical procedures. African Americans 
who have acute coronary syndrome receive less aggressive 
treatment than their white counterparts, an egregious fact 
of health care. Physician implementation of evidence based 
therapies for management of patients who have ACSs and 
better understanding by patients of various available treat-
ment strategies are of utmost importance.

SUBCLINICAL ATHEROSCLEROSIS

The NHLBI’s Multiethnic Study of Atherosclerosis (MESA) 

measured coronary artery calcium (CAC) in 6814 subjects 
45 to 84 years of age, including white (n = 2619), black 

females and 18% of males did not engage in 60 minutes of 
moderate-to-vigorous physical activity (MVPA), defined as 
any activity that increased heart rate or breathing rate, even 
once in the previous 7 days, despite recommendations that 
children engage in such activity ≥5 days per week. Rates of 
inactivity were highest among black (42.1%) and Hispanic 

(35.2%) females compared with white females (28.2%). 

Among males, blacks were also the least likely to engage in 

MVPA at current recommended levels (21.8%), followed by 
Hispanic (18.8%) and white (16.7%) males. 

Adults

Inactivity in 2005 was higher among females (12%) than 
males (8.4%). Inactivity in 2005 increased with age from 
5.5% to 6.1%, 10.2%, and 24% among adults 18 to 24 years, 

25 to 44 years, 45 to 64 years, and ≥65 years of age, respec-
tively. Non-Hispanic black and Hispanic adults were more 
likely to report inactivity (16.7% and 10.7%, respectively) 

than were non-Hispanic white adults (10.7%). Despite rec-
ommendations that some proportion of activity be vigorous 
(activity that causes heavy sweating and a large increase in 
breathing and/or heart rate),7 69% of adults >18 years of age 
who responded to the 2007 NHIS survey reported no vig-
orous activity that lasted >20 minutes per session. Overall, 
fewer people appear to be engaging in physical activity. 
(Table 27-7) 

PREVALENCE OF CAD AND RISK 
FACTORS IN THE ETHNIC GROUPS10

The United States is becoming an increasingly diverse popu-
lation. Non-Hispanic whites were estimated to comprise 75% 
of the US population in 1995 and 53% in 2050. The popula-
tion of Hispanics, who made up 11% of U.S. population in 
1995, is projected to increase to 24% in 2050. There is a high 
rate of growth projected for those of Asian and Pacific Islander 

Table 27-7 • Regular Leisure-Time Physical Activity*

Population Group Prevalence, 2007 
(Age ≥ 18 yr)

Both sexes 30.80%

Males 28.90%

Females 28.90%

NH white only 33.90%

NH black only 22.90%

Hispanic or Latino 23.80%

*Regular leisure-time physical activity is defined as light to moderate activity for ≥30
minutes, 5 times per week, or vigorous activity for ≥20 minutes, ≥3 times per week.
NH, non-Hispanic.
Data are age adjusted for adults ≥18 years of age.
Source: NHIS 2007 (NCHS).13
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(n = 1898), Hispanic (n = 1494), and Chinese (n = 803) 
men and women.11,12 Figure 27-10 shows the prevalence of 

CAC by sex and ethnicity. The prevalence and 75th per-
centile levels of CAC were highest in white men and lowest 
in black and Hispanic women. Significant ethnic differences 
persisted after adjustment for risk factors, with the relative 
risk of coronary calcium being 22% less in blacks, 15% less 
in Hispanics, and 8% less in Chinese than in whites. 

The NHLBI’s MESA study recently reported on the associa-
tion of CAC scores with first CHD events over a median 
follow-up of 3.9 years among a population-based sample of 
6722 men and women (39% white, 27% black, 22% Hispanic, 
and 12% Chinese). In Figure 27-11 are shown the relative 
risks or hazard ratios (HRs) associated with CAC scores of 
1-100, 101 300, and >300 compared with those without 
CAC (score = 0), after adjustment for standard risk factors. 
Persons with CAC scores of 1 to 100 had approximately 
4 times greater risk, and those with CAC scores >100 were 
7 to 10 times more likely to experience a coronary event 
than those without CAC. Coronary artery calcium pro-
vided similar predictive value for coronary events in whites, 
Chinese, blacks, and Hispanics (HRs ranging from 1.15 to 
1.39 for each doubling of coronary calcium).11,12 

UNDERRECOGNITION OF 
CVD BY UNITED NATIONS

Cardiovascular disease and other chronic diseases re-
main underrecognized by the United Nation’s Millennium 
Development Goals (MDGs) process. (Table 27-8) The 
United Nation’s MDGs are designed to reduce poverty in de-
veloping countries by the year 2015. Of the 8 goals listed in 
Table 27-8, 3 are specifically targeted at health issues: to re-
duce child mortality, to reduce maternal mortality, and to pre-
vent the spread of human immunodeficiency virus/acquired 
immunodeficiency syndrome (HIV/AIDS), malaria, and 

other diseases. However, the diseases affecting the majority of 
the world’s population are not being addressed. If the global 
society intends to reduce poverty, it must tackle both infec-
tious and chronic diseases in parallel. Only when we raise the 
educational and preventive interventions of chronic diseases 
will we be able to eradicate poverty and hunger.

SUMMARY

Reduction and eradication of disparities in cardiovascular 
outcomes requires education and advocacy programs with 
the goals of: (1) increasing provider and public awareness 
of the disparities in treatment; (2) decreasing patient delays 
in seeking medical care for acute myocardial infarction and 
other cardiac disorders; (3) more timely and appropriate ther-
apy for acute events; (4) improved access to preventive, diag-
nostic, and interventional cardiovascular therapies; (5) more 
effective implementation of evidence-based treatment guide-
lines; and (6) improved physician-patient communications.

Population-wide detection, surveillance strategies, educa-
tion campaigns, targeting of high risk subgroups for cost 

Figure 27-10. Prevalence (%) of coronary calcium: U.S. adults 
45 to 84 years of age. (Data from Bild et al.1 P < 0.0001 across 
ethnic groups in both men and women (MESA study).)
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Table 27-8 • Millennium Goals

1. Eradicate extreme poverty and hunger
2. Achieve universal primary education
3. Promote gender equality and empower women
4. Reduce child mortality
5. Improve maternal health
6. Combat HIV/AIDS, malaria, and other diseases
7. Ensure environmental sustainability
8. Develop a global partnership for development

Source: United Nations website, http://www.un.org/milleniumgoals.

http://www.un.org/milleniumgoals
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crease in incidence on future diabetes burden: U.S., 2005–
2050. Diabetes Care. 2006;29:2114–2116. 

 9. Chobanian AV, Bakris GL, Black HR, et al. for the Joint Na-
tional Committee on Prevention, Detection, Evaluation, and 
Treatment of High Blood Pressure, National Heart, Lung, 
and Blood Institute, National High Blood Pressure Education 
Program Coordinating Committee. Seventh Report of the 
Joint National Committee on Prevention, Detection, Evalu-
ation and Treatment of High Blood Pressure. Hypertension. 
2003;42:1206–1252.

 10. Vijayaraghavan K, Deedwania PC. Special patient populations: 
lipid abnormalities in high-risk ethnic groups. In: Ballantyne, 
CM, ed. Clinical Lipidology: A Companion to Braunwald’s Heart 
Disease. Philadelphia: Saunders; 2009;509–518.

 11. Budoff MJ, Achenbach S, Blumenthal RS, et al. American 
Heart Association Committee on Cardiovascular Imaging 
and Intervention; American Heart Association Council 
on Cardiovascular Radiology and Intervention; American 
Heart Association Committee on Cardiac Imaging, Coun-
cil on Clinical Cardiology. Assessment of coronary artery 
disease by cardiac computed tomography: a scientific state-
ment from the American Heart Association Committee on 
Cardiovascular Imaging and Intervention, Council on Car-
diovascular Radiology and Intervention, and Committee on 
Cardiac Imaging, Council on Clinical Cardiology. Circula-
tion. 2006;114:1761–1791.

 12. Bild DE, Detrano R, Peterson D, et al. Ethnic differences in 
coronary calcification: the Multi-Ethnic Study of Atheroscle-
rosis (MESA). Circulation. 2005;111:1313–1320.

 13. http://circ.ahajournals.org/cgi/content/full/119/2/e21 - R47–
191264

effective prevention interventions, and allocating resources 
to high cost acute and chronic treatments should be uti-
lized as complementary strategies across all geographic and 
ethnic boundaries to reduce cardiovascular mortality and 
morbidity. 
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INTRODUCTION

Overview

Cardiovascular disease (CVD), defined variously as coro-
nary artery disease (CAD), cerebrovascular disease, or pe-
ripheral arterial disease (PAD), is a major cause of death in 
developed countries. Atherosclerosis, the predominant un-
derlying etiology of CVD, is responsible for approximately 
20% of all deaths annually in the United States, with direct 
and indirect costs of $150 billion in 2007. 

Traditional risk factors have been derived from the landmark 
Framingham Heart Study; they are blood pressure, smoking 
status, dyslipidemia, and the presence of diabetes mellitus. 
Worldwide validation of the Framingham study as well is 
the effect age and gender impact cardiovascular risk led to 
the development of the Framingham Risk Score, which is 
widely utilized to estimate 10-year risk. Additionally, signifi-
cant emphasis has been placed on the assessment, treatment, 

and monitoring of these risk factors in the form of research 
investigation, AHA/ACC guidelines, and measures of phy-
sician and hospital performance. 

While great strides have been made in realizing the goals 
of reducing clinical events with treatment and prevention 
programs, it is widely recognized that 20% of individuals 
with cardiovascular events do not have a traditional risk 
factor, and that 50% of individuals presenting with acute 
coronary syndrome (ACS) have normal levels of serum 
cholesterol. 

In recognition of the limitations presented by utilizing 
traditional risk factors, and due to newer insights into the 
role inflammatory mechanisms play in the pathogenesis of 
atherosclerosis, extensive interest has developed in using 
“novel risk factors” to improve risk prediction. This bio-
marker strategy for estimating risk is attractive, since it is 
readily available for screening purposes via a simple blood 
test, unlike the newer applications of imaging techniques. 

• Of patients that experience cardiovascular events, 
20% do not have a “traditional” risk factor for CAD 
and 50% have normal cholesterol levels.

• It has been recognized that inflammation plays a 
significant role in the development of atherosclero-
sis, leading to the study of several newer “novel” risk 
factors.

• It is important to recognize that these novel risk fac-
tors are markers of inflammation and not the mecha-
nism leading to atherosclerosis.

• Hs-CRP is the most validated marker, and has re-
ceived significant attention since the JUPITER study 
was released, potentially expandng the role for statin 
therapy. 

• Important cutoff values for hs-CRP are <1, indicative 
of low risk; and >3, indicative of higher risk.

• Other (non hs-CRP) markers for inflammation and/or 
oxidation, as well as cardiac and renal dysfunction are 
less validated for purposes of primary prevention.

d PRACTICAL POINTS
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It must be noted, however, that some argue that these novel 
risk factors are not the mechanism of the inflammatory cas-
cade, but rather markers of the injurious process leading to 
cardiovascular disease (Figure 28-1). It has been shown that 
prediction of events for individual patients is difficult and the 
addition of novel risk factors only incrementally add to risk 
stratification. Additionally, the importance of nonbiomarker 
factors such as those related to lifestyle is gaining appreciation 
among health researchers. Therefore, approaches that com-
bine novel risk markers or calculate a risk score based upon 
multiple risk markers have been developed and are being 
considered for estimating cardiovascular risk in individuals. 

Atherosclerosis and Inflammation 

As the principle underlying cause of CVD, atherosclerosis 
consists of a complex interaction between lipids, smooth 
muscle cells, and macrophages within the arterial wall, regu-
lated by inflammatory cytokines and other blood elements. 
Atherosclerosis is a process often starting early in life and 
progressing insidiously and silently, until plaque rupture and 
subsequent thrombosis causes transient complete or partial 
arterial occlusion within a particular vascular territory in the 
form of unstable angina (USA), acute myocardial infarc-
tion (NSTEMI/STEMI), stroke, or transient ischemic attack 
(TIA), or limb ischemia, depending upon whether the vascu-
lar bed is in the coronary, cerebral, or peripheral circulation. 

It has been well established that inflammatory pathways 
play a role in all stages of atherosclerosis, from atherogenic 
plaque development to plaque rupture at the shoulder re-
gion, a process initiated by insult/injury to the vascular en-
dothelium by traditional risk factors such as elevated blood 
pressure, hyperglycemia, and tobacco and modulated by 
noxious inflammatory proteins. 

Pathophysiological insights into role that inflammatory risk 
factors contribute to the progression of atherosclerosis pro-
vide potential targets for measurement at several points in 

the inflammatory cascade. These “novel” inflammatory risk 
factors include oxidized low-density lipoproteins, cytokines 
(e.g., IL-1, IL-6, IL-18, and TNF-α), vascular markers (e.g., 
sICAM-1, selectins), liver proteins, such as C-reactive pro-
tein (CRP), and fibrinogen, and a host of other acute-phase 
reactants (Tables 28-1 and 28-2). 

NOVEL RISK FACTORS 

Inflammatory Proteins

hs-CRP
C-reactive protein (CRP, high sensitivity (hs)-CRP) is an 
acute phase reactant produced by the liver that has been 

Novel risk factors Novel risk factors

Traditional risk factors Lifestyle influences

CVD

Traditional risk factors Lifestyle influences

CVD

Risk me chanism model Risk marker model

Figure 28-1. The two proposed models for the interaction of “novel risk factors” and cardiovascular  disease 
(“CVD”). In the risk mechanism model, novel risk factors are contributing to the develeopment of CVD whereas 
in the risk marker model, novel risk markers are associated with CVD but not causative of atherosclerosis.

Table 28-1 • Proposed Novel Risk Factors 

Liver Proteins/Acute Phase Reactants
C-reactive protein (CRP and hs-CRP)•
Fibrinogen•
Serum amyloid A (SAA)•

Other Proteins
Homocysteine•
von Willebrand factor (vWF) •

Markers of Renal Dysfunction
Cystatin C•
Urinary albumin/creatinine ratio (ACR)•

Cardiac Markers
Troponin •
BNP and N-Pro-BNP •
Lipoproteins•
Lipoprotein-associated phospholipase A2 (Lp-PLA2)•
Lipoprotein (a)•

Cytokines
Interleukin-18•
Interleukin-6•

Lifestyle Risk Factors
Soft drink consumption•
Sleep loss •
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extensively studied in connection to CVD, with a large 
body of literature supporting its use as a biomarker for fu-
ture CVD events. hs-CRP has been studied as a surrogate 
of other inflammatory mediators, such as the cytokines IL-6 
and TNF-a, and it has been implicated in multiple aspects of 
atherogenesis and plaque vulnerability, including expression 
of adhesion molecules, alteration of nitric oxide, modulation 
of complement function, inhibition of fibrinolysis, and in-
duction of apoptosis of vascular smooth muscle cells, thereby 
essentially acting as a final end product of multiple various 
and converging pathways of inflammation in atherosclero-
sis and acute ischemic syndromes. The highly anticipated 
JUPITER trial, a study designed to assess directly whether 
statin therapy should be given to apparently healthy individ-
uals with low LDL-cholesterol (LDL-C) levels but elevated 
hs-CRP levels, was recently halted early due to beneficial ef-
fects of statin therapy towards cardiovascular morbidity and 
mortality. CRP has been shown to be influenced by many 
cardiovascular risk factors including age, gender, body size, 
exposure to tobacco and lipid levels. 

CRP has been studied in both the primary and secondary 
prevention population of individuals, and has been demon-
strated to independently predict future myocardial infarction, 
stroke, cardiovascular death, and ischemic PAD. Numerous 
prospective and retrospective studies have demonstrated the 
additive value of hs-CRP to the Framingham Risk Score. 
The largest U.S. prospective studies that included hs-CRP 
assessment were the Physicians Health Study (PHS), the 
Women’s Health Study (WHS), the Atherosclerosis Risk 
in Communities (ARIC) Study and the Air Force/Texas 
Atherosclerosis Prevention (AFCAPS/TexCAPs) stud-
ies, as well as the European Monitoring of Trends and 
Determinants of Cardiovascular Disease (MONICA) and 

Reykjavik  studies. In fact, in the PHS and WHS, hs-CRP 
had a higher  predictive value than traditional cholesterol 
risk factors (TC, HDL, LDL) and other novel risk factors 
( lipoprotein (a) and homocysteine) that were obtained 
(Figure 28-2). In regards to individuals with established 
CVD, levels of hs-CRP have been strongly linked with re-
current ischemic cardiovascular events as well as prognosis in 
patients presenting with ACS, regardless of troponin status. 

While initial work with CRP divided patients into tertiles 
or quartiles of risk, more recent work with hs-CRP and 
guideline recommendations by the CDC/AHA suggests the 

Table 28-2 • Summary of Proposed Novel Risk Factors

Novel Risk Factor Values of Interest Category Treatment

hs-CRP <1 mg/L 
1-3 mg/L 
>3 mg/L

Inflammatory Probably statin

Fibrinogen >1 Hemostatic None

Homocysteine >30 μmol/L
>100 μmol/L

Oxidant stress/ 
endothelial dysfunction

Folate and B vitamins 
(not effective)

Cystatin C >1.0 mg/L Renal dysfunction ACEI, ARB

U Alb/Cr ≥30 μg/mg Renal dysfunction/endothelial 
dysfunction

ACEI, ARB

Troponin >0.035 μg/L Cardiac damage ASA, BB, statins

BNP 100 ng/L Cardiac damage ASA, BB, statins

Pro-BNP 125 ng/L Cardiac damage ASA, BB, statins

Lp-PLA2 >400-450 g/L Inflammatory Lp-PLA2 inhibitors (being developed)

Lp(a) >30 mg/dL Lipoprotein Statins, niacin, estrogen

IL-6 Not standardized Inflammatory Aspirin, statin, estrogen

IL-18 Not standardized Inflammatory Aspirin, statin, estrogen

Figure 28-2. In an analysis of the WHS, hs-CRP was found 
to have a higher predictive value than other novel risk factors 
and traditional factors such as TC. (Reprinted with permission 
from Ridker PM. Clinical application of C-reactive protein for 
cardiovascular disease detection and prevention. Circulation.
2003;107:363.)

Lp(a)

Relative risk of future cardiovascular events

tHCY

IL-6

TC

LDLC

slCAM-1

SAA

Apo B

TC: HDLC

hs-CRP

hs-CRP + TC: HDLC

0 6.04.02.01.0
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following cutoff values: <1 mg/L, 1-3 mg/L, and >3 mg/L for 
low, intermediate, and high risk, respectively; also, there is 
the suggestion (from further analysis of the WHS) that fur-
ther subdivision be made of the hs-CRP concentrations into 
five categories (≤0.5, 0.5-1, 1-3, 3-10, ≥10 mg/L), with an 
extremely low (≤0.5 mg/L) and extremely high (≥10 mg/L) 
category for providing additional predictive risk. Recent 
studies have also revealed potential evidence for the hypoth-
esis that extremely low levels of hs-CRP may be protective 
and that extremely high levels of hs-CRP, from any source 
of inflammation, may affect both atherogenesis and acute 
thrombotic events, as supported by results of the Dutch 
Echographic Cardiac Risk Evaluation Applying Stress Echo 
III (DECREASE III) Study. DECREASE demonstrated a 
mortality benefit of statin in vascular surgery patients post-
operatively and also a marked decrease in postoperative lev-
els of hs-CRP, as well as WHS data that aspirin prevented 
vascular events amongst patients with the highest levels of 
hs-CRP. 

Although clearly a predictor of vascular events, the lev-
els of hs-CRP do not correlate with overall atherosclerotic 
burden, as measured by cardiac catheterization, coronary 
calcification, carotid intimal-medial thickness, or ankle-
brachial index, reflecting the fact that hs-CRP provides 
additive and complementary data to other testing modali-
ties, with an important measure of the inflammatory com-
ponent of the atherosclerotic disease process, and hence, 
the risk of plaque instability or rupture. In regard to testing, 
the current CDC/AHA/ACC guidelines recommend test-
ing in intermediate- and high- Framingham Risk individu-
als, with two separate measurements made at least several 
weeks apart, and that those individuals with an hs-CRP 
>3 mg/L be placed into a higher risk group and considered 
for a more aggressive treatment regimen. In fact, when this 
approach is utilized, approximately 30% of individuals of 
“intermediate Framingham risk” can be reclassified into 
another risk category. Although there is no “CRP lowering 
agent” in the sense of LDL lowering with statin or other 
agents, there has been an association of lower hs-CRP lev-
els with statin use as seen in the Cholesterol and Recurrent 
Events (CARE), AFCAPS/TexCAPS trials, lending further 
support of the pliotropic effects of statins, while other non-
statin cholesterol-lowering agents, such as ezetimibe, have 
shown no capacity to decrease CRP when used as mono-
therapy. Interestingly, lower levels of hs-CRP are noted, 
in general, in individuals who are receiving aspirin and 
thiazolidines, while higher levels are noted in those who 
have a chronic inflammatory state, smoke, are obese, and 
are receiving estrogens. Currently, a CRP inhibitor is un-
dergoing animal testing, which, if approved and efficacious 
in lowering CRP, could potentially solve the “mechanism 
versus marker” debate in addition to lowering individual 
risk for CVD. 

Fibrinogen

Fibrinogen, a hemostatic factor and the precursor for fi-
brin, is the major coagulation protein in the blood and an 
important determiner of blood viscosity and platelet ag-
gregation. Due to its role in the coagulation cascade, and 
the role that systemic or local low-grade inflammation may 
play in the atherosclerosis, fibrinogen has been associated 
with increased cardiovascular risk. However, fibrinogen 
has been found to affect smooth muscle cells and plaque 
stability, in addition to the critical role it plays in forma-
tion of the fibrin clot in the event of plaque rupture. 

Plasma fibrinogen levels vary widely in the population and 
have been shown to vary by season, smoking, aging, and ath-
erosclerosis burden; they differ according to sex and race. In the 
hemostatic factors in the Coronary Artery Risk Development 
in Young Adults (CARDIA) Study, a 13-year analysis of sev-
eral markers in the coagulation cascade and progression of 
subclinical surrogates for atherosclerosis were compared in 
young adults aged 25-37. While levels of Factors VI, VII and 
von Willebrand factor (vWF) did not correlate with changes 
in coronary artery calcification (CAC) or carotid intimal/
medial thickness (CIMT), the age-, race-, and gender-adjusted 
prevalences of CAC and CIMT with increasing quartiles of 
fibrinogen were significant, even after adjusting for body mass 
index (BMI), smoking, systolic blood pressure (SBP), diabetes, 
antihypertensive medication use, total and high-density lipo-
protein (HDL) cholesterol, and CRP. Further evidence comes 
from the Fibrinogen Studies Collaboration, a meta-analysis of 
154,000 individuals and 31 clinical studies that prospectively 
evaluated plasma fibrinogen levels and the risk of CHD or 
stroke at minimum 1 year of follow-up. In this meta-analysis, 
each 1-g/L elevation of fibrinogen carried a relative risk of 1.8 
for future CHD or stroke in a large population demographic, 
with multiple comorbid conditions and risk factors for CVD 
such as diabetes, hypertension, smoking status, SBP, and cho-
lesterol levels. Interestingly, additive value of hs-CRP in indi-
viduals in which both fibrinogen and hs-CRP were measured 
did not add incremental gain in prognostic significance in 
this analysis. In the secondary prevention population, recent 
evidence from the AIRGENE Study has shown the role that 
genetic polymorphisms play in fibrinogen levels, and hence, 
elucidates the fact that there is a genetic basis for inter- and 
intra-individual variability of fibrinogen levels. 

Lipoprotein-Associated
Phospholipase A2 (Lp-PLA2) 

Lipoprotein-associated phospholipase A2 (Lp-PLA2) is an 
enzyme synthesized by macrophages and platelets that is be-
lieved to be involved in the formation of vulnerable plaque. 
It circulates in the blood attached to LDL cholesterol and 
is expressed by macrophages within the core and the fi-
brous cap of these advanced plaques. Lp-PLA2’s primary 
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enzymatic role is to hydrolyze oxidized phospholipids, which 
yield proinflammatory and proatherogenic products. 

Daniels et al., in the Rancho Bernardo Study, found Lp-PLA2 
to be a strong and independent predictor of fatal and nonfa-
tal CHD events above other traditional risk factors in healthy 
older men without a known history of CAD, a population 
where Lp-PLA2 might not contribute anything to risk predic-
tion on account of age already being a strong predictor of risk.

Previous studies, such as the West of Scotland Coronary 
Prevention Study (WOSCOPS) and MONICA, have shown 
that higher levels of Lp-PLA2 levels were associated with an 
increased risk of coronary disease, even after adjustment for 
traditional risk factors and CRP levels. The ARIC study re-
ported a similar positive association between Lp-PLA2 and 
events: the investigators found that patients with LDL levels 
below the study median of 130 mg/dL were nearly twice as 
likely to have CHD if they were in the second or third tertile 
of Lp-PLA2 as if they were in the lowest tertile. Lp-PLA2 
levels do not appear to be reliably useful for risk assessment 
during hospitalization for ACS. However, when measured 
later, Lp-PLA2 can offer prognostic information incremental 
to that provided by traditional risk markers, including LDL. 
However, an analysis in the Women’s Health Study found no 
association after adjustment for other risk factors, suggesting 
that perhaps Lp-PLA2 is not predictive of CHD in women.

An inhibitor of Lp-PLA2 is currently undergoing clinical 
trial evaluation. 

Oxidation

Homocysteine
Homocysteine has been proven a risk marker and not a true 
risk factor in atherosclerotic cardiac disease. An amino acid 
produced in methionine metabolism, homocysteine can be 
elevated due to several factors, including genetic, dietary 
(deficiency of folic acid, vitamin B12, vitamin B6, methi-
onine), and lifestyle (smoking, alcohol, and coffee intake). 
Homocysteine is also secondary to medical conditions such as 
advanced diabetes and renal failure and medications (metho-
trexate, sulfonamides). Serum homocystiene normally ranges 
between 5 and 15 umol/L when measured in the fasting State. 
Levels of >100 umol/L are severely elevated. Many possible 
mechanisms have been proposed, including endothelial and 
platelet dysfunction, activation of clotting or inflammatory 
factors, or alteration of lipid metabolism and oxidation. 

While initial observational studies linked hyperhomo-
cysteinemia to arteriosclerosis and that treatment favor-
ably altered surrogate outcomes, randomized trials such as 
NORVIT, WAFACS, and HOPE-2 all consistently showed 
that there was no causal relationship and that treatment 
with folic acid and B vitamin supplements was without 

benefit. While folic acid and B vitamins significantly re-
duced homocysteine levels, when combined the treatments 
showed a trend to be potentially harmful in terms of the 
combined endpoint of MI and stroke in NORVIT. 

Because of these findings, routine screening of homocysteine 
levels for CVD prevention purposes is not recommended. 

Markers of Renal Dysfunction 

Cystatin C 
Renal dysfunction has been recognized as a significant risk 
factor for the development of CVD. Cystatin C is a low mo-
lecular weight protein that is a member of the cystatin family 
of cysteine protease inhibitors and plays an important role in 
the regulation of proteolytic degradation. While both creati-
nine and cystatin C are cleared by the glomerulus, cystatin C 
levels are not related to muscle mass or protein intake and do 
not appear to be as influenced as creatinine by age, gender, 
or race. Therefore, cystatin C is believed to be a more precise 
reflection of kidney function, signaling a state of preclinical 
renal dysfunction when elevated, termed the “creatinine-
blind” range. Furthermore, cystatin C has a stable produc-
tion rate even in the setting of an inflammatory response. 

Numerous outcome studies measuring levels of cystatin 
C involving stable outpatients with various disease enti-
ties have been performed. In a recent study funded by the 
NHLBI, Shlipak et al. published a report using data from the 
Cardiovascular Health Study (CHS) showing that after ad-
justment for traditional risk factors, stroke, heart failure, coro-
nary heart disease, and C-reactive protein levels, individuals 
without chronic kidney disease and high cystatin C levels had 
statistically significantly increased risk for MACE compared 
with the individuals without chronic kidney disease and low 
cystatin C levels. These individuals had approximately 50% 
higher overall mortality and double the risk of cardiovascular 
death. In addition, they had statistically significant increased 
risks for heart failure, stroke, and myocardial infarction. 
Cystatin C levels >1.0 mg/L were considered abnormal.

Moreover, Lassus et al. studied a population of patients ad-
mitted for acute heart failure in Finland as part of the mul-
ticenter FINN-AKVA study. About one-half of the patients 
were newly diagnosed on admission and approximately one 
third had an ejection fraction ≥45% that could be classified 
as diastolic heart failure. Lassus et al. analyzed a variety of 
biomarkers, including BNP, troponin T, and serum creati-
nine, and found that cystatin C was the strongest predictor 
of mortality at 6 months. 

Measurement of cystatin C levels may be appropriate in the 
evaluation of patients who appear to have a normal creati-
nine-based renal function, but because of other comorbid 
conditions or age might be expected to be at higher risk for 
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chronic kidney disease. Testing is available on a national 
basis, however, at almost 10 times the cost of serum creati-
nine measurement.

Urinary Albumin/Creatinine Ratio (ACR) 
The normal rate of albumin excretion is <20 mg/day, whereas 
albumin excretion between 30 and 300 mg/day is referred to 
as microalbuminuria. This level of proteinuria is inaccurately 
detected by urine dipstick, yet the gold standard of 24-hour 
urine measurement is itself cumbersome and prone to er-
rors. The ACR has been used to compensate for variations 
in urine concentration, and microalbuminuria currently is 
defined as an ACR value >30 μg/mg. It should be noted that 
this single value does not take into account muscle mass dif-
ferences that are observed among gender and racial lines. 

Microalbuminuria was originally found to be an early indicator 
of glomerular dysfunction in renal and diabetic patients and 
directly correlated with future adverse outcomes. Additionally, 
it may also represent a marker of endothelial cell dysfunction 
throughout the body preceding hypertension. In high risk in-
dividuals studied in the HOPE and LIFE trials, ranges of mi-
croalbuminuria in the high normal range were associated with 
increased risk. In lower risk patients, data from Framingham 
and the Nurses’ Health study show higher levels of albumin 
excretion, also within the normal range, were associated with 
near twice the risk of a person developing hypertension, par-
ticularly older women. The PEACE trial found that a high 
ACR even in the normal range was associated with increased 
risk for all-cause mortality as well as cardiovascular death in 
a low risk population with stable CAD. Therefore, it appears 
that microalbuminuria at any level appears to be an indepen-
dent predictor of unfavorable outcomes. 

Interestingly, race and ethnicity have been independently 
associated with microalbuminuria. Mattix et al. found that 
when a sex-specific ACR was used (>17 μg/mg in men and 
>25 μg/mg in women), African American race remained 
significantly associated with microalbuminuria, whereas 
gender did not. The significant association between race 
and microalbuminuria found highlighted it as a possible risk 
factor for both kidney and cardiovascular disease. 

Therefore, ACR levels can be monitored in individuals 
with stable CHD, diabetes, hypertension, and family history 
of kidney disease. Racial considerations may also be made. 
Serial measurements of ACR may be followed, as a metric 
of therapy efficacy. Treatment is with inhibitors of the renin 
angiotensin system, such as ACEI or ARB. 

Cardiac Markers 

Troponin 
The troponins are very sensitive and specific indicators of 
myocardial injury and infarction and have been endorsed as 

the preferred biomarkers when cardiac ischemia is suspected. 
Elevation carries prognostic significance in a variety of acute 
cardiac disease states ranging from the acute coronary syn-
dromes, demand ischemia, and acute and chronic heart failure; 
as well as noncardiac conditions such as end-stage renal dis-
ease (ESRD), pulmonary embolism, and sepsis. Measurement 
of troponin in the stable outpatient setting for long term risk 
assessment has only recently been investigated. 

The historical normal range for troponin consisted of pa-
tients who had both very low levels and those who had mild 
elevations probably related to comorbidities. The first such 
study to provide data in this important area was published by 
the group from Uppsala, which noted a difference between 
the 99th percentile values of younger compared to older 
individuals. They evaluated the outcomes of these patients 
and found that over time these minor elevations were asso-
ciated with a substantial increase in the frequency of adverse 
events such as stroke, myocardial infarction, and death. 

Two other studies from the same group suggest that minor 
increases in troponin can occur from structural abnormali-
ties alone and recent data from the Dallas Heart Study ex-
tends these observations to the general population. They 
reported that 0.7% of the general population had an in-
creased cardiac troponin T. Elevations were associated with 
substantial comorbidities, such as LV mass, heart failure, or 
renal dysfunction. When one had all three of those factors, 
the incidence of elevations was over 30%. Thus, structural 
abnormalities, or target organ damage, can lead to detect-
able levels of troponin. 

BNP and N-Pro-BNP 
BNP is a neurohormone indicator secreted by the ventricles 
in response to excessive stretching of heart muscle cells. Its 
primary functions are to decrease systemic vascular resistance 
and increase natriuresis. BNP is cleaved from the C-terminal 
end of its prohormone, with the resultant residual protein 
termed NT-proBNP. Immunoassays exist to detect both. 
Under “normal” situations, BNP and NT-proBNP levels 
are approximately equal. However, NT-proBNP rises to a 
level approximately fourfold higher than BNP in patients 
with LV dysfunction. Also, while BNP is, primarily, cleared 
by a specific clearance receptor and neutral endopeptidase, 
NT-proBNP is cleared by the kidney. There are theoretical 
benefits to NT-proBNP; for example, it has better in vitro 
stability and its higher value may make it a more sensitive 
marker. 

Irrespective of hemodynamic considerations, elevated BNP 
and NT-proBNP are also now known to identify patients 
with LVH and ischemia. It is theorized that hypoxia from 
either condition results in myocyte stress, which causes the 
secretion of a small amount of BNP and NT-proBNP. This 
process therefore identifies true forms of cardiac target organ 
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damage. This could change the asymptomatic patient into a 
secondary prevention target, and lead to greater use of proven 
strategies, such as antihypertensive medications and statins. 

Lipoproteins

Lipoprotein (a) (Lp(a))
Lp(a) is a lipoprotein that consists of an LDL-like particle 
bound covalently with apolipoprotein (a). Many studies 
have identified Lp(a) as an independent risk factor for ath-
erosclerotic disease. Lp(a) levels vary markedly (<0.1 mg/
dL to >200 mg/dL) between individuals, with levels <15 
mg/dL felt to be ideal, and levels >30 mg/dL associated with 
higher cardiovascular risk. Unlike the other cholesterol 
components, Lp(a) levels are largely almost entirely geneti-
cally determined, and patients generally have the same level 
from birth. A noted exception is during acute MI, when lev-
els are increased. African Americans tend to have compara-
tively higher Lp(a) levels. 

Lp(a) appears to have some function in the repair of blood 
vessels by the way they enable the deposition of cholesterol 
in the arterial wall. It may therefore promote atherosclero-
sis in this manner. In addition, Lp(a) is similar in structure 
to plasminogen, which is a fibrinolytic in the coagulation 
cascade. It is hypothesized that Lp(a) competes for receptor-
binding with plasminogen, and therefore favors clotting. 

Measurement of Lp(a) level seems to be appropriate in 
patients who have established heart disease and normal lipids 
or a strong family history of heart disease with normal lipids. 

Niacin, and perhaps fish oil, may lower Lp(a) levels at high 
doses, however neither is very effective. Estrogen appears to 
be a more effective therapy and may be used in postmeno-
pausal women. In extreme situations, apheresis can be per-
formed, however no study has shown that lowering Lp(a) 
levels is beneficial. Therefore, in patients with elevated 
Lp(a), a strategy of aggressive treatment of lipids and tradi-
tional risk factors is most often employed. 

Cytokines 

Interleukin-6 (IL-6)
IL-6 is an inflammatory cytokine that functions upstream 
and stimulates eventual production of CRP and fibrinogen. 
As an acute phase reactant, levels fluctuate depending on 
the clinical scenario. It has been less extensively studied 
than some of the other inflammatory markers due to its 
short plasma half-life, and evaluation of a true baseline to 
determine long term cardiac risk has been difficult due to 
variable levels within the same individual. 

Two recent prospective studies, the Reykjavik Study and the 
British Regional Heart Study, analyzed long term baseline 

levels of IL-6 in patients who had previously experienced 
a coronary event. Analysis of the results revealed that IL-6 
levels over time, correcting for fluctuations, were associ-
ated with long term CHD risk in a linear manner, similar in 
magnitude to traditional risk factors. Previous studies have 
shown a relationship between IL-6 levels and smoking, pres-
ence of hypertension, and adiposity. Finally, IL-6 has been 
shown to have association with future cardiovascular events 
and mortality among healthy men and women indepen-
dently of CRP levels. 

Interleukin-18 (IL-18)
IL-18 is a key cytokine involved in the inflammatory re-
sponse that contributes to atherosclerosis, with increased 
levels associated with plaque instability in animal models. 
Unlike the other inflammatory markers (CRP, fibrinogen 
and IL-6), IL-18 is independent of traditional risk factors 
such as smoking status, age, or hypertension. 

Blankenberg and Tiret initially showed baseline IL-18 lev-
els to be predictive of future cardiovascular mortality in 
patients with known CAD in the AtheroGene prospec-
tive cohort. These findings were then extended to primary 
events with the results from the European Prospective 
Epidemiological Study of Myocardial Infarction (PRIME), 
which suggested IL-18 accurately predicts coronary events 
in healthy men (with levels significantly higher in those 
who developed a coronary event independent of tradi-
tional risk factors as well as CRP and IL-6). However, 
the opposite observation was made in initially healthy, 
middle-aged men and women from the MONICA/KORA 
Augsburg studies, which found elevated concentrations 
of CRP and IL-6, but not IL-18, were independently as-
sociated with risk of CHD in a heterogeneous group of 
patients with moderate risk. Moreover, after the initial 
strongly positive findings from AtheroGene were made, 
the study period was extended and baseline IL-18 levels 
appeared no longer predictive of outcome after 4 years of 
follow-up. 

Lifestyle Risk Factors 

Soft Drink Consumption 
A recent prospective evaluation of the Framingham 
Offspring Study has evaluated cola soft drink consumers 
against infrequent or nondrinkers for the risk of developing 
component markers consistent with metabolic syndrome 
(MetS). Metabolic syndrome is defined to be present in 
an individual displaying three or more of the following: 
obesity, increased waist circumference, hypertension, ele-
vated fasting glucose, hypertriglyceridemia, and low HDL. 
Individuals consuming ≥1 soft drink per day had approxi-
mately 50% greater incidence of developing MetS, com-
pared with those who consumed <1 cola beverage per week. 
The authors reasoned that both physiological mechanisms, 
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CONCLUSIONS

Inflammation has clearly been shown to play a prominent 
role in atherosclerosis, and novel biomarkers offer an at-
tractive additional method of assessing an individual’s risk 
of developing CVD beyond traditional risk factors. Given 
the large amount of, at times, conflicting data regarding 
the utility of these markers, great care must be taken in 
order to effectively understand the additive information 
obtained from these serum tests, as well as in determining 
which individual would benefit from the additional testing. 
Additionally, a multimarker approach may be beneficial, 
as specific biomarkers may point to different and perhaps 
nonoverlapping, perturbations of the inflammatory cascade, 
and may play more or less of a role in the development of 
atherosclerosis. The biomarker with the greatest strength 
of literature supportive to its use is hs-CRP, even though 
it is a nonspecific marker of inflammation and is prognos-
tic of future cardiac and vascular ischemic events in both 
primary and secondary prevention. However, the utilization 
of other biomarkers, especially the cardiac biomarkers, is at-
tractive in that there is a wide spectrum of patient types for 
these agents, from stable patients with congestive heart fail-
ure to patients presenting with ACS, and both primary care 
physicians and specialists in cardiovascular disease typically 
have a breadth of experience and familiarity. A risk calcula-
tor using multiple novel risk factors is currently not been 
published. However, data utilizing hs-CRP combined with 
the Framingham Risk Score has been published by Ridker 
and colleagues (Figure 28-3), and several authors have 

such as weight gain and insulin resistance from fructose 
corn syrup, as well as associated behavioral patterns in in-
dividuals who consume soft drinks, such as poor diet and 
exercise, contributed to the metabolic derangements. 

Additionally, analysis was performed to determine if con-
sumption of “diet” rather than “regular” cola lessened this 
risk. In this subanalysis, both types of cola posed similar 
metabolic hazards. 

Sleep Loss 
Voluntary bedtime restriction and the resultant sleep depri-
vation is frequently observed in industrialized countries. The 
sleep/ wake cycle modulates glucose metabolism, and now 
recent data reveals that the act of curtailing sleep is associ-
ated with development of diabetes and obesity. However, 
even small reductions in sleep resulted in decreased heart 
rate variability (HRV). Prior evidence has shown that de-
creased HRV has been associated with hypertension as well 
as increased mortality after acute myocardial infarction. 

Sleep disordered breathing due to obstructive sleep apnea 
(OSA) has been independently associated with cardiovas-
cular diseases such as CAD, cardiac arrhythmias, and stroke. 
Central sleep apnea (CSA), as observed in patients with 
congestive heart failure (CHF), is also linked with in-
creased mortality; however, a causal role has not yet been 
definitively established. Treatment strategies for OSA with 
positive airway pressure, weight loss, and surgery have been 
established, whereas with CSA no therapy has been demon-
strated to improve survival. 
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Figure 28-3. Moving toward an hs-CRP-modified CHD risk score. Relative risks of future vascular 
disease using baseline levels of hsCRP in addition to calculated 10-year Framingham risk.
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combined hs-CRP with markers such as with BNP, TNF-a, 
WBC, and/or troponin to demonstrate an increased relative 
risk with increased numbers or levels of markers. In pri-
mary prevention, a “test everyone for everything” strategy 
would fail the cost/benefit analysis, and lead to increased 
overall burden to the health care system. However, as rec-
ommended by the AHA/ACC guidelines for utilization of 
inflammatory biomarkers, a “selective screening” process of 
intermediate risk individuals is recommended at this time. 
Given the growing data available, it is plausible that a risk 
calculator combining traditional and novel risk factors will 
become available. 
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Chronic Stable Angina
Shawn A. Gregory

29

• The most common form of ischemic heart disease is 
chronic stable angina.

• Angina is a clinically defined syndrome of discomfort 
in the chest, jaw, arm, back, or epigastric area associ-
ated with suspected ischemic heart disease.

• Ischemia is most often caused by epicardial coronary 
artery stenoses, typically obstructing greater than 
70% of the luminal diameter of the affected artery.

• Historical features suggestive of higher risk of pro-
gression to myocardial infarction or death include: 
ongoing chest pain at rest (typically greater than 
20 minutes duration), nocturnal angina, and/or a 
change in angina frequency, severity, or duration.

• High risk physical examination findings are those 
suggestive of congestive heart failure (pulmonary 
rales, S3 gallop) and hypotension. 

• Therapeutic strategies for the management of sta-
ble angina rely on producing a favorable balance in 
the relationship between myocardial consumption 
and demand while preventing the progression of 
atherosclerosis.

• Guidelines recommend the “ABCDE” strategy for 
managing chronic stable angina.

• There are two well-established methods of coronary 
revascularization available for patients with coronary 
artery disease: percutaneous coronary intervention 
and coronary artery bypass grafting. 

• Both forms of revascularization are effective in the 
treatment of symptoms. However, coronary artery 
bypass grafting is the only one to have proven mor-
tality benefit in patients with chronic stable angina.

d PRACTICAL POINTS

INTRODUCTION

Ischemic heart disease is the leading cause of death in the 
Unites States, and its most common form is chronic stable 
angina. Chronic stable angina is the initial presentation of 
ischemic heart disease for approximately 50% of patients, 
and it is estimated that there are 30 patients with chronic 
stable angina for every 1 patient hospitalized with myocar-
dial infarction. Current treatment guidelines for chronic 
stable angina recognize adult patients with stable chest 
pain syndromes associated with known or suspected isch-
emic heart disease. Further, patients with other symptoms 
attributable to ischemic heart disease, the so-called “anginal 
equivalents” occurring with exertion (including arm, jaw, 
or epigastric discomfort as well as dyspnea), also fall under 
the recommendations set forth in the treatment guidelines. 

Many of the recommendations are also applied to patients 
whose ischemic heart disease is presently or has always been 
asymptomatic (e.g., those with angina successfully treated 
with medications and/or revascularization, and those who 
are asymptomatic but found to have evidence of ischemic 
heart disease on diagnostic studies). 

SIGNS AND SYMPTOMS

Angina: Definitions and Classification

Angina is a clinically defined syndrome of discomfort in 
the chest, jaw, arm, back, or epigastric area associated with 
suspected ischemic heart disease. It is important to use 
the term “discomfort” when questioning patients, as many 
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with angina will deny any frank “pain.” Typical angina is 
substernal in location and described as a tightness, heavi-
ness, or squeezing sensation. It is precipitated and magni-
fied by physical exertion or emotional stress and relieved 
by rest and/or nitroglycerin. The discomfort does not peak 
at its onset but is gradually progressive. It typically lasts 
longer than a few seconds and ≤20 minutes (unless it is 
progressing to myocardial infarction (MI)). Body posi-
tion and respiration do not usually affect its intensity. The 
“PQRST” system is a useful mnemonic describing the typi-
cal presentation of angina (Table 29-1). However, vari-
ants in this presentation are not uncommon, especially in 
female patients. The clinician is wise to remember that an-
gina and its equivalents can be localized anywhere between 
the umbilicus and the ears. Further, angina can be mani-
fest as dyspnea, nausea, or other symptoms that may be at-
tributed to gastrointestinal causes. Again, an association 
of such symptoms in a patient at risk for ischemic heart 
disease should raise the possibility of an “anginal equiva-
lent,” especially if the syndrome is provoked by exertion or 
emotional stress. 

Angina is graded using the Canadian Cardiovascular Society 
Classification System. This system provides a standardized 
system for communication between health care providers 
and for use in clinical studies. It classifies patients based on 
the level of exertion required to precipitate their symptoms 
(Table 29-2). Patients who have symptoms while at rest, 

severe new onset symptoms, or progression of symptoms 
are classified as having unstable angina. These patients can 
carry a much higher short term risk of death or MI related 
to their underlying pathophysiology (i.e., unstable plaque) 
and are therefore managed using separate, albeit overlap-
ping, guidelines. 

Differential Diagnosis

Ischemia is most often caused by epicardial coronary artery 
stenoses, typically obstructing greater than 70% of the lu-
minal diameter of the affected artery. However, ischemia 
and resultant angina can occur in association with no or less 
significant epicardial coronary artery disease (CAD). Such 
conditions cause ischemia due to alterations in the balance 
of myocardial oxygen supply and consumption. Examples 
include hypertension, hypertrophic cardiomyopathy, val-
vular aortic stenosis, tachycardia, and systemic hypoxemia 
(Table 29-3).

There are many other conditions which may cause chest 
pain in the adult. It is important to first evaluate the patient 
for dangerous and/or life-threatening conditions prior to 
working through the rest of this extensive differential. Such 
potentially life threatening conditions include pulmonary 
embolism, aortic dissection, pneumonia, pneumothorax, 
esophageal perforation, and peptic ulcer disease. These and 
the other conditions in the differential diagnosis are best or-
ganized by their structure of origin (Table 29-4). Chest pain 
may result from disorders of the chest wall (musculoskeletal 
and skin), lungs and pleura, gastrointestinal tract, or those 
portions of the peripheral and central nervous system re-
lated to pain perception in the chest (including the patient’s 
central perception of pain). 

Table 29-1 • The “PQRST” of Anginal Symptoms

P Precipitants/position exertion or emotional 
stress/anywhere from umbilicus to ears

Q Quality tightness, squeezing, heaviness

R Radiation to the jaw, arm (especially left)

S Severity gradually builds

T Timing longer than a few seconds, >20 minutes

Table 29-2 • Canadian Cardiovascular Classification 
of Angina

Class I Angina with strenuous exertion

Class II Angina that limits ordinary activity 
slightly (more than 2 city blocks of level 
ground walking, and greater than one 
flight of stairs)

Class III Angina that limits ordinary activity 
markedly (less than 2 city blocks of level 
ground walking, and less than one flight 
of stairs)

Class IV Angina with any activity or at rest

Table 29-3 • Potential Causes of Ischemia

Increased Oxygen Demand
Hypertrophic cardiomyopathy•
Aortic stenosis•
Dilated cardiomyopathy•
Tachycardia•
Hyperthyroidism•
Hyperthermia•
Sympathomimetic use•
Uncontrolled hypertension•
Arteriovenous fistulae•

Decreased Oxygen Supply
Hypertrophic cardiomyopathy•
Aortic stenosis•
Anemia•
Hypoxemia•
Hemoglobinopathies•
Hyperviscosity•
Sympathomimetic use•
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Estimating the Probability 
of Coronary Artery Disease

As the clinician works through the differential for the pa-
tient’s presentation, he or she should estimate the patient’s 
probability of having CAD. This allows for appropriate pa-
tient triage and management, especially in the use of diagnos-
tic studies such as stress electrocardiography. The Diamond 
and Forrester system is a simple and well-validated approach 
for making such estimates, using data readily available from 
the history and physical examination. The data needed for 
a probability estimate of CAD are simple: pain type, patient 
age, and patient gender. The pain types are: typical or defi-
nite angina (substernal chest discomfort with appropriate 
duration and character provoked by physical or emotional 
stress and relieved by rest or nitroglycerin), atypical or prob-
able angina (having most but not all the features of typi-
cal angina), and noncardiac chest pain (having at most one 
feature of typical angina). The likelihood of CAD increases 
if the patient is male, and it increases in the presence of 

more typical anginal symptoms and/or increasing age. For 
example, a 65-year-old man with typical angina has a 94% 
likelihood of CAD while a 40-year-old woman with atypi-
cal angina has a likelihood of 22%. Other useful predictors 
include history of smoking, Q wave or ST segment changes 
on the resting electrocardiogram, dyslipidemia, and diabe-
tes. A family history of coronary heart disease and a patient 
history of hypertension are also useful components of the 
assessment, but are not as powerful as the other predictors. 

Unstable and High Risk Features

In being mindful of the life-threatening conditions that may 
result in the patient’s presentation, the clinician must de-
termine the risk posed by possible coronary artery disease. 
Such risk stratification begins with factors readily avail-
able from the basic evaluation, including history, physical 
examination, resting electrocardiography and, as indicated, 
a chest radiograph (Table 29-5). The historical features 
suggestive of higher risk of progression to MI or death in-
clude: ongoing chest pain at rest (typically greater than 
20 minutes duration), nocturnal angina, and/or a change in 
angina frequency, severity, or duration. Of these, prolonged 
rest angina is the highest risk predictor. Not surprisingly, 
older age predicts more adverse outcomes. High risk physi-
cal examination findings are those suggestive of congestive 
heart failure (pulmonary rales, S3 gallop). Hypotension is, 
of course, a very high risk feature. The resting electrocardio-
gram is a very useful tool for risk stratification as dynamic T 
wave changes, resting ST depression, and the presence of Q 
waves are all predictive of higher risk. Dynamic ST segment 
changes are the highest risk electrocardiographic predic-
tor. A chest radiograph may confirm the high risk feature 
of pulmonary edema as well as assist the clinician working 
through the differential diagnoses of chest pain. 

DIAGNOSTIC STUDIES

Basic Laboratory Data

Clinical guidelines recommend certain basic laboratory 
studies in the initial evaluation of patients with angina. 
These laboratory studies are best viewed as being capable 

Table 29-4 • General Differential Diagnosis 
of Chest Pain

Cardiovascular
Coronary artery disease (angina)•
Microvascular coronary artery (endothelial) dysfunction•
Aortic dissection•
Pericarditis•
Hypertrophic cardiomyopathy•
Hypertension/left ventricular hypertrophy•
Aortic stenosis•

Pulmonary
Pulmonary embolism•
Pneumonia•
Pleurisy•
Pneumothorax•

Gastrointestinal
Gastroesophageal reflux disease•
Esophagitis•
Esophageal spasm•
Biliary colic•
Cholecystitis•
Cholangitis•
Choledocholithiasis•
Peptic ulcer disease•
Pancreatitis•

Chest wall
Costochondritis•
Shingles•
Rib fracture or trauma•
Arthritis•

Psychiatric
Panic attack•
Anxiety•
Somatization disorders•
Thought disorders•

Table 29-5 • High Risk Features for Progression 
to Death or Nonfatal Myocardial Infarction.

Ongoing rest angina (• >20 minutes)
 Angina with new or worsening murmur of mitral •
regurgitation
Angina with S3 gallop•
Angina with pulmonary rales•
Angina with hypotension•
Angina with dynamic ST segment changes (• >1 mm)
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of revealing factors that may contribute to the underly-
ing pathophysiology of stable angina. This includes an as-
sessment of hemoglobin concentration, since anemia may 
contribute to the mismatch between myocardial oxygen 
supply and consumption characteristic of ischemia. While 
not recommended specifically in the guidelines, the clini-
cian might also consider an assessment of thyroid func-
tion, toxicology screening for cocaine or amphetamines, 
and measurements of blood oxygen concentration or per-
cent saturation. The guidelines also recommend focusing 
on two of the major risk factors for CAD: dyslipidemia and 
diabetes mellitus (DM), by testing fasting glucose and lipid 
concentrations (the latter includes total cholesterol, high-
density lipoprotein cholesterol (HDL-C), triglycerides, 
and calculated low-density lipoprotein cholesterol (LDL-
C)) during the initial assessment. 

Resting Electrocardiogram

A resting 12-lead electrocardiogram is mandated by the 
guidelines for all patients with a possible cardiac cause of 
chest pain. Despite this mandate, the tracing is normal in 
at least 50% of patients with chronic stable angina if taken 
while they are not experiencing symptoms. Naturally, the 
tracing is more useful when it can be recorded during a 
symptomatic episode. An electrocardiogram obtained dur-
ing chest discomfort is abnormal in approximately 50% of 
those patients with angina and normal tracings when as-
ymptomatic. Regardless, the resting tracing may provide 
many clues to coronary disease and its risk factors. These in-
clude: evidence of left ventricular hypertrophy (LVH); ST-T 
changes consistent with ischemia; Q waves, suggesting prior 
infarction; arrhythmias, which may be the precipitant of 
the patient’s symptoms or a marker of coronary disease; and 
conduction system disease, which might also be a clue to 
yet-unrecognized coronary disease or cardiomyopathy. Both 
resting and symptomatic electrocardiograms are very useful 
tools for risk stratification.

Chest Radiography

Chest roentgenograms are recommended for all patients 
with signs or symptoms of congestive heart failure, valvu-
lar heart disease, pericardial disease, or aortic aneurysm/
dissection. It is also suggested for those with evidence of 
pulmonary disease and should be considered in all patients 
suspected of angina. While the chest film is usually normal 
in chronic stable angina, it is a very useful tool for evalu-
ating the patient for other causes of chest pain, including 
many life-threatening conditions. An assessment of heart 
size can be obtained from posteroanterior and lateral radio-
graphs, and arterial calcification, a marker of atheroscle-
rosis, may also be seen. The latter increases the likelihood 
of symptomatic CAD significantly, although its sensitivity 
is poor. 

Cardiac Computed Tomography

Coronary calcium quantification by electron beam or mul-
tidetector computed tomography may also be considered in 
patients with chest pain or other symptoms suggestive of 
coronary artery disease. The presence of coronary calcium 
has been associated with CAD, and high burdens of calcium 
have been correlated with more extensive disease and worse 
prognosis. However, the routine use of these technologies 
remains controversial, as does noninvasive computed to-
mography coronary angiography.

Stress Electrocardiography 

Exercise electrocardiography is a well-established diag-
nostic and risk stratification tool for patients suspected of 
having CAD or angina. For the diagnosis of obstructive 
(>70% luminal stenosis) CAD, the guidelines recom-
mend exercise electrocardiography for all patients with 
intermediate probability of CAD based upon the Diamond 
Forrester system (using chest pain type, age, and gender). 
The exact definition of intermediate probability is contro-
versial, but the guidelines suggest a clinician’s estimate of 
a 10-90% pretest probability of CAD (again, based on the 
Diamond Forrester scheme) to be reasonable. It is not felt 
that patients with less than a 10% probability of CAD war-
rant stress testing, as a positive test would most likely be 
a false positive, and a negative one would not change the 
diagnosis. Similarly, those with a greater than 90% pretest 
probability of CAD are not expected to have a clinical 
diagnosis of CAD affected by a stress test result. However, 
it is very important to note that the stress test can still be 
a very useful tool for risk stratification and management 
in patients with a high pretest probability of coronary 
artery disease. 

Test characteristics for stress electrocardiography have var-
ied widely in published reports. However, meta-analysis 
suggests a mean sensitivity of 68% and specificity of 77%. 
Both test characteristics have standard deviations of ap-
proximately 15%. The test characteristics are influenced 
by many factors, mostly related to the patient population 
studied, patient ability to complete a “diagnostic” test 
(attain 85% maximum predicted heart rate for age), and the 
willingness of patient and physician either to proceed with 
or refrain from invasive coronary angiography (the “gold 
standard” for the diagnosis of obstructive coronary disease 
in these studies). Attempts to correct for such sources of bias 
have resulted in estimated sensitivities of 45-50% and spec-
ificities of 85-90%. This supports the general theme that 
the diagnostic value of the exercise electrocardiogram is in 
its specificity for obstructive coronary disease. Sensitivity 
can be augmented by the addition of imaging procedures 
to the test and by the use of pharmacological stress imaging 
studies.
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Stress Imaging

The use of imaging studies is therefore recommended in 
those unable to exercise sufficiently to attain target heart 
rate, and in those whose baseline electrocardiograms limit 
the test characteristics of the exercise tracings. These in-
clude patients, whose stress electrocardiograms will likely be 
uninterruptible or nondiagnostic for ischemia such as those 
with: left bundle branch block, ventricular paced rhythm, 
resting ST depression of 1 mm or more, Wolff–Parkinson–
White syndrome, LVH, and use of digoxin. 

Imaging studies are also typically used in patients with a 
prior history of MI or CAD established by coronary angiog-
raphy (especially in those with prior revascularization proce-
dures). While stress electrocardiography alone can be quite 
useful in assessing functional capacity and prognosis, the ad-
dition of imaging helps establish the significance of those 
lesions known to be present, localize areas of ischemia, and 
determine the territories and extent of myocardial viability. 
While controversial, imaging studies may also be considered 
to assess the functional significance of coronary atheroscle-
rosis detected by computed tomography calcium scoring or 
cardiac computed tomography angiography.

The addition of nuclear imaging or echocardiography to ex-
ercise stress electrocardiography generally results in improved 
diagnostic test characteristics for the detection of obstructive 
CAD. Similarly to stress electrocardiography, the diagnostic 
results achieved vary with method and patient population 
studied. Nuclear imaging usually results in better sensitivity 
than stress echocardiography (approximately 90% for con-
temporary nuclear imaging versus 85% for stress echocar-
diography), while stress echocardiography performs better 
with regard to specificity (approximately 85% versus 76% 
for nuclear imaging). Stress echocardiography is more widely 
available and generally thought to be less costly. It also gives 
additional information on cardiac anatomy not provided by 
stress imaging (e.g., valvular function and chamber dimen-
sions). However, nuclear imaging is more reproducible and 
reliable, and has a more extensive track record supported by 
many years of data. It is also better able to distinguish isch-
emia in those with associated infarction. The substitution of 
pharmacological (adenosine, dipyridamole, or dobutamine) 
for exercise stress in both forms of imaging provides similar 
test characteristics. Of course, exercise stress offers the ad-
ditional advantages of an assessment of functional capacity 
and all the associated data that result from observation of the 
patient on a standardized test of exertion.

Coronary Angiography 

The decision to proceed with invasive coronary angiog-
raphy is often one of the most challenging for the clini-
cian and patient. While certainly not considered “major” 

surgery, the procedure does carry risk for significant com-
plications, generally higher than those of the noninvasive 
methods. However, invasive angiography remains the “gold 
standard” for the detection of obstructive CAD, and offers 
a potential therapy in percutaneous revascularization. The 
guidelines recommend invasive angiography for all patients 
with known or possible angina who have survived sudden 
cardiac death. Others who should be considered for the in-
vasive approach include: those with an uncertain diagnosis 
after noninvasive testing, those who cannot undergo non-
invasive testing, those with an occupational requirement 
for a definitive diagnosis (e.g., pilots, firefighters, police, 
professional athletes), those suspected of a nonatheroscle-
rotic cause for ischemia (coronary artery anomaly, Kawasaki 
disease, coronary dissection, radiation induced vasculopa-
thy), and those suspected of coronary vasospastic disease 
in whom a provocative test might be useful. Despite some 
specific guidance, the current guidelines leave us with the 
general recommendation that invasive angiography should 
be considered when the need to make a definitive diagnosis 
outweighs the risk of the procedure in the minds of the cli-
nician and the patient.

RISK STRATIFICATION

Coronary artery disease is a chronic condition that can ac-
company the patient through many decades. The disease 
usually cycles through various phases, including asymptom-
atic stable angina, progressive angina, and acute coronary 
syndromes (including unstable angina and myocardial in-
farction). Progressive and acute phases bring the highest 
risk, prompt hospitalization, and often call for aggressive 
therapies, including revascularization. This is because of a 
fundamental change in the pathophysiology of the disease 
that is present in these phases, namely plaque rupture. Other 
predictors of risk include left ventricular dysfunction (LVD) 
(usually expressed as the ejection fraction), extent and se-
verity of coronary stenoses (usually expressed as the number 
of major blood vessels affected), and general patient health. 
Patients with uncontrolled risk factors for atherosclerosis 
(smoking, dyslipidemia, diabetes mellitus, and hyperten-
sion) are more likely to have progression of their disease 
towards the more acute phases due to the development of 
more plaques “vulnerable” to rupture. As the extent and se-
verity of coronary stenoses are an important risk factor for 
adverse outcomes, a simple clinical scoring system has been 
proposed as a way of predicting severe CAD (3-vessel or left 
main disease). This system uses five variables (age, male 
gender, typical angina, history and electrocardiographic 
evidence of MI, diabetes treated with insulin). The general 
result from this simple system is that, as the patient ages, the 
addition of each of these variables increases the probability 
of severe CAD in an incremental and significant manner. 
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Measurements of LVD and certain other features of stress 
testing, both nonimaging and imaging, can be used to fur-
ther define the patient’s risk. Predictors of worse outcomes 
include LVD, poor exercise capacity, multiple leads positive 
for ischemia on exercise stress testing (especially at low work-
loads), and large defects on imaging studies (Table 29-6). 
Invasive coronary angiography provides direct evidence of 
the extent and severity of coronary stenoses and—when 
ventriculography is performed—an assessment of left ven-
tricular function.

MANAGEMENT

Pathophysiology

In order to understand the rationale behind many of the 
treatment strategies for angina, a review of the pathophysi-
ology is necessary. Angina can be defined as a symptom 
of myocardial ischemia. While epicardial coronary artery 
stenoses are most often to blame for ischemia and resultant 
angina, it is important to recognize that both may be caused 
by any condition that alters the balance between myocar-
dial oxygen supply and demand. Further, microvascular 
coronary artery dysfunction and lesser degrees of epicar-
dial coronary disease may also result in angina (especially 
if combined with other states that alter the balance between 
myocardial oxygen consumption and supply). These condi-
tions often are treated similarly to angina originating from 
epicardial CAD.

Several conditions can cause decreased oxygen supply to the 
heart. These include anemia, hypoxemia due to pulmonary 
disease, the hemoglobinopathies, and hyperviscosity (e.g., 
polycythemia and certain hematological malignancies). In 
addition, left ventricular hypertrophy, aortic stenosis, and 
hypertrophic cardiomyopathy can result in increased wall 
tension and greater difficulty in supplying oxygenated blood 
via the epicardial arteries to the subendocardial layers of the 
thickened myocardium. 

Increased myocardial oxygen demand can be seen with hy-
perthermia, hyperthyroidism, sympathomimetic use (e.g., 
cocaine, amphetamines), hypertension, anxiety, tachycar-
dias, and arteriovenous fistulae. Hypertrophic cardiomyo-
pathy, aortic stenosis, ventricular hypertrophy, and other 
cardiomyopathies can all result in increased oxygen de-
mands due to increased wall thickness and alterations in 
wall tension. 

The degree of myocardial oxygen demand or consumption is 
heavily influenced by the heart rate, myocardial contractil-
ity, and wall tension. In clinical use, these can be summa-
rized by the rate-pressure product. This is simply the systolic 
blood pressure multiplied by the heart rate. This is helpful 
in understanding the potential causes of ischemia and pro-
vides a target for therapies (i.e., use of medications to lower 
myocardial oxygen demand by reduction of heart rate and/
or systemic blood pressure). 

Keys to Therapy

Therapeutic strategies for the management of stable angina 
rely on producing a favorable balance in the relationship 
between myocardial consumption and demand, while pre-
venting the progression of atherosclerosis. The aim is to re-
lieve the patient’s symptoms and prevent their conversion 
to more acute and high risk phases of coronary artery dis-
ease. Guidelines have recommended an “ABCDE” strategy 
for this purpose (Table 29-7).

Aspirin (Antiplatelet Agents) and Antianginals
Antiplatelet Agents Aspirin is recommended for all patients 
with stable angina. Aspirin in an antithrombotic agent, 
which acts by inhibiting platelet aggregation (inhibits 
cyclooxygenase and thromboxane A2 in an irreversible 
manner). Aspirin reduces the risk of progression to 
myocardial infarction and death in patients with angina 
by approximately 33%. Dosage has been debated in the 
literature for some time. Logically, lower doses are associated 
with fewer side effects and higher doses are thought to be 
more efficacious up to a point (there is some concern about 
high dose aspirin inhibiting some of the potentially beneficial 
portions of prostaglandin metabolism). Most patients take 
either 81 mg or 325 mg daily, but current guidelines suggest 
that dosages between 75 to 162 mg are preferable in order 

Table 29-7 • The Keys to Therapy (ABCDE)

A Aspirin (anti-platelet agents) and anti-anginals

B Beta-blockers and blood pressure

C Cholesterol and cigarettes

D Diet and diabetes

E Education and exercise

Table 29-6 • High Risk (>3% Annual Mortality) 
Features from Noninvasive Risk Stratification

 Resting or stress-induced left ventricular dysfunction •
(ejection fraction <35%)
High risk Duke treadmill score (• ≤-11)
Large perfusion defects•
Multiple moderate-sized perfusion defects•
 Left ventricular dilatation with stress (transient ischemic •
dilatation)
 Increased lung uptake of tracer (especially with thallium •
imaging)
 Defects at low rate-pressure product with dobutamine •
or exercise
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to balance the risk of bleeding and antiplatelet efficacy. 
Aspirin is continued indefinitely.

Ticlopidine and clopidogrel are alternatives to aspirin. The 
latter is typically recommended, as it offers the convenience 
of once daily dosing and has a lower risk of causing neutro-
penia. Further, there are more data supporting clopidogrel 
directly reducing adverse cardiovascular outcomes than 
there is for ticlopidine. Both inhibit platelet aggregation by 
preventing adenosine diphosphate (ADP)-mediated plate-
let activation by blocking its interaction with platelet re-
ceptors. Clopidogrel can be used by those in whom aspirin 
is contraindicated. It may also be used in combination with 
aspirin in certain situations (e.g., soon after coronary stent 
implantation and longer term with drug-eluting stents). 
However, if used in combination, the dose of aspirin should 
be reduced below 325 mg a day.

Antianginal Agents Antianginal agents target the rate-
pressure product with the aim of decreasing myocardial 
oxygen demand and relieving ischemia with its associated 
symptoms. Beta-blockers have additional advantages with 
respect to the prevention of MI and dysrhythmias, including 
life-threatening ventricular rhythms. Therefore, guidelines 
recommend beta-blockers as initial therapy in those with 
CAD. The agents are more specifically recommended for 
those with a history of MI, and the duration of therapy is 
indefinite. Heart rate goals on beta-blockade are resting 
rates of approximately 60 beats per minute and/or 75% of 
the heart rate which causes angina/ischemia. The duration 
of therapy is indefinite, but these agents are particularly 
useful during and in the first 6 to 12 months after an acute 
coronary syndrome.

Nondihydropyridine calcium channel blockers (e.g., dilti-
azem or verapamil) also reduce myocardial oxygen demand 
by lowering the heart rate. They are recommended as add-
on therapy when beta-blockers have not proven successful 
or as a substitute for these agents when they are either con-
traindicated or not tolerated. 

Nitrates are endothelium-independent vasodilators which 
tend to reduce preload more than afterload. However, they 
are thought to decrease ventricular wall tension through 
their affects on preload and do have some effect on sys-
temic blood pressure. These factors result in a decrease in 
myocardial oxygen demand. They also increase myocardial 
oxygen supply by dilating coronaries and increasing collat-
eral flow. Their ability to vasodilate the coronary arteries 
in the presence of atherosclerosis (which normally disrupts 
endothelial dilatation) is due in large part to their endothe-
lium-independent mechanism of action. Further, nitrates 
have some antithrombotic properties. In sublingual and 
spray form they are highly effective for the immediate relief 
of angina. They are also available in long-acting formulations 

for maintenance therapy. However, tachyphylaxis can occur 
if an adequate “nitrate free” interval is not allowed. The 
short-acting formulations are considered first-line therapy 
to be used on an as needed basis. Daily use of long-acting 
preparations is recommended as add-on therapy when beta-
blockers have not proven sufficient or when beta-blockers 
are contraindicated or not tolerated. 

The dihydropyridine calcium channel antagonists (e.g., nife-
dipine, amlodipine, felodipine) are vasodilators that can be 
used as antianginal agents. Immediate release formulations 
are contraindicated due to a potential risk of precipitating 
stroke and myocardial infarction. However, longer-acting 
formulations have been effective in decreasing systemic vas-
cular resistance (and myocardial oxygen demand) as well 
as promoting increased coronary flow (and myocardial oxy-
gen supply). They are typically employed as add-on thera-
pies or when the patient cannot take beta-blockers and/or 
nitrates.

Beta-blockers and Blood Pressure
While all antihypertensive agents have the ability to assist 
in the relief of angina due to their affects on the rate-pressure 
product (lowering systolic blood pressure), certain agents 
have additional benefits, which make them first-line therapy 
for patients with CAD. For example, as mentioned previ-
ously, beta-blockers are indicated in patients with CAD for 
reasons beyond their antiischemic properties. Another such 
group of drugs are those that affect the renin-angiotensin 
aldosterone system (angiotensin-converting enzyme inhibi-
tors, angiotensin receptor blockers, and aldosterone recep-
tor blockers). 

Angiotensin-converting enzyme inhibitors are recom-
mended for all patients with coronary artery disease who also 
have diabetes and/or left ventricular dysfunction (ejection 
fraction ≤40%). Newer modifications to the guidelines also 
suggest that they should be used as first-line therapy for any-
one with CAD and hypertension, diabetes, and/or chronic 
kidney disease. Further, they have been recommended in 
patients with any form of atherosclerotic vascular disease 
alone (including CAD without associated risk factors).

Angiotensin receptor blockers are used when angiotensin-
converting enzyme inhibitors are not tolerated (typically due 
to cough). They have shown similar benefits in large clini-
cal trials, and can also be used in combination with angio-
tensin-converting enzyme inhibitors for treatment of those 
with congestive heart failure. Aldosterone blockade (e.g., 
spironolactone and eplerenone) are indicated as add-on 
therapy (in addition to angiotensin-converting enzyme in-
hibitors or angiotensin receptor blockers and beta-blockers) 
for patients post-MI with normal serum creatinine and po-
tassium levels, diabetes or congestive heart failure, and an 
ejection fraction ≤40%. 
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The goal blood pressure for those with CAD is ≤140/90 
mm Hg and preferably lower. If the patient is diabetic or 
has chronic kidney disease, that goal if further intensified 
to levels below 130/80 mm Hg. If the patient’s hypertension 
is not under adequate control on first-line agents such as 
beta-blockers and angiotensin-converting enzyme inhibi-
tors, additional medications should be added. It is often use-
ful to choose agents such as long-acting nitrates or calcium 
channel blockers in patients with angina as these drugs have 
antiischemic properties, as discussed previously. 

Cholesterol and Cigarettes
Treatment of dyslipidemia has been associated with sub-
stantial improvements in cardiovascular outcomes. Statin 
therapy in particular with the aim of reducing LDL-C lev-
els has shown the greatest benefit. Further, statin therapy 
has been shown to reduce adverse cardiovascular events 
even in the absence of what are thought to be elevated 
LDL-C levels (e.g., levels <100 mg/dL). This effect is not 
completely understood, but may be related to plaque sta-
bilization and/or antiinflammatory properties. Therefore, 
statin therapy should be used in all patients with known 
or suspected coronary artery disease with a goal low den-
sity lipoprotein level below 100 mg/dL and perhaps lower 
(guidelines suggest that levels below 70 mg/dL are reason-
able in certain patient populations, including those with 
prior revascularization). 

Cigarette smoking is one of the most important and devas-
tating risk factors for CAD. United States Surgeon General 
estimates conclude that smoking increases the risk of cardio-
vascular mortality by 50%, and the effect is dose-dependent. 
Smoking cessation is associated with significant reductions 
in the risk of adverse cardiovascular outcomes.

Diet and Diabetes
Diet is also an essential component in the management of 
those with stable angina and in those with CAD. Weight 
reduction plays a key role in preventing and reversing meta-
bolic syndrome, diabetes, hypertension, and dyslipidemia. 
Moderation of alcohol consumption, reduced sodium diets, 
and diets rich in fruits, vegetables, and low fat dairy prod-
ucts have been beneficial in the treatment of hypertension. 
Diets low in saturated fat and cholesterol (<7% saturated 
fat and <200 mg cholesterol), supplemented by plant sterols 
and fiber as well as omega-3 fatty acids (e.g., fish oil) have 
been helpful in managing dyslipidemia. 

Diabetes is an extremely important risk factor for CAD and 
is now treated as equivalent to having already suffered a 
myocardial infarction with respect to secondary treatment 
guidelines for coronary artery disease. The goal of treating 
diabetes is to get the patient’s blood sugar as close to nor-
mal levels as possible. The recommended goal hemoglobin 
A1c is <7%.

Education and Exercise
In order to accomplish the goals prescribed by the guidelines 
(smoking cessation, weight/dietary management, diabetes 
control, and use of appropriate medications), the patient 
must obviously agree to and work to achieve these aims 
with their physician. This makes patient education about 
the benefits of these strategies paramount, as many require 
significant lifestyle modifications. 

Exercise has an important role to play in achieving many 
of the recommended goals. Guidelines encourage patients 
to increase their daily activities (e.g., walk whenever pos-
sible, take stairs, do gardening and housework) and exercise 
for 30 minutes or more at least three times per week. The 
exercises preferred are aerobic activities such as jogging, cy-
cling, walking, or swimming. Medically supervised programs 
(such as cardiac rehabilitation programs) are advised for 
patients with moderate to high risk of adverse cardiac out-
comes. Along with diet, exercise helps the patient achieve 
the weight management goals of a body mass index between 
18.5 and 24.9 kg/m2. A reasonable first step is for the patient 
to aim for a 10% loss in body weight.

Other Therapies

Influenza vaccination has been associated with a reduc-
tion in adverse cardiovascular outcomes in the year after 
its administration. Therefore, the guidelines recommend 
influenza vaccine for all patients with cardiovascular dis-
ease. Chelation therapy can be complicated by hypocalce-
mia and is not recommended under the current guidelines 
due to unproven efficacy. Data are also lacking for spinal 
cord stimulation and enhanced external counterpulsation as 
treatments for refractory angina. A new class of antianginal 
drug, ranolazine, has shown some promise in treating refrac-
tory angina. Its mechanism of action involves shifting myo-
cardial cell metabolism to decrease lactate production. Side 
effects of ranolazine include QT prolongation. 

Revascularization

There are two well-established methods of coronary revas-
cularization available for patients with CAD: percutaneous 
coronary intervention and coronary artery bypass grafting. 
The general theme is that both are effective in the treat-
ment of symptoms. However, coronary artery bypass grafting 
is the only one to have proven mortality benefit in patients 
with chronic stable angina. Further, this mortality benefit is 
only seen in subsets of patients with certain combinations of 
severe disease, left ventricular dysfunction, and diabetes. 

Those most likely to attain survival benefit from coronary 
artery bypass grafting are those at highest risk of cardiac 
death. As survival rates for patients with chronic stable 
angina are largely dependent on the extent and severity 



CHAPTER 29 /  Chronic Stable Angina 323   

of their coronary artery disease, their left ventricular func-
tion, and whether or not they suffer from diabetes, these 
are important variables to use for consideration of an in-
dividual for surgical revascularization. Coronary artery by-
pass grafting has been shown to yield mortality benefit in 
patients with left main CAD, 3-vessel CAD with abnor-
mal LVF (ejection fraction ≤50%), 2- or 3-vessel disease, 
which includes a significant (>70% stenosis) lesion of the 
proximal left anterior descending coronary artery, and dia-
betic patients with multivessel CAD. There are some data 
to suggest a mortality benefit for surgical revascularization of 
significant proximal left anterior descending coronary artery 
disease alone. Therefore, patients with chronic stable an-
gina and these characteristics can be considered for surgical 
revascularization in hopes of mortality benefit.

Both coronary artery bypass grafting and percutaneous 
coronary intervention are effective and indicated for the 
treatment of anginal symptoms not sufficiently relieved by 
medical therapy. Percutaneous coronary intervention offers 
lower periprocedure morbidity and mortality than cardiac 
surgery, but problems with restenosis and/or incomplete 
revascularization leads to higher rates of recurrent angina 
than in patients undergoing cardiac surgery, as well as more 
repeat procedures. Further, there are no clear data supporting 
a mortality benefit for percutaneous intervention in chronic 
stable angina. However, it should be noted that improve-
ments in catheter-based technology, such as drug-eluting 
stents, and increased operator experience have led to reduc-
tions in restenosis rates as well as procedural complications. 

Transmyocardial revascularization involves using a laser to 
create channels in the myocardium in a hope of creating a 
network of connections between the left ventricular cavity 
(with its oxygenated blood) and areas of ischemia. This has 

been accomplished via thoracotomy and through percuta-
neous means. There have been conflicting reports as to its 
efficacy, and its role in the therapy of refractory angina in 
individuals who are not candidates for percutaneous or sur-
gical revascularization, remains unclear.
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INTRODUCTION

Coronary heart disease (CHD) is a major public health 
problem worldwide, particularly in Western societies. In 
the United States it is the single largest cause of mortal-
ity, responsible for 1 of every 5 deaths (AHA Heart Disease 
and Stroke Statistics, 2008). The estimated prevalence of 
CHD among U.S. adults aged 20 and older is 16 million 
(8.7 million men and 7.3 million women), and, in 2007, 
an estimated 1.57 million Americans experienced an acute 
coronary syndrome (ACS). ACS is an umbrella term for 
any group of clinical presentations compatible with acute 
myocardial ischemia. ACS encompasses the diagnoses of 
myocardial infarction (MI) and unstable angina (UA), both 
of which are the result of decreased coronary blood flow. 
This blood flow decrease is most commonly caused by acute 
thrombosis consequent to a ruptured atherosclerotic plaque. 
Other causes of ACS include nonplaque-associated coro-
nary thromboembolism, vasospasm, progressive mechanical 
obstruction, arterial inflammation, secondary UA (condi-
tions causing increased myocardial oxygen requirements), 
and coronary artery dissection.

The extent to which a thrombus obstructs coronary blood 
flow in ACS patients determines the severity of the clini-
cal syndrome and the nature of ST-segment changes on 
the ECG. Patients with total coronary occlusion typically 
present with ST-segment elevation myocardial infarction 
(STEMI), and those with sub-total occlusion present with 
non-ST-segment elevation myocardial infarction (NSTEMI) 

• Current guidelines emphasize risk stratification 
of unstable angina/non-STEMI patients with re-
spect to selecting a conservative versus an early 
invasive approach.

• High risk features in patients with unstable coro-
nary syndromes are predicted by recurrent isch-
emia on treatment, hemodynamic and electrical 
instability, previous revascularization, ST-segment 
depression, advanced age, elevated biomarkers, 
reduced left ventricular function (ejection fraction 
less than 40%), and high risk score using TIMI, 
and GRACE criteria. 

• Patients with unstable angina/non-STEMI who 
remain unstable despite adequate treatment and 
stabilized patients who are at high risk should un-
dergo an invasive strategy.

• The use of GPIIb/IIIa inhibitors has been estab-
lished for patients undergoing an invasive strat-
egy. The use of such agents in a conservative 
strategy has not yet been established and is as-
sociated with an increased bleeding risk.

• In patients undergoing initial conservative strat-
egy, echocardiography, stress testing, and BNP 
analysis may provide useful information regard-
ing future diagnostic studies and treatment. 

d PRACTICAL POINTS
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or UA. In the clinical spectrum of ACS, UA and NSTEMI 
are more frequent: of the 1.57 million Americans who ex-
perience ACS yearly, approximately 1.24 million are diag-
nosed with UA or NSTEMI, and 0.33 million are diagnosed 
with ST-elevation MI. It is worthy to note that 99% of all 
plaque ruptures are believed to be clinically silent; these si-
lent ruptures are small and subsequently form small clots, 
which heal but lead to lesion progression.

Pathophysiologically, UA and NSTEMI are closely related 
conditions and clinically are defined by ST-segment depres-
sion or prominent T wave inversion. Elevation of serum bio-
markers (troponin I, troponin T, or CK-MB) distinguishes 
NSTEMI from UA, although these markers may not be el-
evated at the time of presentation. The most common ECG 
presentation in non-ST-elevation ACS is ST-depression, 
a finding particularly important to recognize because of its 
association with increased risk. Compared to patients with 
ST-elevation, ACS patients with ST-depression are more 
likely to have had previous cardiovascular events (MI, 
PCI, CABG, or CHF), more likely to have 3-vessel disease, 
and more likely to die within 6 months of their event. 

This review highlights the significant changes in the 
American College of Cardiology/American Heart 
Association recommendations for management of patients 
with UA/NSTEMI since 2002. It will focus on the choice 
between early invasive and early conservative strategies, 
more intensive antithrombotic and antiplatelet therapy, 
and secondary prevention. This review uses the guidelines’ 
classification system:

• Class I: Indicates a procedure/treatment should be 
performed or administered; there is evidence or gen-
eral agreement as to its usefulness and efficacy.

• Class IIa: Indicates it is reasonable to perform proce-
dure or administer treatment, but there is some con-
troversy about usefulness and efficacy. The weight 
of evidence and opinion indicate that benefit of the 
therapy is greater than its risk. 

• Class IIb: The procedure or treatment may be con-
sidered; the usefulness and efficacy of the treatment 
or procedure are less well established by evidence or 
opinion.

• Class III: The procedure or treatment should not be 
performed or administered; there is evidence or gen-
eral agreement that the procedure or treatment is not 
useful and effective, and/or actually may be harmful.

In addition, the management recommendations are qualified 
by the level of evidence supporting their clinical effect:

• Level A: Recommendation is supported by evidence 
from multiple randomized trials or meta-analysis.

• Level B: Recommendation is supported by limited 
evidence from single randomized trial or nonrandom-
ized studies.

• Level C: Recommendation is supported only by ex-
pert opinion, case studies, or standard-of-care.

RISK STRATIFICATION AND 
MANAGEMENT STRATEGY SELECTION

Risk Stratification

Patients with UA/NSTEMI are diverse in their risk for ad-
verse cardiovascular outcomes. Therefore, a crucial first step 
in their management is to estimate their risk for death or MI 
based on history, physical examination, ECG, and cardiac 
biomarker findings. Features associated with poorer progno-
sis include acceleration of angina symptoms in the preced-
ing 48 hours, prolonged angina at rest (>20 minutes), signs 
of heart failure or worsening mitral regurgitation, hemo-
dynamic or arrhythmic instability, age >75 years old, new 
ST-segment depression (>0.5 mm), and elevated cardiac 
biomarkers. Several risk-predictive tools have been devised 
that assist in assigning patients to different risk categories 
(low, intermediate, or high), but clinical estimation of risk 
is a multivariable problem and the predictive ability of these 
risk assessment tools is only moderate. 

The most validated and commonly used risk assessment tool 
is the TIMI risk score, composed of seven (1-point) indica-
tors: age, ECG changes, clinical characteristics and cardiac 
biomarkers (STAARBUCs, ST-segment deviation, Age, 
Aspirin use, ≥3 Risk factors, elevated Biomarkers, Unstable 
angina—2 anginal events ≤24 hours, known Coronary 
stenosis >50%). The risk of death, recurrent MI, or recur-
rent ischemia prompting urgent revascularization within 14 
days of presentation increase as TIMI risk score increases. 
The PURSUIT risk model uses age, heart rate, systolic 
blood pressure, ST-segment depression, signs of heart failure, 
and cardiac biomarkers to predict death or myocardial (re)
infarction at 30 days. Similarly, the GRACE risk model 
predicts mortality from hospital discharge to 6 months 
and incorporates age, Killip class, systolic blood pressure, 
ST-segment deviation, cardiac arrest during presentation, 
serum creatinine level, biomarkers, and heart rate into its 
risk score. All three risk scores have shown good predictive 
accuracy for death and MI at 1 year and therefore are helpful 
in identifying patients who may benefit from more aggres-
sive therapies.

Selection of Initially Invasive 
or Conservative Strategies

The initial major decision in the management of patients 
with UA/NSTEMI is whether an early invasive strategy 
or an early conservative strategy should be used. The 2002 
ACC/AHA guideline favored the routine use of an early 
invasive strategy (i.e., diagnostic angiography with intent to 
perform revascularization within 4 to 24 hours of admission), 
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but more recent data indicate that there can be more flex-
ibility in the selection of the early invasive versus early con-
servative strategies. While patients with refractory angina, 
hemodynamic instability, or electrical instability who oth-
erwise do not have clinical contraindications to angiogra-
phy and revascularization (percutaneous or surgical) benefit 
from an early invasive strategy (Class I, Level B indication), 
it is less clear which strategy is optimal for the patient with 
ACS who is immediately stabilized. The ACC/AHA 2007 
guideline emphasizes that subsequent management should 
be based on an estimation of the patient’s global risk, using 
the features described above and in Table 30-1. An early 
invasive strategy is indicated in initially stabilized UA/
NSTEMI patients who have an ele vated risk for clinical 
events (Class I, Level  A). However, the guideline also gives 
the option for an initially conservative strategy (i.e., selec-
tively invasive) in higher risk patients (Class IIb, Level B) 
who are troponin-positive, especially if it is the preference 
of the physician and patient (Class IIb, Level C). Also, be-
cause ACS is a dynamic physiologic process, risk estimation 
should be modified as dictated by changes in the patient’s 
status. Thus, an initially stabilized patient who subsequently 
develops ischemic symptoms or ECG changes should be 
transferred to the cardiac catheterization laboratory for an-
giography and possible intervention.

In TACTICS-TIMI-18 trial (see text box before the sug-
gested readings for full names of acronyms used in this review) 

of 2220 patients with UA/NSTEMI, an early invasive strat-
egy was associated with decreased death, MI, and rehospital-
ization for ACS at 6 months. This benefit was observed in 
both medium and high risk patients, as defined by elevated 
troponin, ST-segment deviation, and TIMI risk score >3; 
benefit was particularly apparent for older adults. Of note, 
patients lacking high risk features did not benefit from the 
early invasive strategy, and low risk female patients actually 
had worse outcomes when managed with an invasive strat-
egy, a phenomenon related to increased bleeding complica-
tions in these patients. However, high risk female patients did 
benefit from the invasive strategy. This study, together with 
data from the GRACE registry, highlights the importance of 
strongly considering an invasive strategy in elderly patients. 
Elderly patients are typically high risk at baseline and likely 
receive the most benefit from aggressive therapies.

The benefit of an early invasive strategy for intermediate 
to high risk patients is also supported by data from several 
smaller studies, including the ISAR-COOL, FRISC-2, 
RITA-3, and VINO trials, although the latter study had a 
high crossover rate (40%) from the initial conservative arm 
by 6 months. Interestingly, high crossover rates from an early 
conservative strategy at time points remote from presenta-
tion appear to be a recurrent theme in many of these studies. 
In both FRISC-2 and RITA-3, the benefit of the invasive 
strategy was confined to men with high risk status; there was 
no benefit for women, regardless of risk. This finding led to 
the Class I recommendation (level of evidence: B) for an 
early conservative strategy for women with ACS who were 
otherwise at low risk. For women with ACS at higher risk, 
the Class I recommendation (level of evidence: B) is similar 
to that for men: An invasive strategy should be used unless 
the patient has contraindications to coronary angiography 
and/or revascularization.

The routine use of an early invasive strategy is challenged 
by the results of the TIMI IIIB trial, where no benefit was 
observed for this strategy in endpoints of death or MI. 
However, this study preceded the routine use of stents, 
GP IIb/IIIa inhibitors, and thienopyridines. A later study 
in which thienopyridines and GP IIb/IIIa inhibitors were 
regularly used, the ICTUS trial, similarly demonstrated no 
difference in death or MI when an invasive strategy was 
routinely used. Although these findings suggest that an 
early conservative (selectively invasive) strategy may be 
considered in high risk patients, enthusiasm for this ap-
proach is tempered by the high crossover rate for the ini-
tially conservative arm and the fact that patients enrolled 
in this study were overall lower risk compared to other 
studies. Nonetheless, the results of these studies have led to 
the Class IIb, Level C recommendation for an early conser-
vative or selectively invasive approach for stabilized high 
risk patients, including those who have elevated troponin 
levels (level of evidence B).

Table 30-1 • Clinical Features Guiding Initally 
Invasive Versus Conservative Strategy for Patients 
with UA/NSTEMI. (Adapted from 2007 ACC/AHA 
UA/NSTEMI Guidelines)

Invasive Conservative

Recurrent ischemia at rest 
despite intensive medical 
therapy

Low risk score (e.g., TIMI)

Elevated cardiac biomarkers 
(TnT or TnI)

Stabilized patient with high 
risk features and patient/
physician preference

ST-segment depression

Heart failure or worsening 
mitral regurgitation

High risk findings from 
noninvasive testing

Hemodynamic instability

Sustained ventricular 
tachycardia

PCI within 6 months

Prior CABG

High risk score 
(e.g., TIMI, GRACE)

Reduced LV function (<40%)
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Medical Therapy for 
Initially Invasive Strategy

All patients who present with UA/NSTEMI should re-
ceive aspirin (or clopidogrel if aspirin-intolerant). When 
the invasive strategy is selected, anticoagulant therapy with 
enoxaparin, unfractionated heparin (UFH), bivalirudin, or 
fondaparinux should be used as soon as possible after pre-
sentation (Class I, Level A recommendation for enoxaparin 
or UFH; Class I, Level B recommendation for bivalirudin or 
fondaparinux). Prior to angiography, these patients should 
also receive one (Class I, Level A recommendation) or both 
(Class IIa, Level B recommendation) clopidogrel or an IV 
GP IIb/IIIa inhibitor. In particular, the use of both agents 
should be considered if there is a delay to angiography, the 
patient has high risk features, or the patient demonstrates 
early recurrent ischemic symptoms. Although the recom-
mendations for anticoagulant and antiplatelet therapy 
are supported by several recent studies, application of the 
trial data to clinical practice is somewhat challenging be-
cause no single trial addresses the spectrum of therapeutic 
possibilities. 

In general, the evidence supporting the use of enoxaparin 
over UFH for UA/NSTEMI is inconsistent, but enoxaparin 
appears to be at least noninferior to UFH. The ESSENCE 
trial enrolled 3171 patients with UA/NSTEMI and dem-
onstrated a benefit for enoxaparin versus UFH in reducing 
death, MI, or recurrent MI, but this benefit occurred at the 
cost of more minor bleeding complications. An association 
between enoxaparin and increased bleeding risk (minor, 
major, or both) has been observed in several studies, includ-
ing the TIMI IIB, INTERACT, SYNERGY, and A to Z trials. 
The TIMI IIB trial (3910 patients) demonstrated less death, 
MI, or urgent revascularization in the enoxaparin arm, but 
enoxaparin was associated with increased major and minor 
bleeding. In the INTERACT trial (746 patients), high risk 
patients treated with enoxaparin had less death or MI, an 
increase in minor bleeding, and a decrease in major bleed-
ing. The SYNERGY trial (9978 patients) was designed to 
prove that enoxaparin was not inferior to UFH in patients 
undergoing an early invasive strategy. In SYNERGY, enox-
aparin was noninferior to UFH in terms of death and MI, 
but there was an increase in major bleeding events in pa-
tients who received enoxaparin, a finding in part attributed 
to the crossover to UFH in patients who underwent early 
PCI. In a more recent study of patients with UA/NSTEMI, 
ACUTE II, there was no difference in the rate of death or 
MI for patients treated with enoxaparin compared to those 
treated with UFH, and there was no difference in major or 
minor bleeding complications. Similarly, in the A to Z trial 
(3987 patients), there was no benefit in the use of enox-
aparin compared to UFH, but there was an increase in major 
bleeding associated with enoxaparin.

The data in support of the use of bivalirudin, a direct throm-
bin inhibitor, in patients with UA/NSTEMI largely derives 
from two trials, ACUITY and REPLACE-2, which demon-
strated noninferiority of bivalirudin compared to heparin in 
terms of clinical outcomes and an association between bi-
valirudin and fewer bleeding complications. ACUITY was 
a complex study that compared three anticoagulation strat-
egies: UFH or enoxaparin with and without a GP IIb/IIIa 
inhibitor; bivalirudin with and without a GP IIb/IIIa inhibi-
tor; and bivalirudin with possible GP IIb/IIIa inhibitor use. 
Compared to heparin plus GP IIb/IIIa inhibitor, bivalirudin 
plus GP IIb/IIIa inhibitor was noninferior in terms of isch-
emia, major bleeding, and net clinical outcomes. Bivalirudin 
alone compared to heparin plus GP IIb/IIIa inhibitor resulted 
in noninferior rates of ischemia, reduced major bleeding, and 
superior 30-day net clinical outcomes, but the clinical ben-
efit appeared to be limited to those patients who received a 
thienopyridine before angiography or PCI. These findings 
led to the recommendation that, whether a bivalirudin- or 
heparin-based strategy is used, patients should also receive a 
GP IIb/IIIa inhibitor or thienopyridine before angiography 
or PCI. In the REPLACE-2 trial, bivalirudin plus provisional 
GP IIb/IIIa inhibitor was compared to heparin plus planned 
GP IIb/IIIa inhibitor. Similar to the results of ACUITY, the 
bivalirudin-based therapy was noninferior to the heparin-
based therapy, and bivalirudin-based therapy was associated 
with fewer bleeding complications.

The OASIS-5 trial (20,078 patients) provides the strongest 
evidence for the use of fondaparinux, a Factor Xa inhibitor, 
in patients with UA/NSTEMI. Fondaparinux was compared 
to enoxaparin in patients undergoing PCI; concomitant 
therapy with ASA, clopidogrel, and GP IIb/IIIa was at the 
discretion of the investigator. Nine days after randomization, 
there was no difference in death, MI, or refractory angina in 
the two arms, but at 30 and 180 days there were significant 
differences in these outcomes that favored fondaparinux. 
Importantly, fondaparinux was associated with significantly 
less major bleeding compared to enoxaparin. 

Thienopyridines are adenosine diphosphate antagonists 
that inhibit platelet activation. Because their antiplatelet 
mechanism is different from that of aspirin, the combina-
tion exerts an additive effect. The recommendation for the 
addition of clopidogrel to ASA therapy as part of the ini-
tial medical management of patients with UA/NSTEMI is 
based on several studies, some of which involved patients 
who did not have ACS. The CURE trial enrolled 12,562 
patients with UA/NSTEMI and compared clopidogrel to 
placebo, against a background of ASA therapy. Compared 
to ASA alone, the combination of clopidogrel and ASA 
decreased the primary combined endpoint of cardiovascular 
death, nonfatal MI, or stroke, and decreased the rate of re-
current ischemia and revascularization. Clopidogrel therapy 
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was associated with a 1% absolute risk of major bleeding 
complications. This study, reported in 2001, was notable 
for the relatively infrequent use of an invasive strategy and 
GP IIb/IIIa inhibitors, which contrasts with today’s prac-
tice patterns and may have had an impact on bleeding risk. 
More recently, the ISAR-REACT-2 trial (2022 patients) 
examined high risk UA/NSTEMI patients treated with ei-
ther combinations of ASA, clopidogrel and abciximab, or 
ASA and clopidogrel. The addition of abciximab to ASA 
and clopidogrel decreased death, MI, or urgent target ves-
sel revascularization at 30 days after presentation. This 
benefit was limited to patients who had elevated troponin, 
and there was no difference between the groups in major or 
minor bleeding complications. The findings of this study led 
to the Class IIa, Level B recommendation for the use of both 
a GP IIb/IIIa inhibitor and clopidogrel in high-risk patients 
undergoing an invasive strategy. 

Further information regarding GP IIb/IIIa inhibitor therapy 
in patients with UA/NSTEMI is provided by the PURSUIT 
(10,948 patients), PRISM, and PRISM-PLUS trials. In 
PURSUIT, patients received low-dose or high-dose ep-
tifibatide or placebo against of a background of ASA and 
heparin therapy. Compared to placebo, eptifibatide was as-
sociated with a decrease in death and MI but an increase in 
major bleeding. Importantly, an increased event rate was ob-
served in patients not receiving heparin concomitantly. The 
PRISM investigators enrolled 3232 patients within 24 hours 
of presentation for UA/NSTEMI and compared therapy with 
tirofiban versus UFH against a background of ASA therapy. 
There was a decrease in death, MI, or refractory ischemia 
in patients treated with tirofiban. In PRISM-PLUS, 1915 
patients were enrolled within 12 hours of presentation for 
UA/NSTEMI and treated with tirofiban alone, UFH alone, 
or both. There was a high rate of angiography in this trial. 
The tirofiban alone arm was discontinued prematurely be-
cause of its association with increased mortality. However, 
the tirofiban plus UFH arm was associated with a decrease 
in death, MI, and refractory ischemia. Together, these stud-
ies highlight the importance of the combination of a GP 
IIb/IIIa inhibitor and heparin in UA/NSTEMI patients, 
whether treated with an initial invasive or conservative 
strategy.

Medical Therapy for Initially 
Conservative Strategy

The patient managed with an early conservative strategy 
should receive ASA (or clopidogrel if ASA-intolerant) as 
soon as possible after presentation (Class I, Level A rec-
ommendation) as well as anticoagulation with heparin 
(enoxaparin or UFH) or fondaparinux (Class I recommen-
dation; level of evidence A for enoxaparin/UFH and B for 
fondaparinux). Enoxaparin or fondaparinux are considered 

preferable to UFH (Class IIa, Level B). Also, the patient 
should receive a loading dose of clopidogrel and subse-
quently be given maintenance therapy (Class I, Level A 
recommendation), and consideration should be given for 
administering eptifibatide or tirofiban (Class IIb, Level B 
recommendation). 

The evidence for use of aspirin in high risk patients is well 
established; in a meta-analysis of 195 trials involving more 
than 143,000 patients, ASA therapy was associated a 22% 
decrease in risk of vascular death, MI, or stroke across a 
broad spectrum of clinical presentations that included UA/
NSTEMI. Although the benefit of ASA therapy was similar 
for doses of 75 to 1500 mg daily, the bleeding risk is dose-
dependent. In addition the full antithrombotic effect of 
low-dose ASA takes up to 2 days to manifest, whereas stan-
dard doses of ASA are effective within hours. Therefore, an 
initial dose of 160 to 325 mg ASA, nonenteric formulation 
is recommended, followed by 75 to 325 mg/day of enteric or 
nonenteric formulation. The basis for the recommendation 
of clopidogrel in patients intolerant to ASA stems from the 
CAPRIE trial, which enrolled 19,185 patients who had recent 
stroke, MI, or symptomatic peripheral arterial disease (PAD) 
and compared ASA to clopidogrel therapy. Clopidogrel was 
associated with a decrease in the incidence of stroke, MI, or 
vascular death, a benefit that was greatest for patients with 
PAD. The ARMYDA-2 trial addressed the question of op-
timal clopidogrel loading dose, 600 mg versus 300 mg. The 
600 mg dose appeared to be better in terms of death, MI, or 
target vessel revascularization, but this benefit appeared to 
be driven by a decrease in periprocedural MI. The challenges 
to this latter study are its small size, the relatively low risk 
patients enrolled, and the low use of GP IIb/IIIa inhibitors.

GP IIb/IIIa antagonists block platelet aggregation, result-
ing in a potent antithrombotic effect. In general, the ACC/
AHA recommendations regarding GP IIb/IIIa antagonists 
are based on the results of several trials that tested different 
agents in patients with UA/NSTEMI, some of whom were 
undergoing PCI. For example, in PRISM-PLUS, 30% of pa-
tients underwent PCI, and in PURSUIT, 13% of patients 
underwent PCI. Although the use of a GP IIb/IIIa antago-
nist in patients scheduled for an initial invasive strategy is 
established, the administration of GP IIb/IIIa antagonists in 
patients not scheduled for an initial invasive strategy is less 
clear. A meta-analysis of GP IIb/IIIa antagonists in all trials 
of this strategy showed a relatively small benefit for the use 
of GP IIb/IIIa antagonists in terms of death or MI, but also 
showed that these agents are associated with an increased 
risk of major bleeding. The GUSTO IV-ACS trial studied 
the effect of abciximab administration in 7800 patients with 
NSTEMI not scheduled to undergo revascularization and 
found no benefit with abciximab therapy, even in the sub-
group of patients who had troponin elevation. Notably, the 
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use of abciximab is a Class III, Level A recommendation for 
NSTEMI patients in whom PCI is not planned. 

Initial Hospital Care 
for Conservative Strategy

For patients in whom an initial conservative strategy has 
been selected, certain diagnostic studies may assist in fur-
ther management, particularly the assessment of whether 
the patient is at high enough risk to go to the cardiac cath-
eterization laboratory. One of these studies is echocardiogra-
phy, because left ventricular ejection fraction (LVEF) ≤0.40 
is a high risk feature in patients with UA/NSTEMI, and it is 
reasonable to perform diagnostic angiography solely on the 
basis of low LVEF (Class IIa, Level B recommendation). A 
stress test should be performed for the assessment of isch-
emia in the patient who is not initially going to the cath-
eterization laboratory (Class I, Level B recommendation). 
Although not explicit in the guideline, this study should be 
performed during the hospitalization or immediately there-
after. If the stress test is classified as other than low risk, 
diagnostic angiography should be performed (Class I, Level 
A recommendation). Finally, measurement of BNP or NT-
pro-BNP may be considered to supplement assessment of 
global risk in patients with suspected ACS (Class IIb, Level 
B recommendation). This recommendation is based on evi-
dence that natriuretic peptides are strong predictors of both 
short- and long-term mortality in patients with STEMI and 
UA/NSTEMI. 

The current recommendations for beta-blocker therapy in 
patients with UA/NSTEMI differ from those in the 2002 
ACC/AHA guideline, and differ from those for STEMI. It 
is recommended that patients with UA/NSTEMI be given 
oral beta-blocker therapy; it should be started within the 
first 24 hours of presentation, unless the patient has heart 
failure, low cardiac output state, increased risk for cardio-
genic shock, or relative contraindications (Class I, Level 
B recommendation). Beta-blocker therapy may be given 
IV in the setting of uncontrolled hypertension and no 
contraindications (Class IIa, Level B recommendation). 
However, in the absence of uncontrolled hypertension, IV 
beta-blocker therapy is probably unwise because of its asso-
ciation with an increased risk of cardiogenic shock. In fact, 
IV therapy is a Class III recommendation in UA/NSTEMI 
patients with signs of heart failure or low-output state, or 
other risk factors for cardiogenic shock (level of evidence: 
A). This Class III recommendation is based on data from 
the COMMIT trial, which enrolled 45,852 patients within 
24 hours of acute MI (NSTEMI and STEMI). The inves-
tigators assessed the effect of IV beta-blocker therapy (up 
to 15 mg IV, transitioned to 500 mg po metoprolol daily 
versus placebo) on the outcome of death, reinfarction, or 
cardiac arrest, as well as death from any cause during hos-
pitalization. Beta-blocker therapy did not provide benefit 

for either outcome, and IV beta-blocker therapy actually 
increased the risk of cardiogenic shock, particularly during 
the initial period of presentation. Therefore, it is recom-
mended that beta-blocker be started po and only when the 
patient is hemodynamically stable.

Patients with UA/NSTEMI should have a fasting lipid pro-
file obtained within the first 24 hours (Class I, level C rec-
ommendation), and, in the absence of contraindications, a 
statin should be started predischarge, regardless of baseline 
LDL-C (Class I, Level A recommendation). Patients with 
pulmonary congestion or LVEF ≤0.40 should receive oral 
ACE inhibitor therapy, provided they are not hypotensive 
(SBP <100 mm Hg or <30 mm Hg below baseline) or have 
known contraindications (Class I, Level A recommenda-
tion). An ARB should be prescribed in those patients who 
are ACEI-intolerant (Class I, Level A recommendation). 
ACEI or ARB therapy may be useful in UA/NSTEMI pa-
tients without pulmonary congestion or low EF and has a 
Class IIa classification (level of evidence: B) in this setting. 
Intravenous ACEI therapy in the first 24 hours from the 
time of presentation has a Class III classification (level of 
evidence: B) because of increased risk of hypotension.

The ACC/AHA recommendation for statin therapy is 
based on data from several studies, including the PROVE-IT 
TIMI 22 trial, which enrolled 4162 patients within 10 days 
of their ACS. This study examined the efficacy of pravasta-
tin, 40 mg, compared to atorvastatin, 80 mg, in preventing 
death, MI, UA requiring hospitalization, revascularization, 
and stroke. Only atorvastatin was beneficial, and the dif-
ference in efficacy between the two drugs was attributed to 
the degree by which each drug lowered LDL-C. The HPS 
enrolled 20,536 patients with CHD, none of whom had 
ACS, and compared the effect of simvastatin (40 mg) versus 
placebo in reducing mortality, stroke, and revascularization. 
Simvastatin was beneficial in these patients, irrespective of 
their initial cholesterol level and baseline comorbidities. In 
addition, the benefit of statin therapy appeared to increase 
over time. Thus, it is recommended that statin therapy be 
initiated in all UA/NSTEMI patients prior to discharge, re-
gardless of baseline LDL-C level.

LONG-TERM MEDICAL THERAPY 
IN PATIENTS WITH UA/NSTEMI

Antiplatelet Therapy

The recommendations regarding long-term antiplatelet 
therapy in patients with UA/NSTEMI have been signifi-
cantly modified since the publication of the 2002 ACC/
AHA guideline. For patients who do not receive PCI with 
coronary stent, the current recommendation is ASA 75-162 
mg/d indefinitely (Class I, Level A recommendation) and 
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clopidogrel 75 mg/d for at least 1 month (Class I, Level A 
recommendation), but ideally up to 1 year (Class I, Level B 
recommendation). The “ideally” term relates to the rela-
tively high cost of this drug and the fact that its benefit after 
1 month is modest. Patients who receive bare metal stents 
should be prescribed ASA 162-325 mg/d for at least 1 month 
and 75-162 mg/d indefinitely thereafter (Class I, Level A 
recommendation). These patients should also be prescribed 
clopidogrel 75 mg/d for at least 1 month (Class IA recom-
mendation), but ideally for up to 1 year (Class IB recommen-
dation). The Class I recommendation (level of evidence: A) 
for patients who receive drug-eluting stents is ASA 162-325 
mg/d for either 3 months (if their stent elutes sirolimus) or 
6 months (if their stent elutes paclitaxel). Thereafter, these 
patients should be prescribed ASA 75-162 mg/d indefinitely 
(Class I, Level A recommendation). Importantly, patients 
with drug-eluting stents should also receive clopidogrel 
75 mg/d for at least 1 year (Class I, Level B recommenda-
tion). Recommendation for clopidogrel in patients selected 
for an initial conservative strategy is that clopidogrel be 
taken for at least 1 month, but ideally continued for up to 
1 year (Class I, Level A). 

Renin-Angiotensin-Aldosterone System 
Blockade in Patients with UA/NSTEMI

Patients with heart failure, LVEF <0.40, hypertension, or dia-
betes should be on ACEI therapy indefinitely (Class I, Level 
A recommendation). It is reasonable to prescribe ACEI to 
patients with atherothrombotic disease who do not have 
LV dysfunction, hypertension or diabetes (Class IIa, Level 
A recommendation). Similarly, ACEI therapy could be 
considered for UA/NSTEMI patients who have had heart 
failure but have a fairly normal LVEF (Class IIa, Level A). 
For patients with a low EF and persistent HF despite con-
ventional therapy, consideration for treating with an ACEI/
ARB combination is a Class IIb recommendation (level 
of evidence: B). ARB should be administered at discharge 
(Class I, Level A recommendation) and long-term (Class 
IIa, Level B) to HF patients with low EF who are intolerant 
to ACEI and have signs of HF and low LVEF (Class I, Level 
A recommendation). The recommendations are based on 
data from the HOPE (9297 patients), EUROPA (12,218 pa-
tients), and TRACE (1749 patients) trials. Although only 
one of these trials enrolled patients with ACS (TRACE), 
all had patients with coronary artery disease, and together 
these studies indicate that the benefit of ACEI is directly 
related to the patient’s global risk.

Aldosterone receptor blockade is recommended as a long-
term therapy for patients on ACEIs who have low EF (<0.40) 
and either symptomatic heart failure or diabetes (Class I, 
Level A). Significant renal dysfunction or hyperkalemia 
are contraindications to aldosterone receptor blockade. 

Regarding lipid management, the recommendation of ini-
tiating statin therapy prior to discharge, regardless of base-
line LDL-C, was mentioned previously (Class I, Level A 
recommendation). The target LDL-C for UA/NSTEMI pa-
tients is <100 mg/dL (Class I, Level A recommendation), 
but a goal of <70 mg/dL is reasonable for the high risk pa-
tient (Class IIa, Level A recommendation). Triglycerides 
and non-HDL-C should be addressed; when the TG is 
200-499 mg/dL, the non-HDL target is <130 mg/dL (Class 
I, Level B recommendation). If the TG are >500 mg/dL, 
fibrate or niacin should be started before LDL-C-
lowering agents to prevent pancreatitis (Class I, Level C 
recommendation). 

Discharge Planning: Other Secondary 
Prevention Recommendations

Overall, the blood pressure target is <140/90 mm Hg 
(Class I, Level A), but the target is slightly lower (<130/80 
mm Hg) in patients with diabetes and chronic kidney dis-
ease (Class I, Level A recommendation). Smoking cessation 
and avoidance of exposure to environmental tobacco is rec-
ommended (Class I, Level B recommendation). This may be 
accomplished by education, pharmacotherapy, and referrals 
to smoking cessation programs. Discharge education should 
include medication, diet, exercise, smoking cessation, and 
cardiac rehabilitation (Class I, Level C recommendation). 
Patients who are higher risk need to return to clinic within 
14 days of discharge, while lower risk medically treated or 
revascularized patients can return in 2-6 weeks (Class I 
recommendation). 

The UA/NSTEMI current guidelines also contain Class III 
recommendations for a few strategies that have proven to 
be nonbeneficial or harmful. Menopausal hormone therapy 
(estrogen plus progestin or estrogen alone) should not be 
given de novo for secondary prevention of coronary events 
(Class III, Level A recommendation for hormone replace-
ment therapy). Likewise, antioxidant vitamin supplements 
(vitamin C, E, or beta carotene) and folic acid should 
not be given for secondary prevention (Class III, Level A 
recommendation for antioxidant vitamin supplements). 
NSAIDS should be discontinued at presentation (Class 
I, Level C recommendation). NSAIDs, nonselective or 
COX-2 selective (except ASA) inhibitors should not be 
given to patients hospitalized for UA/NSTEMI, because of 
their associated risk of mortality, reinfarction, blood pres-
sure elevation, heart failure, and myocardial rupture (Class 
III, Level C recommendation). At discharge, patients with 
chronic musculoskeletal pain should be tried on acetamin-
ophen, small-dose narcotics, or nonacetylated salicylates 
(Class I, Level A recommendation), but a nonselective 
NSAID is reasonable if there is still a need for pain control 
(Class IIa, Level C recommendation). For those patients 
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who still have intolerable symptoms, a selective COX-2 in-
hibitor may be given, but it is recommended that the low-
est dose be used for the shortest period of time (Class IIb, 
Level C). 

SUMMARY

Since 2002, new data from several clinical trials of ACS 
patients have led to a greater understanding of how vari-
ous strategies and therapies impact clinical outcomes. This 
has led to a revision of the ACC/AHA Guidelines for UA/
NSTEMI, but the current version of these guidelines is not 
dramatically different from the 2002 version. Rather, the 
current version “fine tunes” many of the 2002 recommen-
dations and endorses a few new therapies. One of the over-
arching themes of the 2007 guidelines is greater recognition 
of the value of an initially conservative strategy. The 2007 
update emphasizes the importance of risk stratifying UA/

NSTEMI patients and selecting an early invasive or con-
servative (i.e., selectively invasive) strategy based on this 
risk. Importantly, an initially conservative strategy may be 
considered for high risk patients who have been stabilized. 
Other important revisions in the 2007 update describe the 
optimal use of anticoagulant and antiplatelet therapies, 
both during hospitalization and long term. Future guidelines 
will likely refine these recommendations further, as well as 
provide greater detail on the utility of newer imaging mo-
dalities (e.g., multislice CT angiography and cardiac MRI) 
for risk stratification.
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• Prompt recognition of the symptoms and signs of 
STEMI with timely diagnosis and early treatment 
is the most important determination of successful 
long-term outcome in patients with STEMI. 

• Unfortunately, delay in recognition and treatment 
represents the most significant obstacle in the treat-
ment of this disease.

• Both fibrinolytic therapy and percutaneous interven-
tion are beneficial in treating patients with STEMI; 
however, percutaneous intervention is the preferred 
method of treatment, provided there is no significant 
delay in transporting the patient to the catheteriza-
tion lab.

• ST-segment elevation of 1 mm or more in 2 contigu-
ous leads and new LBBB in patients with chest pain 
constitute a diagnosis of STEMI, in which case treat-
ment should be instituted immediately.

• Medical treatment for STEMI includes chewable as-
pirin, nitrates in the absence of hypotension, oxygen, 
morphine sulfate with severe chest pain, oral beta-
blockers in the absence of contraindications, ACE 
inhibitors in the absence of hypotension, and the use 
of aldosterone antagonist in patients with Class II 
and III heart failure, provided that reasonably good 
renal function is present.

• Complications of STEMI include recurrent ischemia, 
arrhythmias, and hemodynamic disturbances. The 
latter comprise the leading cause of mortality in 
STEMI after the infarction occurs.

• ICD is indicated in patients who have sustained VT 
and who at 40 days are New York Heart Association 
Class II and III and have ejection fractions of less than 
35%; and in patients with New York Heart Association 
Class I with ejection fractions of less than 30%.

d PRACTICAL POINTS

INTRODUCTION

This chapter will focus on the recognition, pre-hospital is-
sues, management, and secondary prevention strategies of 
ST-segment myocardial infarction (STEMI) with particular 
focus on the major ACC/AHA recommendations and the 
evidence leading to the Class I and Class III guidelines.1,2 In 
the continuum described as acute coronary syndrome (ACS), 
STEMI has highest in-hospital mortality rates, ranging from 
7 to 13%, and a yearly incidence estimated at 500,000.3-5

Unlike Non-ST-segment elevation myocardial infarction 

(NSTEMI) or unstable angina (UA), STEMI is a result of 
acute plaque rupture that results in epicardial coronary artery 
thrombus formation with total occlusion in nearly 90% of pa-
tients at time of angiography.6,7 Based upon the understand-
ing of this pathophysiology, advances have been made in the 
treatment of STEMI that have reduced mortality and mor-
bidity due to timely reperfusion strategies, adjunctive thera-
pies, and secondary prevention at discharge. Despite these 
advances, prompt recognition of symptoms and rapid transfer 
to hospital facilities with a timely diagnosis remains the most 
significant obstacle in the treatment of this disease.
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for signs and symptoms of cardiac ischemia, cardiovascular risk 
factors, and evidence of noncardiac causes of symptoms that 
suggest an alternative diagnosis including aortic dissection, 
esophageal rupture, and pulmonary embolism. If fibrinolyt-
ics are considered, the physical examination should include 
a brief neurological exam to evaluate for a cerebrovascular 
accident. An electrocardiogram (ECG) should be performed 
within 10 minutes of arrival to the emergency department. 

The ECG changes in patients with epicardial coronary ar-
tery occlusion typically follow the initial pattern of a promi-
nent peaked T wave (termed “hyperacute”) which progress 
to convex ST-segment elevations. The sine qua non of a 
STEMI is either ST-segment elevations of more than 1 mm 
in two or more contiguous leads or a new left bundle branch 
block (LBBB) in the context of symptoms consistent with 
myocardial ischemia. If the ECG is consistent with an infe-
rior STEMI, then a right-sided ECG should be performed 
to evaluate for right ventricular involvement. If the initial 
ECG is not diagnostic of a STEMI and the patient remains 
symptomatic with a high clinical suspicion, serial ECGs 
should be performed in 5-10-minute intervals. 

Emergency department laboratory evaluation should not 
delay the implementation of reperfusion strategy in the 
STEMI patient. In addition to basic laboratory evaluation 
(Table 31-1), cardiac specific troponins are considered the 
optimum biomarkers for myocardial injury. Point of care 
qualitative assays can be used in the initial evaluation, but 
subsequent sets should be quantitative. 

Radiological imaging plays an important role in the manage-
ment of patients presenting with a STEMI; these patients 
should have a chest X-ray. Further imaging such as a CT 
or MRI may be considered if aortic dissection is a consider-
ation. SPECT imaging should not be used as a modality for 
risk stratification when the ECG is considered diagnostic 
for STEMI.

PRE-HOSPITAL ISSUES

Since many patients may be asymptomatic prior to presenta-
tion, the goal of the primary care provider is to first identify 
patients at higher risk for myocardial infarction and then im-
plement comprehensive prevention strategies. Additionally, 
primary care providers should focus on the education of the 
patient regarding the symptoms of angina. If nitroglycerin is 
prescribed for stable angina symptoms, the patient should be 
instructed to seek medical attention and preferably call 9-1-1 
if chest pain worsens or is unimproved 5 minutes after only 1 
nitroglycerin dose has been taken. Evidence from the Global 
Registry of Acute Coronary Events (GRACE) has demon-
strated the average delay for patients with STEMI from onset 
of symptoms is a mean of 4.7 hours, with only 41% of pa-
tients presenting within 2 hours of symptom onset.8

If the patient is initially evaluated outside the hospital by 
EMS first responders, then aspirin (ASA, 162-325 mg, 
chewed) is to be given and early risk stratification by EMS 
should be considered with 12-lead ECG. Particular atten-
tion should be given to high risk patients with STEMI. 
These are defined as those in cardiogenic shock who are 
less than 75 years of age, or patients who have contraindi-
cations to fibrinolytic therapy. These high risk populations 
should be preferentially transported immediately to a facil-
ity capable of performing percutaneous coronary interven-
tion (PCI) or coronary artery bypass grafting (CABG) if 
revascularization can be performed within 18 hours of onset 
of symptoms regardless of transport time.9 This recommen-
dation is based on the SHOCK (Should We Emergently 
Revascularize Occluded Coronaries for Cardiogenic Shock) 
Trial, which demonstrated at 1 year follow-up a 13.2% ab-
solute risk reduction in all-cause mortality for nonelderly 
patients (defined as less than 75 years of age) who received 
early revascularization (PCI or CABG) versus those who 
received initial medical stabilization (which included 
thrombolysis and/or IABP placement). Outside of this high 
risk group of patients, it is reasonable to transport all other 
patients with STEMI to any hospital capable of fibrinoly-
sis (within 30 minutes) if PCI is not available within 90 
minutes of the EMS diagnosis. There is less evidence sup-
porting the notion that pre-hospital fibrinolysis by EMS 
has a significant benefit, and therefore carries a Class IIa 
recommendation by ACC/AHA guidelines.

EMERGENCY DEPARTMENT 
DIAGNOSIS

Prompt recognition by the emergency department is essen-
tial for the efficient management of patients presenting with 
STEMI. In patients who are suspected of having an ACS, a 
targeted history and physical should be performed to evaluate 

Table 31-1 • Laboratory Evaluations for Management 
of ST-Elevation Myocardial Infarction*

Serum biomarkers for cardiac damage 
(do not wait for results before implementing 
reperfusion strategy)

CBC with platelet count
INR
aPTT
Electrolytes and magnesium
BUN
Creatinine
Glucose
Serum lipids

*Adapted from Antman et al. J Am Coll Cardiol. 2004.
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effects from early intravenous beta-blockade given to 
higher risk patients.

REPERFUSION STRATEGIES

Once the diagnosis and initial medical management of pa-
tients with a STEMI have been performed, attention is di-
rected towards rapid reperfusion strategies. This restoration 
of coronary blood flow can be by fibrinolysis, PCI, or surgi-
cal revascularization. Much appears in the literature con-
cerning attempts to find the optimal reperfusion treatment 
in various patient populations presenting with STEMI.  
One key point found in all studies is that prompt reperfu-
sion is important in saving myocardium, and therefore de-
cisions are based upon the timing associated with options 
available.

In general, the evidence supports PCI over fibrinolysis for 
patients with STEMI. A large meta-analysis comparing 
PCI to fibrinolytic therapies, with 7500 patients, demon-
strated a statistically significant reduction in both short- 
and long-term outcomes for death, recurrent ischemia, 
and recurrent infarction.11 In this analysis, the PCI group 
received stents in 12 of the trials and GP IIb/IIIa inhibi-
tors in 8 trials. Time to treatment was 6 hours or less in 9 
of the trials, and 12 hours in 13 of the trials. Specifically 
PCI offers an absolute reduction in a combined endpoint 
of death, myocardial infarction, and a reduction of cere-
brovascular accident of 5% in the short term (4-6 weeks) 
and 7% in the long term (6-18 months). (Figure 31-1) 
Current ACC/AHA guidelines recommend that, if avail-
able, primary PCI should be performed in all patients with 
STEMI, posterior MI, or new LBBB, experiencing less 
than 12 hours of symptoms. However, in the U.S. only 
20% of hospitals have a cardiac catheterization laboratory, 
and less have the ability to perform primary PCI.

Fibrinolytics

Patients presenting to a facility with chest pain symptoms 
of less than 3 hours, ST elevation of >1 mV in 2 or more 
contiguous leads, or new complete LBBB and without the 
ability for primary PCI within 90 minutes of presentation 
should undergo fibrinolysis. The evidence supporting this 
statement comes from a meta-analysis of 13 randomized 
controlled trials comparing fibrinolysis and PCI.12 Based on 
these studies, PCI is favored up to 60 minutes from the esti-
mated fibrinolytic door to needle time, which is assumed to 
be 30 minutes (Figure 31-2). 

If the decision has been made to give fibrinolytics, ab-
solute and relative contraindications must first be re-
viewed. (Table 31-2) In the absence of contraindications, 
the fibrinolytic agent choice has less evidence and no 

EMERGENCY DEPARTMENT 
MANAGEMENT

Emergency room management of the patient with ACS 
should incorporate initial antiplatelet therapy with an as-
pirin (162-325 mg), which is chewed–nonenteric coated, 
as coated tablets may impair absorption. Sublingual nitro-
glycerin is to be considered for patients with ongoing chest 
discomfort, 3 total doses before one assesses the need for 
intravenous nitroglycerin. Additional clinical situations for 
which nitroglycerin is indicated in patients with STEMI 
are control of refractory hypertension and management of 
pulmonary congestion. However, nitrates should not be 
administered to patients with hypotension (defined at sys-
tolic less than 90 mm Hg, or 30 mm Hg below baseline) 
or severe bradycardia (<50 bpm); patients who received a 
phosphodiesterase type 5 inhibitor within 24 hours; or pa-
tients suspected of having a right ventricular infarction. 
Supplemental oxygen should be administered to those pa-
tients with evidence of arterial desaturation (defined as 
SaO2 of less than 90%). The analgesic of choice for contin-
ued angina chest pain in the patient awaiting revasculariza-
tion is morphine sulfate. Current recommendations are to 
give 2-4 mg intravenously, repeated at 5-15 minute intervals 
as needed for pain relief.

Oral beta-blocker therapy should be administered to pa-
tients with STEMI who do not have signs of heart failure, 
evidence of cardiogenic shock, increased risk of cardiogenic 
shock (signified by age >70 years, systolic blood pressure 
<120 mm Hg, sinus tachycardia >110 bpm or heart rate 
<60 bpm, and increased time since onset of symptoms of 
STEMI); or to patients who have relative contraindica-
tions to beta blockade therapy. Importantly, it is a new rec-
ommendation that intravenous beta-blocker therapy not 
be given to patients with these risk factors for hypotension. 
These recommendations for beta-blocker therapy have been 
updated by the 2007 AHA/ACC STEMI guidelines based 
upon the results of the COMMIT/CCS-2 (Clopidogrel and 
Metoprolol in Myocardial Infarction Trial/Second Chinese 
Cardiac Study), which was a randomized controlled trial in 
45,852 Chinese patients with suspected myocardial infarc-
tion.10 In this large, prospective, randomized controlled 
trial, patients received intravenous metoprolol up to 3 
doses of 5 mg within the first 15 minutes of onset and then 
200 mg per day orally versus placebo. For the primary com-
bined outcome of death, reinfarction, and cardiac arrest 
there was no significant difference. In the subgroup analy-
sis there was benefit in reinfarction rates and ventricular 
fibrillation favoring the metoprolol arm. However, there 
was also a significant increase among higher risk patients 
of cardiogenic shock within the first day of hospitalization 
if they received early intravenous beta-blocker therapy. 
Current guidelines now reflect the adverse hemodynamic 
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Facilitated PCI

There is only limited evidence regarding a strategy of facili-
tated PCI (defined as a planned immediate intervention, after 
administration of an initial pharmacological regimen intended 
to improve coronary artery patency), and this strategy when 
other than full dose fibrinolytic therapy is used currently has 
only a IIb recommendation from 2007 guidelines.2 The major-
ity of evidence to date has failed to identify a pharmacologic 
reperfusion strategy for facilitated PCI that will improve out-
comes. Based upon the results of ASSENT-4 (primary versus 

formal recommendations for clinical practice. Two stud-
ies (GUSTO I, GUSTO III) in particular did demonstrate 
higher coronary patency rates with alteplase and reteplase 
over streptokinase, although this was at the expense 
of slightly higher rates of intracranial hemorrhage.13,14 
Additionally, there is some evidence that tenectaplase 
over alteplase may have lower incidence of noncerebral 
mild to moderate bleeding complications and reduced fre-
quency of blood transfusions, with similar rates of mortal-
ity and intracranial hemorrhage15 (Table 31-3).
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Figure 31-1. Percutaneous coronary intervention (PCI) versus fibrinolysis for ST-elevation myocardial infarction (STEMI). The short 
term (4-6 week) (top left) and long term (top right) outcomes for the various endpoints shown are plotted for patients with STEMI 
randomized to percutaneous coronary intervention (PCI) or fibrinolysis for reperfusion in 23 trials (N = 7739). Based on the frequency 
of events for each endpoints in the two treatment groups the number needed to treat (NNT) or number needed to harm (NNH) are 
shown for the short term (bottom left) and long term (bottom right) outcomes. The magnitude of the treatment differences for death, 
non-fatal reinfarction, and stroke vary depending on whether PCI is compared with streptokinase or a fibrin-specific lytic. For example, 
when primary PCI is compared with alteplase (tPA) and the SHOCK trial is excluded, the mortality rate is 5.5% versus 6.7% (OR 0.81, 
95% CI 0.64-1.03, P = 0.081) (421a). See references (40,421a) for additional discussion. PTCA = percutaneous transluminal coronary 
angioplasty; ReMI = recurrent MI; Rec. Isch = recurrent ischemia; Hem. Stroke = hemorrhagic stroke; MI = myocardial infarction; 
and CVA = cerebrovascular accident. (Reprinted from Antman EM, et al. ACC/AHA guidelines for the management of patients with 
ST-elevation myocardial infarction: a report of the American College of Cardiology/American Heart Association Task Force on Practice 
Guidelines (Committee to Revise the 1999 Guidelines for the Management of Patients With Acute Myocardial Infarction). J Am Coll 
Cardiol. 2004;44(3):e42, with permission from Elsevier.)
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tenecteplase-facilitated percutaneous coronary intervention 
in patients with ST-segment elevation acute myocardial in-
farction), facilitated PCI with full dose fibrinolytic therapy 
has a ACC/AHA Class III recommendation.16

Rescue PCI

If fibrinolytics are administered and the patient develops 
cardiogenic shock, Killip Class III symptoms, or hemody-
namically compromising ventricular arrhythmias, within 
36 hours of initial presentation, rescue PCI (defined as PCI 
within 12 hours of failed fibrinolysis) should be performed 
if revascularization can be performed within 18 hours. 
The evidence supporting this recommendation is based on 
data from the Randomized Evaluation of Rescue PCI with 
Combined Utilization Endpoints (RESCUE) and SHOCK 
trials. In the RESCUE clinical trial patients with anterior 
STEMI where randomized to either PCI or medical therapy 
within 8 hours of presentation of failed fibrinolytics as mea-
sured by coronary angiography.17 There was a significant 
reduction favoring rescue PCI in the combined endpoints 
of severe heart failure and death (6 versus 17%, P = 0.05). 
The SHOCK trial demonstrated a reduction in all-cause 
mortality for individuals <75 years of age with cardiogenic 
shock.  There is additional evidence from REACT (Rapid 
Early Action for Coronary Treatment), which compare res-
cue angioplasty or repeat fibrinolysis after failed fibrinolytic 
therapy for ST-segment myocardial infarction, supporting 
the benefit of rescue PCI by reducing reinfarction and heart 
failure rates with a trend towards mortality benefit when 
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Figure 31-2. PCI versus lysis with fibrin-specific agents: is timing (almost) everything? RCT = randomized controlled trial; N = Num-
ber of patients; PCI = percutaneous coronary intervention. (Reprinted from Antman EM, et al. ACC/AHA guidelines for the manage-
ment of patients with ST-elevation myocardial infarction: a report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines (Committee to Revise the 1999 Guidelines for the Management of Patients With Acute Myocardial 
Infarction). J Am Coll Cardiol. 2004;44(3):e43, with permission from Elsevier.)

Table 31-2 • Contraindications and Cautions for 
Fibrinolytics in STEMI*

Absolute contraindications

Any prior ICH
Known structural cerebral vascular lesion 

(e.g., arteriovenous malformation)
Known malignant intracranial neoplasm (primary 

or metastatic)
Ischemic stroke within 3 months, EXCEPT acute ischemic 

stroke within 3 hours
Suspected aortic dissection
Active bleeding or bleeding diathesis (excluding menses)
Significant closed-head or facial trauma within 3 months

Relative contraindications

History of chronic, severe, poorly controlled hypertension
Severe uncontrolled hypertension on presentation 

(SBP > 180 mm Hg or DBP > 110 mm Hg)
History of prior ischemic stroke greater than 3 months, 

dementia, or known intracranial pathology not covered 
in contraindications

Traumatic or prolonged (greater than 10 min) CPR or 
major surgery (<3 weeks)

Recent (within 2-4 weeks) internal bleeding
Noncompressible vascular punctures
For streptokinase/anistreplase: prior exposure (>5 days 

previous) or prior allergic reaction
Pregnancy
Active peptic ulcer
Current use of anticoagulants; the higher the INR, 

the higher the risk of bleeding

*Adapted from Antman et al. J Am Coll Cardiol. 2004.
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much of the data is centered on those patients with car-
diogenic shock. The SHOCK registry demonstrated a re-
duction in the CABG group of 28%, compared to 46% 
of those receiving PTCA in patients with AMI (with 
STEMI in 80%) complicated by cardiogenic shock.22 The 
GUSTO-I trial had similar 30-day mortality rates in car-
diogenic shock (at presentation or developing shock) in 
patients after fibrinolysis when comparing CABG and PCI 
(29.1 versus 28.8%).23

Ancillary Medical Therapy

In patients undergoing reperfusion therapy with STEMI, 
adjunctive anticoagulation is indicated for a minimum of 
48 hours and if no contraindications exist for the entire 
hospital course, regardless of initial strategy chosen. For 
patients undergoing fibrinolysis, unfractionated heparin 
(UFH) with bolus of 60 U/kg (maximum of 4000 U) with 
an intravenous infusion at 12 U/kg (maximum of 1000 U), 
adjusted to 1.5 to 2.0 times the control amount, can be used 
for the first 48 hours. Enoxaparin (given as an initial 30 
mg intravenous bolus, followed by subcutaneous injections 
at 1 mg/kg every 12 hours) or fondaparinux (given as an 
initial 2.5 mg intravenous bolus, followed by subcutaneous 
injections of 2.5 mg per day) may also be used and should 
be considered if the need for anticoagulation is longer than 
two days. 

For patients undergoing PCI, UFH or bivalirudin is rec-
ommended, to be used as long as necessary to support the 
procedure. If the patients have undergone prior treatment 
with enoxaparin, the timing of most recent subcutaneous 

compared to medical therapy alone.18 Based on REACT 
and MERLIN (Middlesbrough Early Revascularization to 
Limit Infarction) inclusion criteria (and ECG criteria of 
less than 50% resolution of ST-segment elevation in the 
lead with maximal ST elevation by 90 minutes after giv-
ing fibrinolytics) and subsequent 54 and 74% rates of res-
cue PCI-based on ECG criteria, the guidelines recommend 
utilizing this screening algorithm to noninvasively detect 
failed reperfusion.19

PCI After Successful Fibrinolysis

If initial therapy with fibrinolytics is successful, and sub-
sequently hours to days later the patient begins to show 
objective signs of ischemia or has spontaneous or provok-
able ischemia on stress testing, PCI has been shown to 
provide clinical benefit. The evidence demonstrates lower 
rates of stable angina, readmission for unstable angina, or 
recurrent AMI.20 However, without the above criteria, 
routine PCI of the stenotic infarct-related artery has not 
been shown to improve LV function or have a mortality 
benefit.21 

Acute Surgical Reperfusion

Acute surgical reperfusion therapy with anatomy suitable 
for aorto-coronary bypass is indicated in patients who 
(1) have failed PCI as measured by persistent pain or he-
modynamic instability, (2) persistent ischemia in patients 
who are not PCI candidates, (3) patients in cardiogenic 
shock, or (4) patients with recurrent life-threatening ar-
rhythmias. Of the four groups of patients listed above, 

Table 31-3 • Comparison of Approved Fibrinolytic Agents*

Streptokinase Alteplase Reteplase Tenecteplase-tPA

Dose
1.5 MU over 
30-60 min

Up to 100 mg in 
90 min (based on weight)†

10 U IV over 2 min (2nd 
dose 30 min after the 1st)

30-50 mg based 
on weight (379)‡

Bolus administration No No Yes Yes

Antigenic Yes No No No

Allergic reatcions 
(hypotension most 
common)

Yes No No No

Systemic fibrinogen 
depletion Marked Mild Moderate Minimal

90-min patency rates, 
approximate %

50 75 60-70 75 (380)

TIMI grade 3 flow, % 32 54 60 63

Cost per dose (US $) $613 $2974 $2750 $2833 for 50 mg

MU = mega units.
*Adapted from Antman et al. J Am Coll Cardiol. 2004.
†Intravenous bolus 15 mg, infusion 0.75 mg/kg times 30 minutes (maximum 50 mg), then 0.5 mg/kg not to exceed 35 mg over the next 60 minutes to an over-all 
maximum of 100 mg.
‡Intravenous bolus over 5 sec 30 mg for weight less than 60 kg; 35 mg for 60-69 kg; 40 mg for 70-79 mg; 45 mg for 80-89 kg; 50 mg for 90 kg or more.
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disease). Those patients at risk of cardiogenic shock are pa-
tients of age >70 years, a systolic blood pressure <120 mm 
Hg, a heart rate >110 bpm or <60 bpm, and a relatively 
increased time of onset from the initial symptoms.1

Additionally inhibition of the renin-angiotensin axis with 
angiotensin-converting enzyme inhibitors (ACEI) has 
shown to provide beneficial mortality effects in AMI pa-
tients with evidence of systolic dysfunction (EF < 40%).24 
ACEI should be started within the first 24 hours and con-
tinued indefinitely after blood pressure has stabilized. 
Angiotensin receptor blockade has shown benefit in patients 
intolerant to ACEI with EF < 40%. Further inhibition of 
this axis has proved to reduce mortality in the EPHESUS 
trial (Eplerenone Post-Acute Myocardial Infarction Heart 
Failure Efficacy and Survival Study) which looked at post-
AMI patients with EF < 40% and demonstrated a 17% 
relative risk reduction.25 This is provided the patient has 
sufficient renal function (Cr < 2.5 in males, 2.0 in females) 
to reduce the risk of complications with hyperkalemia. Lipid 
management should follow an aggressive approach with 
 target LDL to <100 mg/dL by adding or intensifying dosing 
with a statin, preferably. 

Nonsteroidal antiinflammatory drugs (NSAIDS) have 
been the subject of several trials demonstrating the in-
creased risk of cardiovascular events in patients with estab-
lished coronary disease. Evidence from one of these trials 
has demonstrated hazard ratios for MI and death ranging 
from 2.8 to 1.29 (based on COX-2 selectivity, with the 
more selective agents with higher risk); the current rec-
ommendation is to discontinue all selective NSAIDS on 
admission.26 Additionally, there should be re-evaluation of 
the need for the medications on discharge and consider-
ation to change to acetaminophen, small doses of narcot-
ics, or tramadol.

HEMODYNAMIC DISTURBANCES

Post infarction hemodynamic disturbances are the lead-
ing cause of mortality in the STEMI patient. The majority 
of patients have acute hypotension secondary to left ven-
tricular dysfunction; however; RV involvement, tampon-
ade, acute VSD rupture, and papillary muscle rupture are 
all well-known post infarct etiologies for shock. In patients 
who demonstrate cardiogenic shock with progressive hy-
potension despite adequate fluid resuscitation or suspected 
mechanical complications post-MI, the current AHA/ACC 
guidelines recommend invasive hemodynamic monitoring 
with a pulmonary artery catheter and invasive arterial blood 
pressure monitoring. If, after inotropic support and adequate 
volume expansion guided by PA catheter measurements, the 
patient still has refractory hypotension (defined as SBP < 90 
mm Hg or 30 mm Hg below baseline), intra-aortic balloon 

dosing determines redosing schedule (at <8 hours no dose 
is to be given, and at 8-12 hours, 0.3 mg/kg is to be given). 
Fondaparinux should not be used as the sole anticoagulant 
to support PCI as it has been shown to have an increased 
risk of periprocedural catheter thrombosis.

POST-STEMI MEDICAL THERAPY 

Medical therapy in post-AMI patients has been the subject 
of many studies, with the majority of recommendations 
backed from evidence of large, randomized controlled tri-
als. Whereas the benefits of long-term ASA therapy are 
well established, the additive value of other antiplatelet 
agents has been under debate. The current data have 
shown that thienopyridines are beneficial in all post-
STEMI patients–both those who undergo reperfusion with 
PCI and fibrinolysis and those who do not. In patients 
who undergo PCI, the current antiplatelet regimen should 
incorporate aspirin with dosing schedule based on the type 
of stent placed. For patients with bare-metal stent (BMS) 
placement, aspirin should be given at higher dose (162-
325 mg) for 1 month, and then maintenance dosing (81-
162 mg) can be incorporated into the medical regimen. 
For sirolimus-eluting stents and paclitaxel-eluting stents, 
maintenance therapy can be started at 3 months and 6 
months, respectively. Additional antiplatelet therapy with 
clopidogrel should be initiated at 75 mg for at least 1 year 
with drug-eluting stent (DES) placement and minimum 
1 month for BMS with ideal dosing up to 1 year as well. 
There is less evidence for the timing for cessation of clopi-
dogrel after the first year of therapy with DES placement, 
which can be considered for long-term therapy. New to 
the recommendations in 2007 is the continuation of clopi-
dogrel for 2 weeks post-STEMI if patient received only 
medical therapy. This is evidence based on the COMMIT/
CCS-2 that has shown benefit in the continuation of the 
drug for patients undergoing medical therapy for acute 
myocardial infarction. In this large randomized trial, 
45,852 patients with acute myocardial infarction (STEMI 
or LBBB in >90%) who did not undergo primary PCI 
were randomized to receive either clopidogrel or placebo 
for the entire hospitalization (average of 15 days). This 
study demonstrated a statistically significant reduction in 
the combined endpoint of death, re-infarction or stroke 
(9.2 versus 10.1%, p = 0.0002).

Oral beta-blocker therapy in STEMI patients is to be given 
within the first 24 hours of a STEMI to those patients with-
out contraindications (signs of heart failure, evidence of a 
low output state, increased risk for cardiogenic shock, or 
other relative contraindications to beta-blockade, which 
includes a PR interval greater than 0.24 second, second- or 
third-degree heart block, active asthma, or reactive airway 
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Long-term management of recurrent ventricular arrhythmias 
(defined as occurring more than 2 days after AMI) should in-
clude an evaluation for an implantable cardioverter-defibrillator 
(ICD) in the predischarge treatment plan.31-33 In patients 
without ventricular arrhythmias but a decrease IN left ven-
tricular systolic (defined as <40%) recent changes have been 
made to recommendations. Although much of the evidence 
has been static for mortality benefits for post-MI patients and 
ICDs, the guidelines for those criteria that should be followed 
have evolved (Figure 31-3). The initial guidelines for ST-
segment myocardial infarction in 2004 recommended that 
ICD therapy is indicated in patients with a low ejection frac-
tion (30-40%) at 1 month (30 days) post-STEMI who also 
have inducible VF or sustained VT on electrophysiological 
testing. These guidelines reflect the data from the MUSTT, 
MADIT, and MADIT-2 trials.34-36 New guidelines published 
in May 2008 for device-based therapy now recommend that 
after 40 days post-MI, all patients who are New York Heart 
Classification (NYHC) II or III with left ventricular systolic 
ejection fraction (EF) of less than 35% should receive an 
ICD.37 Additionally, patients with NYHC I symptoms and 
left ventricular EF of less than 30% should also receive an 
ICD 40 days after infarct (Figure 31-4).

Atrial arrhythmias are common in the post infarct patient, 
with atrial fibrillation being the most prevalent, at a rate of 
7-21% of patients in clinical trials.38,39 In the unstable patient 
with atrial fibrillation or atrial flutter, treatment should ini-
tially involve synchronized cardioversion with consideration 
of amiodarone or digoxin in the refractory cases to slow ven-
tricular response. In patients with stable atrial fibrillation, 
rate-controlling medications are to be considered first (beta-
blocker, calcium channel blocker therapy), and, if there are 
signs of ischemia present, then synchronized cardioversion. 
Reentrant arrhythmias are also relatively common in the 
post-STEMI patient, with treatment that initially involves 
carotid sinus massage, then medical therapy with adenosine. 
If heart rate is refractory to the prior therapy then A-V nodal 
agents (beta-blockade, digoxin, or calcium channel block-
ers) are recommended to reduce myocardial workload.

Brady arrhythmias can complicate the post-STEMI patient 
and the need for permanent pacing is indicated for certain 
conduction disturbances. Patients who develop a persistent 
second degree AV block with bifascicular block or transient 
AV block with a new bundle branch block require device 
therapy. Additionally, persistent symptomatic high-grade, 
second- or third-degree heart block is a Class I recommen-
dation for pacing. Patients with sinus bradycardia should 
be treated medically first, and if the condition is persistent 
then pacing may be considered. Permanent pacing is not 
recommended for patients with transient AV block, or pa-
tients with a new fascicular block or a bundle branch block 
that is old or whose age is undetermined. 

counterpulsation should be considered. In these patients, 
echocardiography is indicated to evaluate for mechanical 
complications of acute myocardial infarction, and if present, 
these individuals should undergo immediate surgical repair. 
Consideration should also be given to additional mechani-
cal reperfusion modalities with either PCI or CABG if the 
anatomy is suitable for such approaches. 

Pulmonary congestion secondary to acutely elevated left ven-
tricular filling pressures can complicate the patient who is post-
AMI. For patients with pulmonary congestion, initial medical 
management should include supplemental oxygen for SaO2 < 
90%, initiation of ACE inhibitor for afterload reduction (un-
less systolic BP < 100 mm Hg), nitrates, and diuretic therapy. 
Additionally, for patients in cardiogenic shock as evidenced by 
low output state and/or pulmonary congestion, beta- blockers 
or calcium channel blockers are contraindicated.

Right ventricular infarction is a unique entity in which di-
agnosis can be sometimes difficult to ascertain clinically. In 
addition to a right-sided ECG (to evaluate ST elevation in 
leads V4R) an echocardiogram may be considered to screen 
for right ventricular involvement. In patients with a known 
or suspected right ventricular dysfunction, atrio-ventricular 
dysynchrony or bradycardia (which can occur in more than 
half of patients), should have the hemodynamic effects sta-
bilized or corrected.27 Assessment of right ventricular pre-
load and subsequent prompt volume resuscitation (if central 
venous pressure is found to be normal or low) and optimiza-
tion of RV afterload (by evaluation of LV filling pressures) 
are considered initial strategies for management. If hypoten-
sion persists in the presence of optimal filling pressures, ino-
tropic support must be considered.

ARRHYTHMIAS

Malignant ventricular arrhythmias complicate acute myo-
cardial infarction (usually in the first 4 hours) in approxi-
mately 3-5% of patients.28 Prompt recognition and treatment 
of the arrhythmia with unsynchronized defibrillation ac-
cording to the advance cardiac life support algorithms is the 
initial approach for ventricular fibrillation (VF) or pulse-
less ventricular tachycardia (VT). Patients with sustained 
monomorphic VT with angina, pulmonary edema, or hy-
potension should undergo synchronized cardioversion im-
mediately. If the VT is stable it can first be treated medically 
with amiodarone and then synchronized cardioversion can 
be considered. Antiarrhythmic medications should not be 
used for lesser ventricular arrhythmias (including premature 
ventricular contractions, couplets, nonsustained ventricular 
tachycardia, idioventricular rhythms, and junctional escape 
rhythms) or as prophylaxis for patients who received fibrin-
olysis and receives a Class III indication from the ACC/
AHA guidelines.29,30
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STEMI COMPLICATIONS

In the post acute myocardial infarction patient, compli-
cations arising from inflammatory pericarditis, recurrent 
ischemia and cerebrovascular accidents are all relatively 
common. Pericarditis occurs in approximately 6-11% of 

Evaluate patient 40 days post STEMI

Evaluate left ventricular ejection fraction (EF)
and New York heart classification (NYHC)

EF < 30%
NYHC > I

EF > 35%
EF 30–35%

NYHC II or III

ICD NO
ICD

Figure 31-4. ICD guidelines for post-MI patients without spon-
tanous VT/VF.
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Figure 31-3. *Hazard ratios for death due to any cause in the implantable cardioverter-defibrillator group compared with the non-
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‡Upper bound of 97.7% confidence interval. §One-tailed. AVID indicates antiarrhythmics versus implantable defibrillators; CABG, 
coronary artery bypass graft surgery; CASH, cardiac arrest study Hamburg: CIDS, Canadian implantable defibrillator study; DEFINITE, 
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trophysiological study; HRV, heart rate variabillity; LVD, left ventricular dysfunction; LVEF, left ventricular ejection fraction; MADIT I, 
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patients post infarction and occurs in patients with larger 
infarcts.40,41 Typically, pericarditis will develop 2-4 days 
after infarct, but can be delayed by weeks. Initial treatment 
involves aspirin administration (162-325 mg initially, and 
up to 650 mg) given at 4-6-hour intervals. If a pericardial 
effusion develops as a result of the subacute inflammatory 
response, anticoagulation should be discontinued immedi-
ately. Ibuprofen should not be used as adjunctive therapy for 
pain due to potential harmful effects of infarct expansion 
and the inhibition of the antiplatelet effect of aspirin.

Recurrent chest discomfort after reperfusion therapy should 
have intensification of medical therapy after risk stratifica-
tion from bedside ECG. If the patient is a candidate for revas-
cularization and the ECG demonstrates new ST elevation, 
or if signs of hemodynamic compromise are present, patients 
should be promptly referred for repeat revascularization. If 
the ECG is not suggestive of any significant ischemia, medi-
cal therapy with beta-blockade, nitrates, and anticoagula-
tion should be initiated. If patients are still refractory to 
maximal medical therapy, referral for IABP (Intra-Aortic 
Balloon Pump) is to be considered (Figure 31-5).

Cerebrovascular accidents complicating the STEMI patient 
should have prompt neurological evaluation by a neurological 
consultation. In addition to neurovascular imaging, cardioem-
bolic sources need to be evaluated with an echocardiogram 
for the presence of an intracardiac thrombus. Patients who 
have a cardioembolic source of the cerebrovascular accident 
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(Table 31-4). Patients who do not receive a left heart 
catheterization need to undergo exercise stress testing 
to evaluate the extent of inducible ischemia. If baseline 
ECG abnormalities are present, stress testing should in-
clude imaging with echocardiography or perfusion imag-
ing. Exercise testing for risk stratification should not be 
performed within 2-3 days of STEMI in patients whose 
reperfusion was not successful or in those with decom-
pensated heart failure, life-threatening arrhythmias or in 
patients who have already had a left heart catheterization 
during admission. Before discharge, patients should have 

(atrial fibrillation, mural thrombus, or akinetic left ventric-
ular wall segment) should be anticoagulated with warfarin 
(target INR of 2-3) in addition to ASA for a minimum of 3 
months and indefinitely for atrial fibrillation.

DISCHARGE AND POST-STEMI CARE

Secondary prevention with comprehensive medical 
therapy should include blood pressure control, lipid-
lowering therapy, and lifestyle modification at discharge 
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of Cardiovascular Medicine. 6th ed. Philadelphia, PA: WB Saunders; 2001:1196 (718).)
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Table 31-4 • Secondary Prevention for Patients with Coronary and Other Vascular Diseases*

Blood pressure control

Goal: < 140/90 mm Hg, or < 130/80 mm Hg if the patient has diabetes or chronic kidney disease
 For patients with blood pressure • ≥140/90 mm Hg (or ≥130/80 mm Hg for patients with diabetes or chronic kidney disease), 
it is recommended that patient initiate or maintain lifestyle modification (weight control, increased physical activity, alcohol
moderation, sodium reduction, and emphasis on increased consumption of fresh fruits, vegetables, and low-fat dairy products). 
It is useful, as tolerated, to add blood pressure medication, treating initially with beta-blockers and/or ACE inhibitors, with the 
addition of other drugs, such as thiazides, as needed to achieve goal blood pressure.

Beta-blockers

 It is beneficial to start and continue beta-blocker therapy indefinitely in all patients who have had MI, acute coronary syndrome, or •
LV dysfunction with or without HF symptoms, unless contraindicated.

Renin-angiotensin aldosterone system blockers: ACEI and ARBs

 ACEIs should be started and continued indefinitely in all patients recovering from STEMI with LVEF • ≤40% and for those with 
hypertension, diabetes, or chronic kidney disease, unless contraindicated.
 ACEIs should be started and continued indefinitely in patients recovering from STEMI who are not lower risk (“lower risk” defined•
as referring to those with normal LVEF in whom cardiovascular risk factors are well controlled and revascularization has been 
performed), unless contraindicated.
 Use of angiotensin receptor blockers is recommended in patients who are intolerant of ACEIs and have HF or have had an MI •
with LVEF <40%.
 It is beneficial to use angiotensin receptor blocker therapy in other patients who are ACEI-intolerant and have hypertension.•

Renin-angiotensin aldosterone system blockers: Aldosterone blockers

 Use of aldosterone blockade in post-MI patients without significant renal dysfunction (creatinine should be • <2.5 mg/dL in men 
and <2.0 mg/dL in women) or hyperkalemia (potassium should be <5.0 mEq/L) is recommended in patients who are already 
receiving therapeutic doses of an ACEI and beta-blocker, have an LVEF ≤ 40%, and have either diabetes or HF.

Lipid management

Goal: LDL-C substantially < 100 mg/dL (if triglycerides are ≥200 mg/dL, non-HDL-C should be <130 mg/dL).
 Starting dietary therapy is recommended for all patients. Reduce intake of saturated fats (to • <7% of total calories), transfatty 
acids and cholesterol (to <200 mg/day)
 Promotion of daily physical activity and weight management is recommended.•
 A fasting lipid profile should be assessed in all patients and within 24 hours of hospitalization for those with an acute •
cardiovascular or coronary event. For hospitalized patients, initiation of lipid-lowering medication is indicated as recommended
above, before discharge.
 If triglycerides • >150 mg/dL or HDL-C <40 mg/dL, then weight management, physical activity and smoking cessation should be 
emphasized. If triglycerides are 200-499 mg/dL, then non-HDL-C target should be <130 mg/dL. Therapy to reduce non-HDL-C 
should include more intense lowering of LDL-C
 If triglycerides • ≥ 500 mg/dL, therapeutic options indicated and useful to prevent pancreatitis are a fibrate or niacin before LDL 
therapy, and treatment of LDL-C to goal after triglyceride-lowering therapy. Achieving non-HDL-C <130 mg/dL is recommended.

Diabetes management

Goal: HbA1c < 7%.
It is recommended the patient initiate lifestyle and pharmacotherapy to achieve near-normal HbA1c.•
 Beginning vigorous modification of other risk factors (e.g., physical activity, weight management, blood pressure control, and•
cholesterol management as recommended above) is beneficial.

Anticoagulants: Aspirin and clopidogrel

 For all post-PCI STEMI stented patients without aspirin resistance, allergy, or increased risk of bleeding, ASA 162-325 mg daily•
should be given for at least 1 month after BMS implantation, 3 months after sirolimus-eluting stent implantation, and 6 months 
after paclitaxel-eluting stent implantation, after which long-term aspirin use should be continued indefinitely at a dose of 
75-162 mg daily.
 All post-PCI patients who receive a DES, clopidogrel 75 mg daily should be given for at least 12 months if not at high risk of•
bleeding. For post-PCI patients receiving a BMS, clopidogrel should be given for a minimum of 1 month and ideally up to 12 
months (unless the patient is at increased risk of bleeding; then, it should be given for a minimum of 2 weeks).
 For all STEMI patients not undergoing stenting (medical therapy alone or PTCA without stenting), treatment with clopidogrel •
should continue for at least 14 days.

Anticoagulants: Warfarin

 Managing warfarin to an INR equal to 2.0-3.0 for paroxysmal or chronic atrial fibrillation or flutter is recommended, and in •
post-MI patients when clinically indicated (e.g., atrial fibrillation, left ventricular thrombus).

(continued)
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and rhythm disturbances. Medical therapy should included 
appropriate antiplatelet agents and antithrombin therapy, 
along with adjunctive therapies to reduce myocardial work 
load and afterload and lipid reduction to recommended 
LDL-C goals. Patients with a post infarct decreased left 
ventricular systolic function should be seen after 40 days 
of infarct with repeat evaluation of left ventricular ejec-
tion fraction and NYHA classification to determine if ICD 
therapy is necessary. Most importantly, the patient needs ad-
equate follow-up and long-term management of secondary 
prevention measures, with enrollment in cardiac rehabilita-
tion programs when possible.
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CONCLUSIONS
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high risk disease process that requires prompt identifica-
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Smoking

Goal: Complete cessation, no exposure to environmental tobacco smoke.
 Status of tobacco use should be asked about at every visit. Strongly encourage patient and family to stop smoking and •
to avoid secondhand smoke.
 Every tobacco user and family member who smoke should be advised to quit at every visit.•
 The tobacco user’s willingness to quit should be assessed. •
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Physical activity
Goal: 30 minutes, 7 days per week (minimum 5 days per week).
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is recommended.
 For all patients, it is recommended that risk be assessed with a physical activity history and/or an exercise test to guide •
prescription.
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• RVMI should always be considered in patients who 
present with inferior posterior myocardial infarc-
tion, particularly if signs of cardiogenic shock are 
present.

• High degree atrioventricular block with inferior in-
farction significantly increases the probability of 
RVMI.

• Right side chest leads and echocardiograms can pro-
vide useful information for diagnosis of RVMI and 
should always be performed in patients with hemo-
dynamic instability with inferior STEMI. 

• Volume resuscitation for hemodynamic instabil-
ity should be instituted immediately followed by 
a reperfusion strategy as soon as possible. Should 
high-grade AV block exist, immediate pacemaker 
placement is indicated.

• Standard treatment modalities employed for acute 
infarction may often be detrimental in patients with 
RVMI. Such modalities include nitroglycerin and 
Lasix, which should be avoided in hemodynami-
cally unstable patients. Beta-blockers also should be 
avoided in patients with bradycardia and high-degree 
AV block.

d PRACTICAL POINTS

Acute right ventricular myocardial infarction (RVMI) re-
sults from substantial ischemic injury of the right ventricular 
free wall and septum manifesting with hemodynamic insta-
bility and impaired cardiac output. RVMI and its associated 
physiology are thought to be present in more than one-third 
of cases of acute inferior MI, adding unique layers to the 
morbidity and management of acute coronary syndromes. 
RVMI occurs most frequently with proximal occlusion of 
the right coronary artery, complicating an infero-posterior 
MI, but it occurs occasionally from occlusion of a large dom-
inant circumflex with IPMI, and rarely with large anterior 
MIs extending to the anterior RV free wall. RVMI is defined 
electrocardiographically by significant right ventricular epi-
cardial injury (>1 mm elevation in right-sided leads V3R-
V6R, particularly V4R, sensitivity >80%, Figure 32-1) or 
echocardiographically with demonstrated right ventricular 

dilatation or dysfunction or associated findings in the set-
ting of an acute MI (sensitivity >80%). Other evidence of 
elevated right-sided filling pressures in the setting of ACS, 
including IVC engorgement or invasive measurement dem-
onstrating elevation beyond 10 mm Hg, helps corroborate 
this diagnosis.

The occurrence of shock and low output with RVMI is 
likely multifactorial, but occurs principally from diminished 
capacity of the RV for generating adequate LV preload, a 
problem that is complicated by the effect of a dysknetic 
and/or dilated RV free wall and/or septum compressing 
upon the LV while being constrained by the pericardium 
(Figure 32-2). In support of this model, significant RVMI 
is associated with near-equalization of left- and right-heart 
filling pressures (RAP:PCWP ≥ 0.8 with normal being 
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<0.6). The low-output state can be exacerbated further by 
bradyarrhythmias and AV conduction system block occur-
ring at high frequency with RVMI as compared to non-RV 
MI. In fact, at least 50% of inferior MIs exhibiting new or 
intermittent high grade AV block are found to right ven-
tricular involvement. Bradyarrhythmias can be attributed 
to infarction of sinus node or the atria, or can result simply 
from reflex vagal hypertonicity with RV dysfunction, both in 
the setting of acute ischemia and with ischemia-reperfusion 
injury following successful PCI or thrombolysis. High degree 

AV conduction abnormalities are present in 48% of RVMI 
versus 13% of IMIs lacking significant RV infarction. Both 
bradyarrhythmias and AV conduction system disturbances 
must be anticipated and corrected quickly in the setting 
of RVMI.

Early reperfusion, volume resuscitation, correction of dys-
rhythmias, and inotropic support are keys for the manage-
ment of acute MI involving the RV (see inset box). Once 
the diagnosis of RVMI is made, volume resuscitation should 
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Figure 32-1. Sample ECG demonstrating ST elevation in V3R-V6R in the context of an inferior ST 
elevation MI. (Courtesy of Dr. Christian Witzke, Massachusetts General Hospital.)

Figure 32-2. Pathophysiologic effect of dilated and dyskinetic RV upon LV function. The low-output 
state is mediated by ventricular interaction (resulting in a flattened septum) and the restraining effect 
of the pericardium (arrows) during acute right ventricular distention. (Adapted figure from Dell’Italia LJ, 
NEJM. 1998.)
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Inset Box

Current ACC/AHA/ESC Guidelines for Management of 
Acute RVMI

Inferior STEMI with hemodynamic instability should 
be screened for RVMI by right-sided ECG and/or 
echocardiography using criteria in Table 32-1.

Acute STEMI and RVMI should be managed as 
follows:

1. Aim for early reperfusion 
a.  Success increases likelihood of rapid improvement of 

RV dysfunction, hypotension.
b.  Failure associated with prolonged hypotension and 

increased mortality

2.  Correct bradycardia and restore AV synchrony
a.  Chronotropic support (atropine, β-adrenergic agents)
b.  AV pacing to restore rate and synchrony in high grade 

AV block or to correct significant bradycardia

3.  Restore RV preload in hemodynamic instability
a.  Aggressively volume resuscitate if JVP is normal 

or low
b.  Aim to raise right atrial pressures (RAP) and/or 

pulmonary capillary wedge pressure (PCWP) 
to 15 mm Hg but not higher

4.  Optimize RV ventricular afterload
a.  Provide Inotropic support if rate and volume 

optimization not sufficient
i.  Use inodilator to improve pulmonary vascular 

resistance
ii.  Augment RV function with inotropic agents

b.  Support LV function and reduce afterload
i.  Use counterpulsation
ii.  Use dobutamine

be started aggressively barring signs of excessive volume 
overload or pulmonary edema. With early reperfusion, RV 
function can improve substantially within hours and fre-
quently normalizes within days, in contrast to the LV which 
may remain impaired for weeks or months before recover-
ing. This capacity of the RV to recover from acute ischemia 
is attributed to increased collateral circulation of the RV, 
as well as several factors that limit long-term necrosis of 
the RV compared to large transmural LV infarcts, including 
the capacity of the RV to receive significant perfusion in 
diastole as well as systole and the decreased wall stress and 
myocardial oxygen consumption in the RV (Table 32-2). 
In fact, even in the absence of reperfusion RV function 
frequently recovers due to these factors and the presence 
of collateral circulation. Prompt correction of bradyar-
rhythmias by pharmacologic means or AV sequential or 
A-triggered pacing will also help support adequate cardiac 
output, and should be instituted prophylactically in high 
risk circumstances or concurrently with percutaneous rep-
erfusions. In situations in which cardiac output cannot be 
maintained with the above measures, inotropic or inodila-
tor support may help to augment RV function and output, 
with or without placement of an intraortic balloon pump. 
Beyond optimizing coronary perfusion, cardiac output and 
preload, heart rate, and AV-synchrony, certain traditional 
strategies for managing LV acute coronary syndromes may 
be problematic: nitrates can precipitate profound hypoten-
sion due to dependence on preload for RV and consequently 
LV filling, and beta-blockers may complicate bradyarrthy-
mias and AV-conduction abnormalities while also decreas-
ing inotropy.

While RVMI can present as an isolated phenomenon, it oc-
curs far more frequently in the setting of both LV and RV 
dysfunction in acute MI. The presence of RVMI raises the 
risk of in-hospital mortality compared to similar MIs lack-
ing RV involvement in a number of case-controlled and 
prospective studies, with a recent meta-analysis demon-
strating 17versus 6% mortality, when other associated risk 
factors are normalized. Excess risk may be attributed to an 
increased incidence of shock, but also correlates with in-
creased ventricular tachycardia or fibrillation, AV conduc-
tion abnormalities, bradyarrthymias, and even mechanical 
complications. In the SHOCK trial registry, individuals with 
shock predominantly due to RV dysfunction as compared to 

Table 32-2 • Features of RV That Favor Recovery of 
Function Following Ischemia Compared to the LV

Lower wall stress and thickness

Lower O2 consumption

Increased collateral circulation

Coronary perfusion in diastole and systole

Table 32-1 • Diagnostic Factors in RVMI

Electrocardiographic
findings of RVMI

 ST elevation ≥0.1 mV in V3R-V6R,
esp. V4R

Presence of Q waves in V3R-V6R
with evolution

Echocardiographic
findings of RVMI

 Dilated RV
 RV segmental wall motion 

abnormalities
Decreased systolic descent of 

RV base
Plethoric inferior vena cava
Septal flattening or bowing

Experimental
modalities for RVMI 
demonstrating

Contrast-enhanced cardiac MR 
abnormal RV perfusion, viability 
and function

Hemodynamic
features of RVMI

Mean RA pressure ≥10 mm Hg
 RAP/PCWP ≥0.8 or <5 mm Hg 

difference between RAP 
and PCWP

Steep x and y descents on RA 
pressure waveform
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those with shock due to LV dysfunction did not have sig-
nificantly different in-hospital mortality rates, supporting 
the notion that RVMI pathophysiology is associated with 
significant morbidity.
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• Time is of the essence with reperfusion strategies in 
acute myocardial infarction as early successful reper-
fusion results in preserving left ventricular function 
and improving prognosis.

• Although primary angioplasty is superior to fibrinoly-
sis in the early treatment of acute myocardial infarc-
tion, fibrinolysis remains an acceptable alternative in 
situations where primary angioplasty is not readily 
available or cannot be accomplished without signifi-
cant delay.

• Fibrinolytic therapy is indicated in patients with 
STEMI only. Such therapy may have adverse effects 
in patients with non-STEMI.

• Thrombolytic therapy has several complications, the 
most significant of which is bleeding, including a 
1-2% incidence of intracranial bleeding which in and 
of itself carries a greater than 50% mortality.

• Restoration of TIMI-3 flow is accomplished in 60% of 
patients receiving thrombolytic therapy. 

d PRACTICAL POINTS

COMPARISON OF REPERFUSION 
STRATEGIES IN STEMI—FIBRINOLYSIS 
VERSUS PRIMARY PCI

The therapy of myocardial infarction (MI) has undergone 
tremendous changes over the last 50 years, resulting in an 
impressive reduction of mortality from >30% to around 6% 
in most recent studies (Antman et al., 2004; Pollack Jr et al., 
2008). The development of our understanding of the patho-
genesis of myocardial infarction and the availability of rep-
erfusion strategies targeting fibrin clots, platelet aggregation 
and coronary artery narrowing, as well as the introduction 
of dedicated coronary care units (CCU), have changed the 
outcome of patients presenting with myocardial infarction. 
Nevertheless, only 70% of eligible patients in the U.S. re-
ceive reperfusion therapy, with an average door-to-needle 
time of more than 30 minutes and door-to-balloon time of 
more than 115 minutes (Antman et al., 2004). Recent rec-
ommendations by the Centers for Medicaid and Medicare 
Services (CMS) target total ischemic time of <120 minutes 

with a door-to-needle time of <30 minutes and door-to-
balloon time of <90 minutes. Currently, the average in-
terval between onset of chest pain to presentation in the  
emergency department alone is 120 minutes (Antman et al., 
2004; Pollack Jr et al., 2008). This shows there exists an op-
portunity to significantly enhance the outcome of patients 
with MI prior to presentation in the emergency department 
after initial diagnosis by the primary emergency medical 
provider. It also underlines the crucial role of early ECG 
diagnosis of MI (target <10 minutes after presentation) and 
communication between EMS teams in the field and emer-
gency departments. Further, it underscores the importance 
of pre-hospital electrocardiography.

The need for early reperfusion of ischemic myocardium is 
supported by a large number of studies demonstrating the 
benefit of reperfusion for salvage of myocardium in ST-
elevation myocardial infarction (STEMI) (Antman et al., 
2004). The pathophysiologic correlate of a STEMI is a to-
tally occluded coronary artery with platelet aggregation and 
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clotting of fibrin (Hansson, 2005). Primary pharmacologic 
interventions, therefore, target platelet aggregation (aspi-
rin, Gp IIB/IIa inhibitors, clopidogrel), as well as thrombus 
formation (unfractionated heparin (UFH), low molecular 
weight heparin (LMWH), and direct thrombin inhibitors) 
and stability (fibrinolytics). Definitive therapy is provided by 
primary coronary intervention (PCI) with balloon dilation 
of the occluded coronary artery followed by intracoronary 
stent implantation. Of the two major forms of reperfusion in 
STEMI, PCI is superior to fibrinolysis in regard to reperfu-
sion success (Antman et al., 2004). PCI is also performed 
after failed fibrinolysis (rescue PCI) or as a secondary treat-
ment after fibrinolysis (facilitated PCI). 

According to a quantitative analysis of 23 randomized con-
trolled trials of 7739 patients comparing primary PCI versus 
thrombolysis for STEMI, primary PCI resulted in statistically 
significant reductions in mortality, nonfatal MI, recurrent 
ischemia, hemorrhagic CVA, major bleed, as well as the com-
bined endpoint of death, nonfatal reinfarction or CVA when 
compared to thrombolytic therapy (Keeley et al., 2003). The 
mortality benefit associated with PCI in STEMI may be lost 
if door-to-balloon time is delayed by >1 hour compared with 
fibrinolysis (TPA therapy). Equipoise occurs at 114 minutes 
for PCI-related delays (door-to-balloon minus door-to-needle 
time) (Pinto et al., 2006). When a substantial delay in initiat-
ing primary PCI is likely, reperfusion therapy with second- or 
third-generation fibrinolytic agents should be strongly con-
sidered (Pollack Jr et al., 2008). When compared to throm-
bolytic therapy, advantages of primary PCI include a higher 
(85-95%) infarct vessel patency rate; low rates of reinfarc-
tion, recurrent ischemia, death and CVA; avoidance of ICH; 
shortened length of stay; and ability to treat lysis-ineligible 
patients (Antman et al., 2004; Keeley et al., 2003; Pollack Jr 
et al., 2008). In addition, primary PCI uncovers the detailed 
anatomy of the coronary vasculature (Table 33-1).

Indication for Fibrinolysis

Indications for fibrinolytic therapy in myocardial infarction 
are summarized in the 2004 ACC/AHA Guidelines for the 
Management of Myocardial Infarction and its 2007 focused 
update (Pollack Jr et al., 2008).

Analysis of the Fibrinolytic Therapy Trialists’ (FTT) collab-
orative group revealed that fibrinolysis is beneficial versus 
placebo in new left bundle branch blocks (LBBBs) (saving 
49 lives per 1000 patients), ST elevation—both anterior 
and inferior (saving 37 and 8 lives per 1000 patients). The 
outcome is worse compared to placebo in patients with ST 
depression alone, making them candidates for other thera-
pies such as GP IIb/IIIA inhibitors, LMWH, clopidogrel, 
and primary percutaneous intervention.

The onset of chest pain is directly related to the benefits of 
fibrinolysis in acute MI. A positive effect is seen if the onset 
of symptoms (such as chest pain) is <12 hours. No benefit 
is detectable in patients with a symptom onset of >12 hours 
compared to placebo according to the FTT collaborative 
group (Lancet 1994). If applied within 1 hour of symptoms, 
the mortality benefit is 50% compared to no lysis (Lancet 
1996). Fibrinolysis reduces the occurrences of myocardial 
rupture in patients with MI if applied under 14 hours with 
slight increase in the occurrence of ruptures after 14 hours 
of symptom onset (JACC 1990 and 1995). Notably, no ben-
efit but rather harm was consistently found in patients older 
than 75 years of age (Table 33-2).

Choice of Fibrinolytic Agent

Fibrinolytic agents are the preferred pharmacologic class for 
the management of STEMI because of their ability to achieve 
reperfusion and to restore blood flow when administered 
within 12 hours of symptom onset. In the US., four fibrin-
olytic agents are approved for the treatment of STEMI: strep-
tokinase, alteplase, reteplase, and tenectaplase. Fibrinolytic 
agents work by converting plasminogen into plasmin, which Table 33-1 • ACC/AHA 2007 STEMI Focused 

Update: Acute Medical Therapy

General treatment 
measures

Aspirin, nitrates, oxygen, analgesics 
(morphine)

Infarct size 
limitation

Beta-blockers (not for acute use in 
patients with evidence of heart failure)

Reperfusion Thrombolysis (within 30 min) 
or primary PCI (within 90 min)

Anticoagulant
and antiplatelet 
therapy

UFH or enoxaparin or fondaparinux, 
clopidogrel 75 mg/d added to aspirin 
for patients undergoing fibrinolysis; 
300 mg loading dose for patients <75
yr who receive fibrinolytic therapy or 
who do not receive reperfusion therapy 

If PCI: clopidogrel, GP IIb/IIIa inhibitors

(From Pollack Jr et al., 2008.)

Table 33-2 • Indications for Fibrinolytic 
Therapy in AMI

Class I ST elevation in >2 consecutive leads, 
symptom onset <12 hrs

New LBBB with clinical history consistent 
with MI

Class IIA Posterior MI

Class IIB ST elevation with 12-24 hrs ongoing symptoms 
of ischemia

Class III ST elevation >24 hrs, resolution of chest pain
ST depression

(From Antman et al., 2004; Pollack Jr et al., 2008)



CHAPTER 33 /  Fibrinolysis in Acute Myocardial Infarction 357

degrades fibrin-rich clots. However, plasmin is also a very 
potent inducer of platelet aggregation. Several clinical trials 
have demonstrated the beneficial effects of these therapies 
in reducing mortality rates in patients with suspected acute 
myocardial infarction. Alteplase is administered as an intra-
venous infusion. The relatively long half-lives of reteplase 
and tenectaplase enable bolus administration, which is less 
time-consuming. Reteplase is administered as a double bolus, 
and dosing does not depend on the patient’s weight; tenecta-
plase is administered as a single, weight-based bolus. Notably, 
the ASSENT-2 trial has demonstrated the equality of alteplase 
and tenectaplase with no difference in mortality between 
the two agents (Van de Werf et al., 1999) (Table 33-3).

Complications of Fibrinolysis

The main complication of fibrinolysis is the occurrence of 
bleeding. The most devastating is the development of an in-
tracranial hemorrhage (ICH) carrying a more than 50% mor-
tality and significant morbidity leading to residual neurological 
symptoms in nearly all survivors of ICH during fibrinolysis. 
The risk of ICH increases with age, in particular, in those 
>75 years, in patients with low body weight, and in patients 
with uncontrolled hypertension (HTN). It is highest with the 
combined use of fibrinolysis with adjunct therapy (e.g., TNK 
with low molecular weight heparin). The occurrence of ICH 
increased from streptokinase to t-PA and TNK to r-PA.

The diagnosis of ICH is usually a clinical and confirmed by 
imaging such as non-contrast enhanced computed tomog-
raphy. There is, unfortunately, no treatment for ICH in the 
setting of fibrinolytic therapy (Table 33-4).

Adjunctive Therapy for Fibrinolysis

Aspirin (ASA)
As shown early during the investigations on reperfusion 
therapies in patients with acute MI, aspirin lowers mortality 
by 20% alone and by around 40% when added to throm-
bolytic therapy (SK) (ISIS-2, 1988).

Clopidogrel
The recent COMMIT and CLARITY trials have demon-
strated the role of clopidogrel for an improved patency of 
coronary vessels post-STEMI (Chen et al., 2005; Sabatine 
et al., 2005). The addition of clopidogrel (300 mg loading 
dose followed by 75 mg/day) to aspirin (150-325 mg load-
ing dose on the first day followed by 75-162 mg/day) plus a 
standard fibrinolytic regimen resulted in a 36% reduction 
in the occurrence of an occluded infarct-related artery or 
death or recurrent myocardial infarction before angiography 
in the Clopidogrel as Adjunctive Reperfusion Therapy-
Thrombolysis in Myocardial Infarction 28 (CLARITY-
TIMI 28) study (Sabatine et al., 2005).

Low Molecular Weight Heparin (LMWH)
When compared to UFH, treatment with LMWH (enox-
aparin) is superior in patients receiving fibrinolysis for 
STEMI, but it is also associated with an increase in major 
bleeding episodes (Antman et al., 2006). Since the occur-
rence of both minor and major bleeding increases, LMWH 
has a controversial role in the treatment of patients with 
STEMI. It is contraindicated in patients older than 75 years. 

Table 33-3 • Fibrinolytic Agents

Reperfusion Allergies Heparin Application

Streptokinase (SK) 50% Yes In high risk 30-60 min

Tissue Plasminogen Activator 
(tPA) (Alteplase)

80% None Essential 30 min bolus, then 
60 min infusion

Recombinant Plasminogen Activator 
(rPA) (Reteplase)

80% None Essential IV bolus over 2 min, 
repeat ×1 in 30 min

TNK-tPA (Tenectaplase) 80% None Essential Single weight adjusted 
IV bolus over 5 min

Although thrombolysis is the commonest form of treatment for acute MI, it also has important limitations: a rate of recanalization (restoring normal flow) in 90 minutes of 
only 55% with streptokinase or 60% with accelerated alteplase; a 5-15% risk of early or late reocclusion leading to AMI, worsening ventricular function, or death; a 1-2% risk 
of intracranial hemorrhage, with 40% mortality; and 15-20% of patients with a contraindication to thrombolysis (From Antman et al., 2004; Pollack Jr et al., 2008). 

Table 33-4 • Contraindications to Lysis

Absolute Contraindication Relative Contraindication

Prior intracranial 
hemorrhage

Oral anticoagulation 
(e.g., Coumadin or warfarin)

Structural intracranial 
vascular disease

Pregnancy

Known intracranial neoplasm CVA >3 months

Ischemic CVA <3 months Uncontrolled HTN 
>180/110 mm Hg

Aortic dissection Recent trauma 2-4 months

Significant head/facial 
trauma <3 months

Recent internal bleeding 
2-4 months

No contraindications are diabetic retinopathy and menses! (From Antman et al., 
2004; Pollack Jr et al., 2008)
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A Class IIb indication exists for patients <75 years without 
impaired renal function as an alternative to unfractionated 
heparin (Antman et al., 2006). 

Gp IIb/IIIa Inhibitors
While Gp IIb/IIIa inhibitors have a clear role in PCI, no 
benefit has been found in patients with STEMI undergoing 
fibrinolysis, either as a substitute or as an adjunctive agent 
to this therapy (Pollack Jr et al., 2008).

Reperfusion Criteria 
for Successful Fibrinolysis

Coronary blood flow criteria after successful fibrinolysis 
have been established by the Thrombolyis in Myocardial 
Infarction (TIMI) study group (Table 33-5).

Criteria for successful reperfusion after fibrinolysis are res-
olution of ST elevation and/or resolution of chest pain. 
Potential events after successful reperfusion are reperfusion 
arrhythmias (ventricular tachycardias, ventricular fibrilla-
tion, accelerated idioventricular rhythms, or bradyarrhyth-
mias in up to 50% of patients). 

Pre-hospital Lysis

A pre-hospital use of fibrinolysis can be administered in the 
ambulance if the transport time to the hospital is longer than 
60 minutes in high volume emergency medical service systems 
(Antman et al., 2004; Pollack Jr et al., 2008). Other factors to 
consider include the ability to transmit and interpret ECGs 
and the level of expertise in the management of STEMI. A 
meta-analysis of six randomized trials comparing pre-hospital 
versus in-hospital fibrinolysis demonstrated a 17% reduction 
in all-cause hospital mortality among patients who received 
pre-hospital fibrinolytic therapy (Morrison et al., 2000). The 
decreased mortality is explained by a reduction in time to 
thrombolysis through pre-hospital administration strategy.

Timing of PCI After Fibrinolysis

Facilitated PCI
Facilitated PCI, defined as elective PCI after successful fibrin-
olysis, could provide the advantage of early pharmacologic 

reperfusion to increase the benefit and use of mechanical 
reperfusion. Facilitated PCI is a Class IIb recommendation 
and may be performed in high risk patients under circum-
stances when immediate PCI is not available and risk of 
bleeding from pharmacologic treatment is low (Antman 
et al., 2004; Pollack Jr et al., 2008). Pharmacologic regimens 
include a full-dose or half-dose fibrinolytic; a glycoprotein 
(GP) IIb-IIIa inhibitor; or a combination of a reduced-
dose fibrinolytic and a GP IIb-IIIa inhibitor. However, a 
recent meta-analysis of 17 trials involving patients with 
STEMI who were assigned to either facilitated or primary 
PCI showed higher mortality and nonfatal reinfarction rates 
with facilitated PCI (Keeley et al., 2006). In contrast, a re-
cent prospective study involving 254 patients with STEMI 
reported a significant reduction in the rate of major adverse 
cardiac endpoints (p = 0.021) and higher TIMI 3 flow rates 
among patients treated with facilitated PCI compared with 
primary PCI (Coleman et al., 2006). Patients received ei-
ther a half dose of reteplase (62.2%), a full dose of reteplase 
(7.9%), another fibrinolytic agent (6.3%), and/or a GP IIb-
IIIa inhibitor (76.4%) followed by facilitated PCI or primary 
PCI without drug treatment. Overall, the study concluded 
greater treatment effectiveness and cost savings with facili-
tated PCI versus primary PCI. These findings require large, 
multicenter, randomized trials in order to be confirmed.

The recently published Facilitated Intervention with 
Enhanced Reperfusion Speed to Stop Events (FINESSE) 
study investigated half-dose reteplase (two 5-U injections 
given 30 minutes apart) in combination with abciximab 
in facilitated PCI versus primary PCI to study the benefits 
of facilitated PCI. The study included 3000 patients arriv-
ing for treatment within 6 hours of onset of symptoms of 
acute myocardial infarction. Neither facilitation of PCI 
with reteplase plus abciximab nor facilitation with abcix-
imab alone significantly improved the clinical outcomes, as 
compared with abciximab given at the time of PCI (Ellis et 
al., 2008).

Rescue PCI After Failed Fibrinolysis
Rescue PCI, defined as PCI performed within 12 hours after 
failure of fibrinolytic therapy for patients with ongoing or re-
current STEMI, may provide significant benefit in improv-
ing reperfusion and survival after ineffective reperfusion with 
fibrinolytics (Gershlick et al., 2005). No significant differ-
ences were reported in procedural success rates for patients 
treated with rescue PCI versus primary PCI in a study of 659 
patients with STEMI arriving within 12 hours of symptom 
onset. In addition, rescue PCI also did not increase the risk 
of major bleeding complications or major adverse cardiac 
endpoints compared with primary PCI (Ellis et al., 2005). 
Finally, the REACT trial demonstrated that event-free 
survival after failed thrombolytic therapy was significantly 
higher with rescue PCI than with repeated thrombolysis or 
conservative treatment (Gershlick et al., 2005). 

Table 33-5 • Thrombolysis In Myocardial Infarction 
(TIMI) Coronary Blood Flow Classification

TIMI 0 flow Total occlusion, no coronary flow

TIMI 1 flow Penetration of obstruction with no distal perfusion

TIMI 2 flow Slow flow, perfusion only with delayed flow

TIMI 3 flow Normal flow with full perfusion

(Reprinted from Antman EM, Anbe DT, Armstrong PW et al. 2004 ACC/AHA 
guidelines for the management of patients with ST-elevation myocardial infarction: 
a report of the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines (Committee to Revise the 1999 Guidelines for the 
Management of Patients with Acute Myocardial Infarction). J Am Coll Cardiol. 
2004;44:e1–e211 with permission from Elsevier.)
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Risk Stratification and Post-
Myocardial Infarction Therapy

Eric S. Davidson and George J. Philippides
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• The short-term risk of major adverse cardiac events 
in patients with unstable angina and non-STEMI can 
best be determined by clinician assessment of char-
acteristics of chest pain and previous history of coro-
nary artery disease, presence or absence of abnormal 
hemodynamic factors, electrocardiographic patterns 
of ischemia, and cardiac markers.

• Post-myocardial infarction patients who develop 
clinical manifestations of recurrent ischemia, com-
plex ventricular arrhythmias, and congestive heart 
failure represent high risk patients requiring aggres-
sive management to help clinicians further define the 
most appropriate treatment.

• Post-myocardial infarction patients deemed to be 
low risk on the basis of clinical findings may benefit 
from additional risk assessment with stress testing.

• Resting left ventricular function should be assessed 
in all patients with acute myocardial infarction, as 
this is one of the most accurate predictors of future 
cardiovascular events.

• Complex ventricular ectopy occurring greater than 
48 hours after infarction is much more predictive of 
future cardiac death than similar arrhythmias occur-
ring within 48 hours of infarction. 

d PRACTICAL POINTS

INTRODUCTION

Risk stratification after acute myocardial infarction (AMI) 
is an integral step toward identifying those patients at 
higher risk for recurrent cardiovascular events and death. 
Post-myocardial infarction (post-MI) patients have varying 
risk for recurrent ischemic events and numerous tools are 
available to identify higher risk patients who may benefit 
from therapies that can lessen risk and reduce mortality. The 
overall prognosis of acute coronary syndromes has improved 
with increasing use of primary percutaneous intervention 
(PCI), more aggressive antiplatelet therapy and secondary 
risk factor modification. However, recurrent ischemia, re-
infarction, congestive heart failure (CHF), and sudden car-
diac death (SCD) still pose significant risk to the post-MI 
patient. Post-MI risk stratification is a continuous process 
that begins with the initial emergency triage and continues 

throughout the hospital course and into the post-hospital 
period. Mortality in all acute coronary syndromes remains 
highest during the index event and within the first month. 
The in-hospital mortality increases across the spectrum 
from unstable angina to ST elevation myocardial infarction 
(STEMI). Interestingly non-ST elevation myocardial in-
farction (NSTEMI) has been demonstrated to have higher 
mortality rates further out from the index event (6 months 
and 1 year). This has been attributed to a higher likelihood 
of residual ischemia. 

APPROACH TO RISK STRATIFICATION

The approach to post-MI risk assessment can be categorized 
into five major areas of assessment: (1) clinical risk factors, 
(2) left ventricular function, (3) stress testing, (4) catheter-
ization, and (5) risk for arrhythmic death. 
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Clinical Risk Factors 

Myocardial ischemia results from the disruption of a vul-
nerable plaque and manifests as a broad spectrum of clini-
cal presentations ranging from unstable angina, NSTEMI, 
and STEMI. Both STEMI and NSTEMI represent ischemic 
coronary disease of similar etiology and have analogous post 
infarct risk assessment and treatment strategies with subtle 
differences. However, unlike patients with STEMI who are 
typically triaged to a revascularization strategy, NSTEMI pa-
tients undergo an early risk stratification process, which helps 
the clinician decide between early invasive strategy (diagnos-
tic angiography within 4 to 48 hours with intent to perform 

revascularization) versus early conservative strategy. At the 
time of an MI, patients often have prior data (i.e., LV function, 
stress test, or catheterization) that aids in the risk stratification 
process in the acute infarct setting. However, the assessment 
of current clinical risk factors is a rapid and easy process that 
guides the very early management of a myocardial infarction.

Early NSTEMI Risk Stratification 
by Clinical Risk Factors
The early risk categorization process with NSTEMI is based 
on independently associated clinical factors (the medi-
cal history, physical exam, ECG, and cardiac biomarkers 
(Table 34-1)) that are associated with a worse short-term 

Table 34-1 • Short-Term Risk of Death or Nonfatal MI in Patients with UA/NSTEMI*

Feature

High Risk 
At least 1 of the following 
features must be present:

Intermediate Risk 
No high-risk feature, but 
must have 1 of the following:

Low Risk 
No high- or intermediate-risk 
feature but may have any of 
the following features:

History Accelerating tempo of ischemic 
symptoms in preceding 48 h

Prior MI, peripheral or 
cerebrovascular disease, 
or CABG; prior aspirin use

Character of pain Prolonged ongoing (greater than 
20 min) rest pain

Prolonged (greater than 20 min) 
rest angina, now resolved, with 
moderate or high likelihood of CAD

Rest angina (greater than 20 min) 
or relieved with rest or sublingual 
NTG

Nocturnal angina 
New-onset or progressive CCS 

class III or IV angina in the past 
2 weeks without prolonged 
(greater than 20 min) rest pain 
but with intermediate or high 
likelihood of CAD (see Table 6)

Increased angina frequency, 
severity, or duration 

Angina provoked at a lower 
threshold

New onset angina with onset 
2 weeks to 2 months prior to 
presentation

Clinical findings Pulmonary edema, most likely 
due to ischemia

New or worsening MR murmur
S3 or new/worsening rates 
Hypotension, bradycardia, 

tachycardia
Age greater than 75 years

Age greater than 70 years

ECG Angina at rest with translent 
ST-segment changes greater 
than 0.5 mm

Bundle-branch block, new or 
presumed new

Sustained ventricular tachycardia 

T-wave changes
Pathological Q waves or resting 

ST-depression less than 1 mm in 
multiple lead groups (anterior, 
inferior, lateral)

Normal or unchanged ECG

Cardiac markers Elevated cardiac TnT, Tnl, or 
CK-MB (e.g., TnT or Tnl greater 
than 0.1 ng per mL)

Slightly elevated cardiac TnT, Tnl, 
or CK-MB (e.g., TnT greater than 
0.01 but less than 0.1 ng per mL)

Normal

*Estimation of the short-term risks of death and nonfatal cardiac ischemia events in UA (or NSTEMI) is a complex multivariable problem that cannot be fully specified in 
a table such as this: therefore, this table is meant to offer general guidance and illustration rather than right algorithms. Adapted from AHCPR Clinical Practice Guidelines 
No. 10. Unstable Angina: Diagnosis and Management, May 1994 (124).
CABG = coronary artery bypass graft surgery; CAD = coronary artery disease; CCS = Canadian Cardivascular Society; CK-MB = creatine kinase, MB fraction; ECG = electrocar-
diogram; MI = myocardial infarction; MR = mitral regurgitation; NTG = nitroglycerine; Tnl = troponin I; TnT = troponin T; UA/NSTEMI = unstable angina/non-ST-elevation 
myocardial infarction.
(Reprinted with permission from: Anderson, J, Adams, C, Antman, E, et al. ACC/AHA 2007 guidelines for the management of patients with unstable angina/non-ST-elevation 
myocardial infarction. J Am Coll Cardiol. 2007; 116:803–877.)
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outcome. This early risk stratification step relies on these 
basic clinical variables and enables the swift triage of high 
risk NSTEMI patients to an invasive strategy. Risk is high-
est during the acute phase of MI, and these simple clini-
cal variables can identify the category for patients early 
and rapidly. A history of present illness (HPI) suggestive 
of an accelerating course of ischemic symptoms and pain 
characterized as prolonged (greater than 20 minutes) puts 
patients at high short-term risk and typically warrants an 
early invasive strategy. Additionally, clinical findings such 
as pulmonary edema, jugular venous distention, S3 gallop, 
peripheral hypo-perfusion, hypotension, bradycardia, or 
tachycardia place patients at high short-term risk. Many of 
these physical exam features correlate with intermediate to 
advanced Killip class and highlight active heart failure as a 
poor prognostic marker. 

12-Lead ECG
The 12-lead ECG should be done within 10 minutes of 
patient arrival to the emergency department if there is 
suspicion of acute coronary syndrome. The ECG provides 
important information regarding location, size, and pres-
ence of ongoing ischemia and conduction abnormalities. 
The magnitude, location, extent, and nature (recurrent or 
persistent) of ST segment changes relate to worse prognosis. 
ST depressions greater than or equal to 0.5 mm that are as-
sociated with symptoms at rest suggest severe CAD. 

Various findings on ECG relate to increased cardiovascular 
risk; these include: multiple leads showing ST-segment el-
evation, a high degree of ST-segment elevation, persistent 
horizontal or down-sloping ST-segment depression, persis-
tent or advanced heart block, Q waves in multiple leads, RV 
infarct pattern accompanied with inferior infarction, and 
ST-segment depressions in anterior leads in patients with 
inferior infarction. When corrected for infarct size, mortal-
ity is higher in patients experiencing an anterior wall MI 
compared to an inferior wall MI. It is important to recognize 
that roughly 4% of MI patients may present with isolated ST 
elevations in the posterior (leads V7-V9). These patients 
should be managed as ST-elevation MI even though ST el-
evations are not present on the standard 12-lead ECG.

Cardiac Biomarkers
Conventional markers for myocardial damage today in-
clude troponin-I or T, creatine kinase (CK), and CK-MB. 
A cardiac-specific troponin is the preferred biomarker. 
Patients with a negative biomarker test within 6 hours of 
the onset of symptoms should have markers remeasured 
within 8-12 hours of symptom onset. Although these lab-
oratory tests should be performed, they should not delay 
implementation of a reperfusion therapy if other clinical 
factors (medical history, character of pain, clinical findings, 
ECG) indicate high short-term risk. Cardiac-specific tro-
ponin levels have a linear predicative nature of mortality 
rates at roughly 40 days post infarct (Figure 34-1).
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Figure 34-1. Troponin I levels to predict the risk of mortality in ACS. Mortality rates are at 42 d (without 
adjustment for baseline characteristics) in patients with acute coronary syndrome. The numbers at the bot-
tom of each bar are the numbers of patients with cardiac troponin I levels in each range, and the numbers 
above the bars are percentages. p less than 0.001 for the increase in the mortality rate (and the risk ratio for 
mortality) with increasing levels of cardiac troponin I at enrollment. (Reprinted with permission from Ant-
man EM, Tanasijevic MJ, Thompson B, et al. Cardiac-specific troponin I levels to predict the risk of mortality 
in patients with acute coronary syndromes. N Engl J Med. 1996;335:1342–1349(201). Copyright © 1996 Mas-
sachusetts Medical Society. All rights reserved. From Anderson J, et al. J Am Coll Cardiol. 2007.)
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Risk Stratification Scores
In addition to the very early assessment of short-term risk 
with clinical factors as outlined in Table 34-1, there are 
multiple risk stratification models developed from multi-
variate analysis that have been validated in large cohorts 
of patients. These integrated risk tools incorporate the most 
effective predictive variables for patient risk-stratification; 
they are designed to estimate the risk of death and nonfa-
tal cardiac events in the short term and beyond. These risk 
scores are multifaceted and are useful to guide management 
(i.e., help the clinician decide which patients would benefit 
most from the early invasive versus conservative strategy 
in the NSTEMI setting). Additionally, the risk scores can 
help identify lower risk patients in order to allow for an early 
discharge, and they can calculate future risk of cardiovas-
cular events and death. The most widely utilized models—
Thrombolysis in Myocardial Infarction (TIMI) and Global 
Registry of Acute Coronary Events (GRACE)—use basic 
clinical variables to categorize patients into low risk, inter-
mediate-risk and high risk groups. 

TIMI Score The TIMI risk score is designed for NSTEMI 
and STEMI and is based on scales ranging from 0-7 and 
0-14, respectively (Table 34-2). The 7-point scale applied 
to the NSTEMI patient consists of 7 (1-point) risk indicators 
which predict all-cause mortality, new or recurrent MI, or 
severe recurrent ischemia. One point is given for each of 
the following variables; age (>65 years), at least 3 CAD 
risk factors, prior coronary stenosis >50%, ST-segment 
deviation on ECG, at least 2 anginal events in prior 24 
hours, use of aspirin within 7 days, and elevated serum 
cardiac biomarkers. A TIMI risk score of <2-3 constitutes a 
lower risk patient and makes up more than 50% of patients 
presenting with AMI. A higher TIMI risk score correlates 

with increased cardiovascular events and all-cause mortality 
at 14 days and 6 weeks. 

GRACE Score The GRACE risk model has been validated for 
in-hospital and 6-month outcomes in the setting of NSTEMI 
(Figure 34-2). The prediction score is based on 9 variables, 
which include: age, history of congestive heart failure, 
history of MI, resting heart rate, systolic blood pressure, 
ST-segment depression, initial serum creatinine, elevated 
cardiac biomarkers, and whether in-hospital percutaneous 
coronary intervention (PCI) is utilized. The sum of 9 scores 
is applied to a reference nomogram, which predicts all-cause 
mortality from hospital discharge to 6 months. 

All the above mentioned clinical variables and models help 
predict future risk, but age alone strongly correlates with risk 
of death in the setting of myocardial infarction and is the 
most well-reproduced clinical variable. Older patients are 
more likely to have a prior history of MI, advanced CAD, 
and develop CHF and cardiogenic shock. 

Early Management of NSTEMI 
Using Clinical Risk Factors

Typically, when high risk clinical factors are identified 
in the very early risk stratification process (Table 34-1) 
patients undergo an early invasive strategy, absent any 
contraindications (Figure 34-3). In addition to these 
high risk clinical findings of Table 34-1, other factors—
including sustained ventricular tachycardia, PCI within 
6 months, prior coronary artery bypass grafting (CABG), 
reduced LV function, and a high risk score (e.g., TIMI or 
GRACE)—contribute to the decision to pursue an early 
invasive strategy (Table 34-3). Additionally, high-risk 

Table 34-2 • TIMI Risk Score for Unstable Angina/Non-ST-Elevation MI

TIMI Risk Score

0–1 2 3 4 5 6–7

All-Cause Mortality, 
New or Recurrent 
MI, or Severe 
Recurrent Ischemia 
Requiring Urgent 
Revascularization
Through 14 d after 
Randomization, %

4.7 8.3 13.2 19.9 26.2 40.9

TIMI Risk Factors Age (>65 
years)

At least 3 CAD 
risk factors

Prior coronary 
stenosis > 50%, ST 
segment deviation 
on ECG factors

At least 
2 anginal 
events in prior 
24 hours

Use of aspirin 
within 7 days

Elevated
serum cardiac 
biomarkers

The TIMI risk score is determined by the sum of the presence of 7 variables at admission; 1 point is given for each of the following variables; age 65 y or older; at least 3 risk factors 
for CAD; prior coronary stenosis of 50% or more; ST-segment deviation on ECG presentation; at least 2 anginal events in prior 24 h; use of aspirin in prior 7 d; elevated serum 
cardiac biomarkers. Prior coronary stenosis of 50% or more remained relatively insensitive to missing information and remained a significant predictor of events. CAD, coronary 
artery disease; ECG, electrocardiogram; MI, myocardial infarction; y, year.
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Risk calculator for 6-month postdis charge mortality after hospitalization for a cute coronary syndrome.
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Determine the points for each variable from the figure below.  Sum the points to calculate the total risk score and locate 
the total score on the x-axis of the nomogram plot. The estimated probability of death due to all-causes post-hospital 
discharge to 6 months is the corresponding value on the y-axis.

Figure 34-2. Grace prediction score card and nomogram for all-cause mortality from discharge to 6 months.
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patients benefit from aggressive medical therapies such as 
low molecular weight heparin (LMWH) and, glycoprotein 
(GP) IIb/IIIa inhibitors. The decision to initiate upstream 
use (prior to catheterization) of GP IIb/IIIa inhibitors 
versus just before stent deployment remains controversial. 
This is due to the question of whether the reduction in 
ischemic events by upstream use GPIIb/IIIa inhibitors is 
powerful enough to warrant the potential increased risk 
of hemorrhagic complications from prolonged therapy. In 
the NSTEMI setting it is recommended one initiate at 
least clopidrogrel or GP IIb/IIa inhibitor prior to angiog-
raphy (Figure 34-3). 

The early invasive strategy is well established as benefit-
ing the high risk population. However, the utilization of an 
early invasive strategy in intermediate or low risk NSTEMI 
patients that are stabilized on medical therapy is more con-
troversial. The initial conservative strategy (Table 34-3 and 
Figure 34-4) is indicated in the following settings: in the ab-
sence of high risk clinical features or subsequent events ne-
cessitating angiography; a low risk score (TIMI or GRACE); 
or patient or physician preference (in the absence of high 
risk features). In the initial conservative strategy patients 
typically undergo further risk stratification with echocar-
diography and/or stress testing (Figure 34-4).

Prior to angiography

Initiate at least one (class I, LOE: A) or
both (class IIa, LOE B) of the following:

Clopidogrel*
IV GP IIb/IIIa inhibitor*

Factors favoring administration of both clopidogrel and
GP IIb/IIIa inhibitor include;

Delay to angiography
high risk features

early recurrent ischemic discomfort

Diagnostic angiography (see Figure 9)

Diagnosis of UA/NSTEMI is likely or definite

Select management strategy

ASA (class I, LOE: A)*
Clopidogrel if ASA intolerant (class I, LOE: A)

For an initial
conservative strategy

see Figure 8.

Invasive strategy
Initiate anticoagulant therapy (class I, LOE: A)

Acceptable options*: enoxaparin or UFH (class I, LOE: A)
bivalirudin or fondaparinux (class I, LOE: B)

B1

A

B2

Figure 34-3. Algorithm for patients with UA/NSTEMI managed by an initial invasive strategy. When 
multiple drugs are listed, they are in alphabetical order and not in order of preference (e.g., Boxes B1 and 
B2). *Evidence exists that GP IIb/IIIa inhibitors may not be necessary if the patient received a preload-
ing dose of at least 300 mg of clopidogrel at least 6 hours earlier (Class I, Level of Evidence B for clopi-
dogrel administration), and bivalirudin is selected as the anticoagulant (Class IIa, Level of Evidence B). 
ASA, aspirin; GP, glycoprotein; IV = intravenous; LOE, level of evidence; UA/NSTEMI, unstable angina/
non-ST-elevation myocardial infarction; UFH, unfractionated heparin. (From Anderson J, et al. J Am Coll 
Cardiol. 2007.)
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Early Management of STEMI 

For patients with ST elevations on a 12-lead ECG and 
symptoms of STEMI, reperfusion therapy should be initi-
ated as soon as possible and should not be delayed for further 
clinical risk stratification (Figure 34-5). A longer time pe-
riod (in minutes) from symptom onset to balloon is directly 
related to increased one year mortality. If thrombolytic ther-
apy is being considered the patient should be risk-stratified 
with respect to intracranial hemorrhage and major bleeding. 
As outlined in Figure 34-5, some STEMI patients may not 
receive a reperfusion therapy or catheterization and require 
further risk stratification to evaluate LVEF with an echocar-
diogram. However, the mainstay of treatment for STEMI is 
a rapid invasive strategy. Roughly 25% of deaths that occur 
within the first year after STEMI occur within 48 hours of 
the initial onset of symptoms. If the initial ECG is not diag-
nostic for ST elevation and the patient remains symptom-
atic, the ECG should be repeated every 15 to 30 minutes to 
detect developing ST segment changes. 

LEFT VENTRICULAR FUNCTION

Assessment of resting left ventricular function is a vital as-
pect of risk stratification in all patients with AMI and has 
been shown to be one of the most accurate predictors for 

future cardiovascular events. The prognosis after myocar-
dial infarction is largely based on left ventricular ejection 
fraction (LVEF), infarct size, and residual myocardium at 
risk. If measurement of LVEF is not obtained to guide inpa-
tient care, it should be considered to aid in risk assessment. 
Additionally, the ACC/AHA Guideline Update for the 
Clinical Application of Echocardiography recommends a tr-
ansthoracic echocardiogram for the evaluation of a patient 
with suspected acute coronary syndrome when the baseline 
ECG and other diagnostic markers are nondiagnostic. This 
is only effectively utilized if a study can be obtained during 
pain or within minutes after its abatement

Assessment of LVEF is an important tool in the algorithm 
for patients in the initial conservative NSTEMI treatment 
strategy (Figure 34-4) and STEMI patient who did not re-
ceive a revascularization strategy (Figure 34-5). According 
the ACC/AHA guidelines in both of these groups (who 
have not undergone an invasive strategy), an LVEF less than 
40% leads to diagnostic catheterization with intent to revas-
cularization as indicated without stress testing. (The ACC/
AHA NSTEMI guidelines allow for either an echocardio-
gram or a stress test (Figure 34-4)).

Echocardiography is typically utilized to assess infarct size 
and/or extent of jeopardized myocardium. Radionuclide 
angiography (RNA) is an alternative to echocardiography 
and can be performed in conjunction with stress myocar-
dial perfusion imaging (MPI). An LVEF <40% lends itself 
to a substantial increase in mortality and, in general, more 
extensive wall motion abnormalities signify an increased 
risk of death, recurrent infarct, pump failure and ventricu-
lar dysrhythmias. In-hospital repeat assessment of LVEF 
is not necessary in the absence of any change in clinical 
status. However, the dynamic nature of LV function in re-
covery after an index event may be related to stunning or 
hibernating myocardium. LV function should be reassessed 
40 days after the index in a patient who may be a candi-
date for internal cardiac defibrillator (ICD) based on low 
LVEF. 

STRESS TESTING

Introduction

Survivors of myocardial infarction present to the medical 
system at different time intervals and receive diverse treat-
ment strategies resulting in a heterogeneous group of pa-
tients with various indications for stress testing. The purpose 
of stress testing is to detect ischemia and estimate prognosis 
in order to identify patients at high risk who might benefit 
from coronary angiography if they are suitable for revascu-
larization. Post infarction stress testing includes exercise 
testing alone and the use of exercise or pharmacological 

Table 34-3 • Selection of Initial Treatment Strategy: 
Invasive Versus Conservative Strategy

Preferred
Strategy Patient Characteristics

Invasive Recurrent angina or ischemia at rest or with 
low-level activities despite intensive medical 
therapy

Elevated cardiac biomarkers (TnT or Tnl)
New or presumably new ST-segment depression
Signs or symptoms of HF or new or 

worsening mitral regurgitation 
High-risk findings from noninvasive testing 
Hemodynamic instability
Sustained ventricular tachycardia
PCI within 6 months
Prior CABG
High risk score (e.g., TIMI, GRACE)
Reduced left ventricular function (LVEF 

less than 40%)

Conservative Low risk score (e.g., TIMI, GRACE)
Patient or physician preference in the absence 

of high-risk features

CABG = coronary artery bypass graft surgery; GRACE = Global Registry of 
Acute Coronary Events; HF = heart failure; LVEF = left ventricular ejection 
fraction; PCI = percutaneous coronary intervention; TIMI = Thromtolysis in 
Myocardial infarction; Tnl = troponin I; TnT = troponin T.
(Reprinted with permission from: Anderson, J, Adams, C, Antman, E, et al. ACC/
AHA 2007 guidelines for the management of patients with unstable angina/non-ST-
elevation myocardial infarction. J Am Coll Cardiol. 2007;116:803–877.)
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Figure 34-4. Algorithm for patients with UA/NSTEMI managed by an initial conservative strategy. When multiple drugs are listed, they 
are in alphabetical order and not in order of preference (e.g., Boxes C, C1, and C2). *Recurrent symptoms/ischemia, heart failure, seri-
ous arrhythmia. ASA, aspirin; EF, ejection fraction; GP, glycoprotein; IV, intravenous; LOE, level of evidence; LVEF, left ventricular ejec-
tion fraction; UA/NSTEMI, unstable angina/non-ST-elevation myocardial infarction; UFH, unfractionated heparin. (From Anderson J,
et al. J Am Coll Cardiol. 2007.)

Diagnosis of UA/NSTEMI is likely or definite

Select management strategy

Any subsequent events necessitating angiography?

Evaluate LVEF

EF 0.40 or
less

Diagnostic
angiography,
see Figure 9

EF greater
than 0.40

Stress
test

Yes No

Low
risk

E2

O

E1

L

D

NM

Not low
risk

Conservative strategy
Initiate anticoagulant therapy (class I, LOE: A)

Acceptable options: enoxaparin or UFH* (class I, LOE: A)
or fondaparinux (class I, LOE: B) but enoxaprain or

fondaparinux are prefrerable (class IIa, LOE: B)

Initiate clopidogrel therapy (class I, LOE: A)*
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stress with imaging (typically nuclear and echocardiogra-
phy). For the clinician considering stress testing, the ACC/
AHA guidelines recommend the exercise ECG as the pri-
mary noninvasive stress testing tool if the patient is able to 
exercise and the 12-lead ECG is interpretable. In patients 
with baseline ECG abnormalities that compromise inter-
pretation, echocardiography or myocardial perfusion imag-
ing should be added to standard exercise testing. However, 

the incremental value of adding imaging to a regular exer-
cise test after AMI has not been established. There is no 
indication for a pharmacological stress test if the patient 
is able to exercise, unless concerns are raised regarding the 
presence of viable myocardium in which other modalities 
can be utilized (dobutamine, rest-redistribution thallium, 
positron emission tomography (PET) and magnetic reso-
nance imaging (MRI)). 

Figure 34-5. Evidence-based approach to need for catheterization (cath) and revascularization after STEMI. The algorithm treatment 
paths for patients who initially undergo a primary invasive strategy, receive fibrinolytic therapy, or do not undergo reperfusion therapy 
for STEMI. Patients who have not undergone a primary invasive strategy and have no high-risk features should undergo functional
evaluation with one of the noninvasive tests shown. When clinically significant ischemia is detected, patients should undergo 
catheterization and revascularization as indicated; if no clinically significant ischemia is detected, medical therapy is prescribed after 
STEMI. (From: Antman, EM et al. ACC/AHA Guidelines for the Management of Patients with ST-Elevation Myocardial Infarction. 
Circulation. 2004.)
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Stress testing (with or without imaging) in the post-
infarction time period can be useful in: (1) risk stratification 
of post-infarction patients who have not undergone an inva-
sive strategy (both NSTEMI and STEMI); (2) assessment of 
partially revascularized myocardium for ischemia; (3) estab-
lishment of exercise parameters for cardiac rehabilitation; 
(4) providing prognostic information and reassurance to the 
patient; and (5) evaluation of the efficacy of the patients, 
current medical regimen. 

Submaximal and 
Symptom-limited Stress Tests

Submaximal testing, typically defined as 70% of maximum 
heart rate, can be performed safely at 4-6 days after an AMI 
if patients are symptom-free with respect to heart failure, an-
gina, or arrhythmias for 12-24 hours. Early after discharge, 
symptom-limited exercise testing can be performed at 14-21 
days for prognostic assessment, activity prescription, evalua-
tion of medical therapy, and for cardiac rehabilitation if the 
predischarge exercise test was not done. Submaximal testing 
in the predischarge window has adequate predictive power 
compared to what is possible if one waits in the postdis-
charge time frame to perform a more maximal level of stress. 
Exercise testing is not utilized if severe comorbidities likely 
limit life expectancy and/or candidacy for revascularization. 
Patients taking beta-blockers after an AMI should continue 
them at the time of exercise testing. 

Key Variables of Stress Testing

Post-MI patients who are unable to undergo stress testing 
due to clinical instability or disabling comorbidities have 
the highest adverse cardiac event rate. For those patients 
able to perform exercise testing there are many well-vali-
dated exercise test predictors. The three most widely utilized 
variables in post-MI exercise testing include: (1) exercise 
capacity, (2) exercise-induced ischemia, and (3) systolic 
blood pressure. One of the strongest and most consistent 
prognostic markers is maximum exercise capacity. Exercise 
duration or workload expressed as metabolic equivalent 
unit (MET) provides a standard measurement of exercise 
capacity. A functional capacity <5 METs is a poor prognos-
tic indicator. Exercise-induced ischemia is measured by the 
12-lead ECG. ST-segment depression greater than or equal 
to 1 mm in leads (without pathological Q waves and not in 
lead aVR), particularly if in conjunction with symptoms at 
a low level of exercise or in the presence of controlled heart 
failure, is a poor prognostic indicator. A failure to increase 
systolic blood pressure by 30 mm Hg, peak systolic blood 
pressure <110 mm Hg, or exercise-induced hypotension are 
also poor prognostic indicators. 

Patients who cannot achieve a 4-5 MET workload or de-
velop ischemia at a low level of exercise or have an abnormal 

blood pressure response with exercise should not have any 
further stress testing and should undergo catheterization. 
(Figure 34-6) Additionally, if imaging is indicated vari-
ous findings confer high risk, and in general these include 
(Table 34-4) significant LV dysfunction or moderate to se-
vere areas of ischemia. More specifically, findings on stress 
echocardiography that predict high risk for adverse out-
comes include: resting LVEF of 35% or less and wall motion 
score index >1. Findings on stress radionuclide ventriculog-
raphy that predict high risk for adverse outcomes include: 
exercise LVEF <50%, resting LVEF <35%, or a fall in LVEF 
≥10%. Findings on stress radionuclide myocardial perfusion 
imaging that predict high risk for adverse event include: ab-
normal myocardial tracer distribution in more than 1 coro-
nary region at rest or with stress a large anterior defect that 
reperfuses; abnormal myocardial distribution with increased 
lung uptake; and cardiac enlargement. 

Indications for Stress Testing

For NSTEMI and STEMI patients initially deemed to be 
low or intermediate risk during the post-MI phase by clini-
cal markers and/or who have not undergone diagnostic 
catheterization, the results of an exercise test at 4-7 days, 
14-21 days, or 3-6 weeks helps determine whether further 
imaging-based stress testing or catheterization is indicated 
(Figures 34-4 and 34-5). The ACC/AHA Guideline 
Update for Exercise Testing (Figure 34-6) indicates that 
if clinically significant ischemia is detected on any type of 
stress test (submaximal, symptom-limited, exercise alone, 
imaging, or pharmacologic), then catheterization with in-
tent to revascularize is warranted. 

There are certain clinical situations in which stress testing 
is not indicated in the post-MI setting. The ACC/AHA 
STEMI guidelines recommend all STEMI patients that are 
suitable for revascularization with LVEF <40% and those 
with LVEF >40% with high risk features undergo angiog-
raphy without stress testing. The ACC/AHA NSTEMI 
guidelines recommend that the NSTEMI patient with high 
risk features or any clinically significant subsequent events 
during an initial conservative strategy undergo diagnostic 
angiography without stress testing (Figure 34-4). 

Stress testing is indicated in the STEMI patient that has 
not undergone catheterization, with an LVEF >40% and 
without high-risk features (Figure 34-5). The initial con-
servative NSTEMI patient (without high risk features or 
without subsequent significant events) can either undergo 
assessment LVEF or a stress test for further risk stratification 
(Figure 34-4). In this setting if a stress test is not low risk or 
LVEF is <40%, diagnostic angiography is indicated. 

Another subset of AMI patients with indications for stress 
testing includes those who were partially revascularized and 
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Clinical indications of high risk at predischarge∗

∗Clinical indications of high risk include hypotension, congestive heart failure, recurrent chest pains, and inability to excercise.

Exercise imaging study

Present Absent Absent

Strategy I

Reversible
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No reversible
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or occupation/cardiac rehabilitation

Symptom-limited exercise testing
at 3–6 weeks

Cardiac
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Medical treatment
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Markedly
abnormal
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Negative

Medical treatment
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Symptom-limited exercise test
at 14–21 days
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at 4–7 days
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Figure 34-6. Strategies for exercise test evaluation soon after myocardial infarction. If patients are at high risk for ischemic events, base 
on clinical criteria, they should undergo invasive evaluation to determine if they are candidates for coronary revascularization procedures 
(strategy I). For patients initially deemed to be at low risk at the time of discharge after myocardial infarction, two strategies for perform-
ing exercise testing can be used. One is a symptom-limited exercise test at 14 to 21 days (strategy II). If the patient is on digoxin or if 
the baseline electrocardiogram precludes accurate interpretation of ST-segment changes (eg, baseline left bundle branch block or left 
ventricular hypertrophy), then an initial exercise imaging study could be performed. The results of exercise testing should be stratified to 
determine the need for additional invasive or exercise perfusion studies. Another strategy (strategy III) is to perform a submaximal exer-
cise test at 4 to 7 days after myocardial infarction or just before hospital discharge. The exercise test results could be stratified using the 
guidelines in strategy I. If the exercise test studies are negative, a second symptom-limited exercise test could be repeated at 3 to 6 weeks 
for patients undergoing vigorous activity during leisure time activities, at work, or exercise training as part of cardiac rehabilitation. The 
extent of reversible ischemia on the exercise imaging study should be considered before proceeding to cardiac catheterization. A small 
area contiguous to the infarct zone may not necessarily require catheterization.
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warrant an ischemic evaluation of a coronary lesion with 
questionable severity. This particular situation requires an 
imaging modality (preferable with exercise) or a pharma-
cologic stress (dipyridamole, adenosine, or dobutamine) if 
these patients are unable to exercise. Similar to exercise 
testing, pharmacologically stressed patients must be symp-
tom-free with respect to heart failure, angina, or arrhyth-
mias for 12-24 hours prior to testing. 

CATHETERIZATION

Cardiac catheterization serves as a risk stratification tool for 
patients who have not undergone angiography during the early 
infarction time frame. Not every AMI patient is a candidate 

for catheterization based on other comorbidities agrees to an 
invasive procedure or requires it. The ACC/AHA NSTEMI 
guidelines state a patient appropriately triaged to an initial 
conservative strategy with a low risk stress test can be treated 
with maximum medical therapy (Figure 34-4). 

Coronary angiography is considered the traditional gold 
standard for the assessment of obstructive coronary disease. 
Although there are limitations with respect this test’s abil-
ity to determine the functional significance of a coronary 
stenosis and inability to predict which plaques are more 
likely to cause an acute coronary syndrome, the extent and 
severity of coronary disease is a powerful clinical predictor 
of long-term outcome. The acute coronary syndrome pa-
tient that is triaged to an early invasive strategy allows for 
further risk stratification based upon the degree of coronary 
stenosis. Higher risk patients are categorized as having more 
severe coronary artery disease (CAD) such as left main, 
proximal left anterior descending artery or 3-vessel disease. 
These patients may have concomitant depressed left ven-
tricular systolic function. The invasive strategy can identify 
up to 20% of patients with no significant coronary stenosis 
and 20% who gain survival benefit from coronary artery by-
pass grafting (CABG) such as those with 3-vessel disease 
and LV dysfunction or left main CAD. The other 60-70% of 
patients who obtain PCI of a culprit lesion have reduction 
of subsequent hospitalizations and need for multiple antian-
gina medications, but gain no clear mortality benefit. 

The most widely accepted classification of CAD categorizes 
patients into 1-vessel, 2-vessel, 3-vessel, or left main, CAD. 
In the Coronary Artery Surgical Study (CASS) group of 
medically treated patients, the 12-year survival rate of pa-
tients with normal coronary arteries was 91% compared 
to 74% for those with 1-vessel disease, 59% for those with 
2-vessel disease, and 40% for those with 3-vessel disease. 
Recent angiographic studies indicate that severe coronary 
stenosis may correlate with more angiographic insignificant 
plaque elsewhere in the coronary tree, and the higher mor-
tality rate in patients with multivessel CAD may correlate 
with more potential sites for acute coronary syndrome in 
these mildly stenotic areas. 

RISK FOR ARRHYTHMIC DEATH 

All post-MI patients are at increased risk for sudden cardiac 
death (SCD) due to ventricular tachyarrhythmias (morpho-
logically referred to as ventricular fibrillation, polymorphic 
VT, or monomorphic VT). Approximately one-half of ar-
rhythmic deaths occur within the first year after an AMI. 
In general the risk for arrhythmic death associated with 
myocardial infarction relates to the degree of resultant left 
ventricular dysfunction and occurrence of ventricular ar-
rhythmias. LV dysfunction is a major entry criterion in all 

Table 34-4 • Noninvasive Risk Stratification

High risk (greater than 3% annual mortality rate)
Severe resting LV dysfunction (LVEF less than 0.35)
High risk treadmill score (score -11 or less)
Severe exercise LV dysfunction (exercise LVEF less 

than 0.35)
Stress-induced large perfusion defect (particularly if 

anterior)
Stress-induced multiple perfusion defects of moderate size
Large fixed perfusion defect with LV dilation or increased 

lung uptake (thallium-201)
Stress-induced moderate perfusion defect with LV dilation 

or increased lung uptake (thallium-201)
Echocardiographic wall-motion abnormality (involving 

more than 2 segments) developing at low dose of 
dobutamine (10 mcg per kg per min or less) or at a low 
heart rate (less than 120 beats per min)

Stress echocardiographic evidence of extensive ischemia 

Intermediate risk (1% to 3% annual mortality rate)
Mild/moderate resting LV dysfuction (LVEF = 0.35 to 0.49)
Intermediate-risk treadmill score (-11 to 5)
Stress-induced moderate perfusion defect without LV 

dilation or increased lung intake (thallium-201)
Limited stress echocardiographic ischemia with a 

wall-motion abnormality only at higher doses of 
dobutamine involving less than or equal to 2 segments

Low risk (less than 1% annual mortality rate)
Low-risk treadmill score (score 5 or greater)
Normal or small myocardial perfusion defect at rest 

or with stress*
Normal stress echocardiographic wall motion or no 

change of limited resting wall-motion abnormalities 
during stress*

*Although the published data are limited, patients with these findings will probably 
not be at low risk in the presence of either a high-risk treatmill score or severe rest-
ing LV dysfunction (LVEF less than 0.35). Reproduced from Table 23 in Gibbons RJ. 
Abrams J. Chatterjee K. et al. ACC/AHA 2002 guidelines update fro the manage-
ment of patients with chronic stable angina: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice Guidelines 
(Committee to Update the 1999 Guidelines for the Management of Patients with 
Chronic Stable Angina). 2002, Available at: www.acc.org/qualityandscience/
clinicalstatements.hm(4). LV = left ventricular; LVEF = left ventricular ejection 
fraction.

www.acc.org/qualityandscience/clinicalstatements.hm
www.acc.org/qualityandscience/clinicalstatements.hm
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major trials designed to evaluate the efficacy of an ICD for 
primary prevention of SCD and is the only well-established 
predictor of risk for SCD at this time. Halter monitoring, 
heart rate variability (HRV), late potentials on signal aver-
aged ECGs (SAECG), and T wave (repolarization) alterans 
(TWA) have not been clearly established variables to pre-
dict SCD risk. Although ventricular premature beats (VPBs) 
have been associated with increased mortality, currently 
there is no role for suppressive antiarrhythmic drug therapy. 

Timing

Post-MI patients with and without ventricular tachyar-
rhythmias are candidates for ICD therapy. It is important to 
make the distinction between the temporal relationship of 
the arrhythmia to the index infarction when one considers 
whether an arrhythmia will contribute to future risk of SCD. 
Ventricular arrhythmias that occur within 48 hours (early 
post-MI phase) are not consistently associated with a worse 
long-term prognosis and are considered to be a phenome-
non associated with the acute phase of a myocardial infarc-
tion likely involving the interaction of ischemia, infarction, 
reperfusion, and scar formation. Late-phase sustained ven-
tricular arrhythmias (>48 hours) predict an increased risk 
for SCD. No further risk stratification is necessary in these 
patients; they should be treated with ICD therapy. 

All post-MI indications for ICD recommend a 40-day wait-
ing period in which LVEF is subsequently reassessed. The 
40-day waiting period is to ensure that the diminished ejec-
tion fraction measured immediately after myocardial in-
farction remains <30% or <35% with NYHA class II or III 
heart failure and that significant recovery in LV function 
has not occurred. Additionally there is primary prevention 
ICD data suggesting that ICD implantation could impose 
additional risk to a patient if implanted near the time of the 
index infarct (within 40 days). However, if a cardiac arrest 
(VF or sustained VT) occurs within this 40-day period and 
reversible causes are excluded, an ICD is indicated.

Indications

The specific ACC/AHA guidelines indications for ICD 
therapy in the post-MI period can be complex and mainly 
rely on left ventricular systolic function (Figure 34-7). The 
complexity is partially due to the specific inclusion criteria 
for LVEF in various clinical trials. It is important to recog-
nize situations in which an ICD is not indicated in the post-
MI setting; ICD therapy is not indicated for patients who 
(1) do not have a reasonable expectation of survival with an 
acceptable functional status for at least one year; (2) have 
incessant VT or VF; (3) demonstrate significant psychiat-
ric illnesses that may be aggravated by device implantation, 
and prevent routine follow-up; (4) belong in NYHA class 
IV with drug refractory CHF.

The following indications for ICD include (Figure 34-7): 
(1) post-MI patients with LVEF <30% (40 days post-MI) ir-
respective of heart failure class or incident arrhythmiasl (2) 
patients with LVEF between 31% and 35% (at 40 days post 
MI) with Class II or III heart failure; (3) patients with LVEF 
<40%, NSVT on telemetry or holter monitoring with in-
ducible VF or sustained monomorphic VT at electrophysi-
ological study. 

Electrophysiology Study

The role of the electrophysiology (EP) study in the post-MI 
setting is limited to a specific group of patients due to the 
broader ICD indications based on LVEF. If nonsustained VT 
is discovered on routine monitoring and LVEF is less than 
40% and a patient does not already meet criteria for ICD 
(LVEF <30% or LVEF <35% with NYHA class II or III 
heart failure), further risk stratification with an EP study is 
indicated. The ability to induce VT or VF with programmed 
electrical stimulation suggests the presence of an arrhythmic 
substrate. If during EP testing VF or sustained monomorphic 
VT is induced, an ICD is indicated. 

POST-MYOCARDIAL
INFARCTION THERAPY

Introduction

Secondary prevention is an essential part of management in 
all AMI patients. Initiating secondary risk reduction strat-
egies represents a significant opportunity for lessening the 
burden of cardiovascular disease. Key elements that have 
demonstrated benefit include prophylactic use of aspirin, 
control of hypertension and diabetes, beta-blockers, lipid-
lowering therapies, neurohormonal blockade with ACE 
inhibitors, and smoking cessation. Cardiac rehabilitation 
is recommended for all AMI patients, particularly those 
patients with modifiable risk factors and moderate to high 
risk patients who warrant supervised exercise training. Prior 
studies have demonstrated a 20-25% reduction in cardio-
vascular death in patients enrolled in such programs. 

Antiplatelet and Anticoagulation Therapy

Aspirin 75-162 mg should be prescribed indefinitely and 
clopidogrel (75 mg) for at least 1 month and up to 1 year 
in all ACS patients (Figure 34-8). If there is an aspirin al-
lergy, clopidogrel (preferred) or ticlopidine should be given. 
Alternatively, patients with aspirin allergy can undergo as-
pirin desensitization. If there is an indication for anticoagu-
lation, oral anticoagulation (warfarin) therapy can be given 
in patients under 75 years of age who are at low risk for 
bleeding and can be monitored regularly, but clopidogrel is 
preferred. Indications for oral anticoagulation include: post-
MI patients with atrial fibrillation, those with mechanical 
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valves, and those with cerebral, venous, or pulmonary em-
boli. If an LV thrombus is noted on imaging, warfarin is in-
dicated for at least 3 months and indefinitely in patients 
with low risk of bleeding. When warfarin is added to aspirin 
plus clopidogrel, an INR of 2.0-3.0 is recommended, with a 
lower end of the range preferable. 

Post-PCI patients with bare-metal stents should receive as-
pirin 162-325 mg for at least one month and indefinitely at 
75-162 mg daily. Clopidogrel should be prescribed for a min-
imum of 1 month for those with bare-metal stents. Patients 
who receive sirolimus-eluting stents should receive aspirin 
162-325 mg for 3 months, and those who receive paclitaxel-
eluting stents should receive same for at least 6 months. The 
ideal duration of therapy with clopidogrel after drug-eluting 
intracoronary stent implantation is debated and evidence 
indicates that benefit may be derived for up to 1 year. The 
ACC/AHA guidelines currently discourage the regular use 

of nonsteroidal antiinflammatory drugs (NSAIDs) with in-
creasing degrees of relative COX-2 selectivity. The patient’s 
need for treatment of chronic musculoskeletal pain should 
be reassessed and selective NSAIDs should not be admin-
istered to pose-MI patients when acetaminophen, small 
doses of narcotics, nonacetylated salicylates, or nonselective 
NSAIDS provide adequate levels of pain relief. 

Renin-angiotensin Aldosterone 
System and Beta-blockers

The renin-angiotensin-aldosterone system is a critical pathway 
that should be medically modulated in the post-MI setting in 
order to limit the extent of post-MI remodeling and LV dys-
function. Angiotensin-converting enzyme inhibitors should be 
given to all patients with AMI with or without CHF, LV dys-
function, hypertension, or diabetes and should be continued 
indefinitely. These medications improve long-term survival 
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Figure 34-7. An evidence-based algorithm for primary prevention of sudden death in post-STEMI pa-
tients without spontaneous VF or sustained VT at least 1 month post-STEMI to aid in selection of implant-
able cardioverter/defibrillator (ICD) in patients with STEMI and diminished ejection fraction (EF). The 
appropriate management path is selected based upon left ventricular ejection fraction (LVEF) measured 
at least one month after STEMI. All patients, whether an ICD is implanted or not, should receive medical 
therapy as outlined in the full-text guidelines. VF = ventricular fibrillation; VT = ventricular tachycardia; 
STEMI = ST-elevation myocardial infarction; NSVT = nonsustained VT; LOE = level of evidence; EPS =
electrophysiological study; LVEF = left ventricular EF. (Reprinted with permission from Antman EM, Anbe 
DT, Armstrong PW, et al. ACC/AHA guidelines for the management of patients with ST-elevation myocar-
dial infarction. Circulation. 2004;e82–e293.)
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and halt the progression of LV failure and LV dilatation in the 
post-MI setting. Angiotensin-receptor blockers (ARBs) can 
be utilized but ACE inhibitors remain the first line of therapy 
in patients without a contraindication. Aldosterone blockade 
(eplerenone) should be given to post MI patients with LVEF 
less than or equal to 40% and with either symptomatic heart 
failure or diabetes. The estimated creatinine clearance must 
be greater than 30 mL/min and potassium ≤5.0 me/L. 

Beta-blockers are started and continued indefinitely in all 
patients after an AMI with and without heart failure unless 
contraindicated. They have been postulated to intervene on 
the renin-angiotensin-aldosterone system and modulate LV 
remodeling in the post-MI setting similar to ace inhibitors. 
They should not be initiated or titrated in the setting of 
decompensated heart failure. 

Lipid Therapy

Pharmacologic lipid therapy after AMI is essential for sec-
ondary prevention of cardiac events. However, it should 
not preclude dietary therapy recommendations, which 

themselves should include reduced intake of saturated fats 
(<7% of total calories), trans-fatty acids, and cholesterol 
to <200 mg/d. Assessment of a fasting lipid profile should 
be performed in all patients with AMI within 24 hours of 
hospitalization. 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase inhibitors (statins) should be given 
to all AMI patients regardless of baseline LDL-C in the ab-
sence of contraindications. LDL-C should be <100 mg/dL. 
If LDL-C is >100 mg/dL on maximum dose of statin, addi-
tional drug therapy is indicated. If triglycerides are 200-499 
mg/dL, non-HDL-C should be <130 mg/dL. If triglycerides 
are >500 mg/dL, targeted therapy to reduced triglycerides 
with either niacin or fibrate should be utilized before LDL-
lowering therapy.

Other Risk Factors

Other risk factor management includes assessing for diabe-
tes, hypertension, obesity, and smoking. Tight glucose con-
trol during inpatient admission with insulin is beneficial. 
Hypoglycemic therapy should be initiated in outpatient to 
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Figure 34-8. Long-term anticoagulant therapy at hospital discharge after UA/NSTEMI. *For aspirin (ASA)-allergic patients, use clopi-
dogrel alone (indefinitely), or try aspirin desensitization. †For clopidogrel allergic patients, use ticlopidine, 250 mg by mouth twice daily. 
‡Continue ASA indefinitely and warfarin longer term as indicated for specific conditions such as AF, LV thrombus, cerebral, venous, or 
pulmonary emboli. When warfarin is added to ASA plus clopidogrel, an INR of 2.0 to 2.5 is recommended. INR, international normal-
ized ratio; LOE, level of evidence; LV, left ventricular; UA/NSTEMI, unstable angina/non-ST-elevated myocardial infarction. (Reprinted 
with permission from Anderson, J, Adams, C, Antman, E, et al. ACC/AHA 2007 guidelines for the management of patients with 
unstable angina/non-ST-elevation myocardial infarction. J Am Coll Cardiol. 2007;116:803–877.)
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achieve a goal HbA1C <7%. Patients with blood pressure 
>140/90 (or 130/80 for patients with chronic kidney dis-
ease) should be treated with pharmacologic therapy, and 
the initial treatment should focus on increasing medications 
with mortality benefit, including beta-blockers or ACE in-
hibitors. Weight management should be advised, with goal 
body mass index 18.5 to 24.9 kg/m2 and waist circumference 
in men <40 inches, women <35 inches. Every post-AMI 
patient should be asked about tobacco status at every visit; 
if patient smokes, he or she should be advised to quit and 
urged to avoid environmental exposure. Further counseling, 
development of a “quit plan,” follow-up, and/or referral to 
special programs should be arranged for these patients.

All patients should initiate and maintain lifestyle modifica-
tions including weight control, increased physical activity, 
moderation of alcohol intake, sodium reduction if hyper-
tensive, and diet that includes fresh fruits and vegetables 
and low-fat dairy products. The physical activity goal is 30 
minutes, 7 days per week, a minimum of 5 days per week. 
Other risk factor issues include the following: all patients 
with cardiovascular disease should receive an annual influ-
enza vaccine; postmenopausal women should not receive 
hormone therapy with estrogen plus progestin, or estro-
gen alone after AMI for secondary prevention of coronary 
events; antioxidant vitamin supplementation and folic acid 
have not clearly demonstrated benefit for secondary preven-
tion of coronary events. 

Follow-up Visit 

A follow-up visit should include routine basic steps includ-
ing focus on cardiovascular symptoms, review of medica-
tion list, and emphasis on the principles of secondary 
prevention with both patients and family members. The 
predischarge risk assessment and work-up plan should be 
reviewed and continued. An assessment of LV function 
may be necessary if patient was ICD candidate at the time 
of discharge. The psychosocial status of the patient should 

be assessed, specifically regarding symptoms of depression, 
anxiety or sleep disorders, as should the status of support 
environment. Issues that relate to physical activity, return-
ing to work, resumption of sexual activity, travel, driving, 
and flying should be discussed. Patients and their families 
should be asked if they are interested in CPR training. The 
following issues should be also reviewed: patient’s heart at-
tack risk, how to recognize heart attack symptoms, use of 
911 if symptoms occur that are unimproved or worsening 
after 5 minutes, and a plan for recognition and response to 
an acute cardiac event. 
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• Mortality from cardiogenic shock remains high (50%) 
despite improved therapeutic attempts with intra-
 aortic balloon pump (IABP) supported primary PCI.

• Mortality predictors for cardiogenic shock include 
age, prior myocardial infarction, physical findings 
of shock, oliguria, and echocardiographic findings 
of a low ejection fraction (less than 28%) and mitral 
regurgitation.

• Severe left ventricular failure is the most common 
cause of cardiogenic shock (78.5%). Other causes 
include acute mitral regurgitation, ruptured ventricu-
lar septum, right ventricular failure, and pericardial 
tamponade.

• Acute myocardial infarction complicated by severe 
left ventricular failure results in findings of pulmo-
nary congestion, signs of systemic hypoperfusion, 

and severe systemic hypotension, all of which are 
classic signs of cardiogenic shock. However, these 
findings are not common at time of admission but 
frequently develop within 24 hours of admission.

• Early revascularization with coronary artery bypass 
grafting or percutaneous intervention is a Class I 
indication for treatment of cardiogenic shock in 
 patients <75 years of age.

• Fibrinolytic therapy is recommended for cardiogenic 
shock when patients are unsuitable for invasive ap-
proach, when a cardiac catheterization laboratory is 
not immediately available, and when there is no con-
traindication for fibrinolysis. 

• Recommended therapy for cardiogenic shock in-
cludes pressors, intra-aortic balloon pump, and 
revascularization.

d PRACTICAL POINTS

INTRODUCTION

Cardiogenic shock represents the most ominous challenge 
in acute myocardial infarction (MI), with historic mortal-
ity rates approaching 90%. Although the pathophysiol-
ogy varies, this chapter will address cardiogenic shock as a 
complication of acute MI with subsequent left ventricular 
failure leading to refractory hypotension and hypoperfusion. 
Historically, the frequency with which cardiogenic shock 
complicates acute MI has remained unchanged at approxi-
mately 8-9%.

An encouraging trend toward decreased incidence and 
mortality from cardiogenic shock has been demonstrated in 
recent investigations. Increased use of intra-aortic balloon 
pump (IABP) counterpulsation and emergent coronary 

reperfusion strategies are thought to be the basis for these im-
provements in incidence and mortality. Thus, in cardiogenic 
shock, primary percutaneous coronary intervention (PCI) 
and placement of an IABP are currently American College 
of Cardiology (ACC)/American Heart Association (AHA) 
Class I recommendations in young patients. Recently, data 
from 775 hospitals with revascularization capability revealed 
mortality rates in cardiogenic shock decreased dramatically 
from 60.3% in 1995 to 47.9% in 2004, according to the 
Second, Third, and Fourth National Registry of Myocardial 
Infarction (NRMI-2, NRMI-3, NRMI-4).

Cardiogenic shock continues to cause unacceptably high 
mortality rates, despite the aforementioned trends in mortal-
ity and incidence. The Should We Emergently Revascularize 
Occluded Coronaries for Cardiogenic Shock (SHOCK) 
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Trial conducted by Dr. Judith Hochman and colleagues and 
the corresponding SHOCK registry have provided a myriad 
of opportunities to study this destructive entity more closely. 
A description of cardiogenic shock and a review of the cur-
rent medical and percutaneous interventions are presented 
in this chapter. 

PREDICTORS OF MORTALITY 
AND ETIOLOGY 

Notwithstanding the aforementioned survival benefits cor-
related with IABP and primary PCI, current in-hospital 
mortality for cardiogenic shock remains extremely high 
at around 50% for all age groups. However, there is a sig-
nificantly higher mortality among patients over the age of 
75 years, a group of patients who continue to suffer devastat-
ing mortality rates of 60-70% compared to younger patients 
in whom mortality is about 40-50%. 

Age confers a strong impact on mortality in cardiogenic 
shock. Numerous studies have attempted to identify further 
risk factors for mortality in shock and an analysis from the 
Global Utilization of Streptokinase and Tissue Plasminogen 
Activator for Occluded Coronary Arteries (GUSTO-I) da-
tabase identified four such predictors: increasing age (odds 
ratio 1.49 for each 10 year increase), prior MI, physical 
findings at the time of diagnosis (presence of altered sen-
sorium and cold, clammy skin), and oliguria. Furthermore, 
given that most patients with cardiogenic shock complicat-
ing an acute MI have severe coronary disease, the SHOCK 
trial registry revealed variable mortality with the location 
of the culprit lesion. Mortality was found to be higher in 
patients with a left main or saphenous vein graft lesion 
than in those with a circumflex, left anterior descending, or 
right coronary artery lesion (79 and 70% versus 37 to 42%, 
respectively). Left ventricular ejection fraction (LVEF) 
and severity of mitral regurgitation (MR) were found to 
be the only independent echocardiographic predictors of 
outcome in a substudy from the SHOCK trial. Of 169 car-
diogenic shock patients who underwent echocardiography, 
the survival at one year was 24% for those with an LVEF of 
<28% (versus 56% for those with a higher LVEF). Survival 
at 1 year was 31% for those patients with moderate or 
severe MR (versus 58% for those with mild or no MR). 
Lastly, although cardiogenic shock was significantly more 
common with ST elevation infarcts, the mortality rate in 
patients in cardiogenic shock did not differ significantly 
between those with an ST-elevation myocardial infarction 
(STEMI) or those with a non-ST elevation acute coronary 
syndrome (ACS).

Several complications of acute MI can induce cardiogenic 
shock. As stated above, moderate or severe MR, likely 
resulting from rupture of a papillary muscle or chordae 

tendineae or severe papillary muscle dysfunction, portends 
poorer survival in cardiogenic shock. However, the most 
frequent cause of cardiogenic shock complicating an acute 
MI is severe dysfunction of the left ventricle, which oc-
curs most often with an anterior MI. Other complications 
of acute MI causing cardiogenic shock include ventricular 
septal rupture, right ventricular failure, and tamponade. In 
a review of 1190 patients from the SHOCK registry, the 
frequency of these causes was evaluated. Left ventricular 
failure was the predominant cause of cardiogenic shock in 
78.5% patients, while severe mitral regurgitation, ventricu-
lar septal rupture, right ventricular failure, and tampondae 
were the causes of cardiogenic shock in 6.9%, 3.9%, 2.8%, 
and 1.4% of patients, respectively. Rupture of the ventricu-
lar septum post-MI resulting in cardiogenic shock was the 
harbinger of the worst outcome with the mortality reaching 
87.3% (Table 35-1).

CLINICAL MANIFESTATIONS, 
TIME OF ONSET, AND DIAGNOSIS

Acute MI complicated by severe left ventricular failure 
leads to a three classic signs: clinical signs of pulmonary 
congestion, signs of systemic hypoperfusion, and severe sys-
temic hypotension. Pulmonary congestion manifests itself 
in roughly two-thirds of the cases of left ventricular fail-
ure post MI with resultant dyspnea, rales, and pulmonary 
edema. Signs of systemic hypoperfusion are the aforemen-
tioned altered sensorium, cold clammy skin, and oliguria. 
Hypotension is classically caused by a marked decrease in 
left ventricular ejection fraction due to the MI and leads 
to an increase in systemic vascular resistance in order to 
maintain blood pressure. This elevated systemic vascular 
resistance results in a reduction in tissue perfusion. With 
hypotension, perfusion is further reduced in the coronary 
arteries. This results in additional left ventricular dysfunc-
tion and further hypotension and hypoperfusion, leading 
to a vicious cycle ultimately culminating in death if not 
interrupted.

The signs and symptoms mentioned above are very infre-
quently present on hospital admission. In a report from the 
GUSTO-I trial of 41,000 patients with acute MI, 5.3% of 
the patients developed shock after hospital admission while 
0.8% of patients were in cardiogenic shock on admission. 
However, although not present on admission, the major-
ity of patients who develop shock after admission will do 
so within the first 24 hours post infarct. The SHOCK trial 
demonstrated that the median time from MI to the onset of 
cardiogenic shock was 5.5 hours, and 75% of patients who 
developed shock did so within 24 hours. Cardiogenic shock 
that develops later may be related to mechanical complica-
tions such as rupture of a papillary muscle, ventricular free 
wall, or ventricular septum. 
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In order to rule out a mechanical etiology to cardio-
genic shock, an emergency echocardiogram is warranted. 
Echocardiography is an ACC/AHA Class I (Level of evi-
dence: C) recommendation in an acute MI complicated 
by cardiogenic shock (Table 35-1, Figures 35-1 to 35-3). 

In addition to echocardiography, several other diagnostic 
modalities are recommended in the setting of cardiogenic 
shock. Pulmonary artery catheterization is recommended 
in those patients with suspected mechanical complication 
of ST elevation MI if an echocardiogram has not been 
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Figure 35-1. The complete population of all shock patients screened, including 1190 
registered patients and 232 Trial patients randomized concurrent with the Registry 
from 4/93 to 8/97, is represented in the figure. Of the 1116 patients with LVF, 884 were 
Registry and 232 were Trial. The mortality rates for the 1190 Registry patients and 884 LVF 
Registry patients are 61.4% and 60.8%, respectively. The incidence (%, below each bar) 
and mortality for the major shock categories is shown. LVF, predominant LV failure; RVF, 
isolated RV shock; MR, acute severe mitral regurgitation; VSR, ventricular septal rupture; 
Tamp, cardiac tamponade/rupture. (Hochman, J Am Coll Cardiol 36:1063,2000.)

Table 35-1 • Summary of American College of Cardiology and American Heart Association Recommendations 
in Cardiogenic Shock

Recommendation Description

Class I  Intra-aortic balloon counterpulsation is recommended for STEMI patients when cardiogenic •
shock is not quickly reversed with pharmacological therapy. The IABP is a stabilizing measure 
for angiography and prompt revascularization. (Level of evidence: B)
 Intra-arterial monitoring is recommended for the management of STEMI patients with cardiogenic •
shock. (Level of evidence: C)
 Early revascularization, either PCI or CABG, is recommended for patients • <75 years with ST 
elevation or LBBB who develop shock within 36 hours of MI and are suitable for revascularization 
that can be performed within 18 hours of shock, unless further support is futile because of the 
patient’s wishes or contraindications/unsuitability for further invasive care. (Level of evidence: A)
 Fibrinolytic therapy should be administered to STEMI patients with cardiogenic shock who are •
unsuitable for further invasive care and do not have contraindications to fibrinolysis. (Level of 
evidence: B) 
 Echocardiography should be used to evaluate mechanical complications unless these are •
assessed by invasive measures. (Level of evidence: C)

Class IIa  Pulmonary artery catheter monitoring can be useful for the management of STEMI patients with •
cardiogenic shock. (Level of evidence: C)
 Early revascularization, either PCI or CABG, is reasonable for selected patients • ≥75 years with ST 
elevation or LBBB who develop shock within 36 hours of MI and are suitable for revascularization 
that can be performed within 18 hours of shock. Patients with good prior functional status who 
agree to invasive care may be selected for such an invasive strategy. (Level of evidence: B)
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norepinephrine. Dopamine is most often used, usually 
in alpha-agonist doses. Norepinephrine is also a potent 
vasopressor and given when the response to dopamine is 
inadequate. However, as discussed previously, patients in 
cardiogenic shock classically have an elevated systemic 
vascular resistance and these two medications further in-
crease systemic vascular resistance. To avoid this, rapid 
institution of mechanical support devices such as IABP 
are preferred. In addition, possible alternatives to strict 
vasopressors include dobutamine or milrinone, which 
produce vasodilation in addition to their inotropy. Given 
the possibility of vasodilation and further hypotension, 
these medications, especially dobutamine should be re-
served to those normotensive patients with low cardiac 
index and a high pulmonary capillary wedge pressure. 
Given the classic increase in systemic vascular resis-
tance seen in cardiogenic shock, L-NMMA (tilarginine 
acetate)—an inhibitor of nitric oxide synthase that pro-
duces vasoconstriction—was studied in the TRIUMPH 
trial. Unfortunately, no statistical difference in all-cause 
mortality at 30 days was seen between treatment and 
placebo. 

Thrombolytics

Prior to augmentation of coronary perfusion pressure, 
thrombolysis enjoyed limited efficacy in patients who had 
cardiogenic shock. In a 1994 meta-analysis, thrombolysis 
was associated with a 7% absolute reduction (54 versus 
61%) in mortality at one month in patients with a systolic 
blood pressure of less than 100 mm Hg and a heart rate of 
greater than 100 bpm. The impact of thrombolytic ther-
apy on mortality when used in combination with medical 
therapy versus PCI is discussed in detail below. Fibrinolytic 
therapy alone is an ACC/AHA Class I recommendation 
(Level of evidence: B) in STEMI patients with cardio-
genic shock who are unsuitable for further invasive care 
and have no contraindications to fibrinolysis (Table 35-1, 
Figure 35-3). 

CURRENT INTERVENTIONAL 
TREATMENTS

IABP

IABP has been used in the setting of shock for 30 years 
and effectively solved the decreased efficacy of fibrinoly-
sis by countering the hypotension present in cardiogenic 
shock. In 1994, a study by Prewitt et al. demonstrated that 
under moderate hypotension, IABP enhanced the rate of 
clot dissolution with thrombolysis in canines. IABP is al-
most always used in combination with fibrinolytic therapy 
or PCI or both. Mortality was significantly reduced with 
IABP use in combination with fibrinolysis (67 versus 

performed and in patients with progressive hypotension 
who are unresponsive to fluid administration or when fluid 
administration may be contraindicated. Pulmonary arte-
rial catheterization is an ACC/AHA Class IIa (Level of 
evidence: C) recommendation, while intra-arterial pres-
sure monitoring is an ACC/AHA Class I (Level of evi-
dence: C) recommendation in the setting of cardiogenic 
shock (Table 35-1).

CURRENT MEDICAL TREATMENTS 

Aspirin, Heparin, and 
Glycoprotein IIa/IIIb Inhibitors

Although neither aspirin nor intravenous heparin infusion 
has been evaluated in the setting of cardiogenic shock, both 
have proven to reduce mortality in acute MI and thus should 
be considered in acute MI complicated by cardiogenic shock. 
In a subgroup analysis from the Platelet Glycoprotein IIb/IIIa 
in Unstable Angina: Receptor Suppression Using Integrilin 
Therapy (PURSUIT) trial, the impact of eptifibatide on 
cardiogenic shock was evaluated. Although eptifibatide did 
not affect the incidence of shock, patients who developed 
shock and were treated with eptifibatide had a significantly 
reduced incidence of death at 30 days when compared to 
those patients receiving placebo. Glycoprotein IIb/IIIa in-
hibitors use in combination with primary PCI and stents in 
cardiogenic shock is discussed in further detail below.   

Sympathomimetic Inotropic 
and Vasopressor Agents

The two first-line agents that should be used in the 
setting of cardiogenic shock remain dopamine and 

Figure 35-2. Survival at 30 days, 6 months and 1 year in the 
SHOCK trial comparing strategies of early revascularization with 
either PCI or CABG (pink bars) to intensive medical therapy 
(green bars).
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49%) in almost 24,000 NRMI-2 database patients with 
cardiogenic shock. This synergistic effect was also noted in 
both the SHOCK trial registry and GUSTO-I trial. Using 
the NRMI-2 hospitals, Chen et al. showed that in acute 
MI complicated by cardiogenic shock the crude mortality 
rate decreased as a hospitals inserted more IABPs (65.4%, 
lowest IABP volume tertile; 54.1%, intermediate IABP 
volume tertile; and 50.6%, highest IABP volume tertile 
(P for trend <0.001)). There have been no randomized 
clinical trials investigating the efficacy and safety of 
combined IABP and fibrinolytic therapy in cardiogenic 
shock. Placement of an IABP is an ACC/AHA Class I 
recommendation (Level of evidence: B) in cardiogenic 
shock refractory to pharmacologic therapy (Table 35-1, 
Figure 35-3).

Early Revascularization 
with Primary PCI and CABG

With mortality rates in cardiogenic shock continuing to 
hover around 50% despite maximal medical management 
(fibrinolytic therapy plus IABP); the focus has turned to 
early revascularization. In 1997, Berger et al. published an 
observational study of the 2200 patients in the GUSTO-I 
trial. The 30-day mortality rate was 38% with early an-
giography, and an aggressive strategy was independently 
and significantly associated with reduced 30-day mortality 
after adjusting for differences between the two groups. The 
California State Database, NRMI-2, and GUSTO-III have 
also noted an independent survival benefit associated with 
aggressive revascularization strategies.
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Figure 35-3. Recommendations for initial reperfusion therapy when cardiogenic shock complicates 
STEMI. Early mechanical revascularization with PCI/CABG is a Class I recommendation for 
candidates <75 years of age with ST elevation or LBBB who develop shock less than 36 hours from 
STEMI and in whom revascularization can be performed within 18 hours of shock; it is a Class IIa 
recommendation for patients ≥75 years of age  with the same criteria. IABP is recommended when 
shock is not quickly reversed with pharmacological therapy as a stabilizing measure for patients 
who are candidates for further invasive care. Dashed lines indicate that the procedure should be 
performed in patients with specific indications only. CABG, coronary artery bypass graft surgery; 
CAD, coronary artery disease; IABP, intra-aortic balloon pump; IRA, infarct-related artery; STEMI, 
ST-elevation myocardial infarction. (Reprinted with permission of American College of Cardiology 
Foundation and the American Heart Association, Inc., 2005). 
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Inherent and undetectable selection bias appeared to be 
confounding outcomes in the previous trials despite multi-
variate logistic regression analyses being performed, because 
patients undergoing an early aggressive strategy were younger 
and healthier. The aforementioned SHOCK trial was con-
ducted to answer the question of whether an early aggressive 
strategy improved mortality over maximal medical manage-
ment. The SHOCK study randomly assigned 302 patients 
with either acute STEMI or new left bundle branch (LBBB)  
block, complicated by shock to either an early revasculariza-
tion strategy (angioplasty 55%, bypass surgery 38%) within 
6 hours of randomization or initial medical stabilization and 
delayed revascularization. At 30 days, 53% of the emergency 
revascularization group survived versus 44% of the initial 
medical stabilization group. Although the 30-day survival 
data did not reach statistical significance (95% confidence 
interval, 0.96, 1.53; p = 0.109) by 6, 12, and 60 months, 
the survival differences had increased and were statistically 
significant (Figure 35-2). Survivors at 1 year of the emer-
gency revascularization arm had good functional status and 
had a lower rate of deterioration than the initial medical 
stabilization patients. The survival benefit in the SHOCK 
trial was limited to patients <75 years of age. In part be-
cause of this trial, early revascularization with either PCI or 
CABG is a Class I recommendation (Level of evidence: A) 
for patients <75 years with cardiogenic shock (Table 35-1, 
Figures 35-2 and 35-3).

The impact of thrombolytic therapy on mortality was in-
vestigated by a post hoc analysis of the SHOCK trial. 
Thrombolytic therapy was received by a significant per-
centage of patients who were randomly assigned to the 
emergency revascularization (49%) or the initial medical 
stabilization group (63%). Thrombolytic therapy did not 
significantly reduce mortality or increase the rate of adverse 
events among those who underwent emergency revascular-
ization. Fortunately, the use of thrombolytics was associ-
ated with a significant reduction in mortality at 12 months 
among those assigned to the medical therapy. It is for this 
reason that in very high risk patients who present to a fa-
cility without primary PCI capability, initial therapy with 
thrombolytics should be given, followed by urgent transfer 
(Figures 35-1 to 35-3). 

Elderly patients who experience acute MI complicated by 
cardiogenic shock make up a controversial and high-risk 
population. The SHOCK trial revealed in patients aged 
75 years or older a mortality rate of 75% in the emergency 
revascularization arm versus 53% in the initial medication 
therapy group (p = 0.01). This subgroup was composed of 
56 patients. These results have been disputed in other stud-
ies with larger enrollments. The aforementioned SHOCK 
registry, which enrolled patients during the same time frame 
as the SHOCK Randomized Trial, found an in-hospital 

mortality rate of 48% in 103 elderly patients undergoing early 
revascularization (versus  a mortality rate of 81% for those 
aged ≥75 years undergoing late or no revascularization). 
Likewise, in the Northern New England Cardiovascular 
Disease Study Group the mortality rate of the elderly sub-
group (74 of which were ≥75 years of age) was 46%, which 
is significantly less than the 75% mortality rate reported in 
the SHOCK trial. Finally, Prasad et al. found the 30-day 
mortality rate to be 47% in 61 consecutive elderly patients 
with cardiogenic shock, with the estimated survival rate 
1 year after discharge at 75%. Numerous considerations 
(i.e., functional status, comorbidities, etc.) should be dis-
cussed in the selection of the appropriate treatment plan for 
this high risk population, given the inherent selection bias. 
Given these considerations, early revascularization with ei-
ther PCI or CABG is a Class IIa recommendation (Level 
of evidence: B) for patients aged 75 years and older with 
cardiogenic shock (Table 35-1, Figure 35-3).

PCI Versus CABG

Of the 302 SHOCK trial patients, emergent revasculariza-
tion was performed on 128 patients with predominant left 
ventricular failure. Forty-seven patients (37.3%) underwent 
CABG while 81 patients (63.7%) had PCI. Those undergo-
ing CABG differed significantly from the PCI group in that 
they were more likely to have diabetes, 3-vessel disease, and 
left main coronary disease. Interestingly, despite the more 
extensive disease prevailing in the CABG group, overall sur-
vival was not statistically significant when compared to PCI 
at 30 days (57 versus 56%, p = 0.86) and at 1 year (47 versus 
52%, p = 0.71). Given these similar results with worse dis-
ease in the CABG cohort, emergency CABG with its higher 
rate of complete revascularization is an important compo-
nent of an optimal treatment strategy in these patients.

Primary PCI + IABP

Mortality rates improved with IABP and primary PCI, respec-
tively, and thus it is natural to assume that these treatment 
modalities have synergy. Indeed, the SHOCK trial noted 
statistical improvement in mortality at 6 and 12 months in 
the primary PCI arm versus the initial medical therapy group 
after utilizing IABP support in 86% of the patients in either 
arm of the study. However, a canine study concluded that 
IABP counterpulsation accelerates but does not significantly 
improve the recovery of left ventricle (LV) systolic func-
tion after reperfused acute MI. In addition, in the NRMI-2 
patients undergoing primary PCI for cardiogenic shock, no 
reduction in in-hospital mortality was associated with the 
use of IABP (47% mortality with IABP versus 42% mortal-
ity without IABP). Furthermore, no decrease in infarct size 
or improvement in clinical outcome when IABP was used 
after PTCA was shown in high risk patients. Thus, although 
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IABP is recommended in cardiogenic shock, the indepen-
dent role of IABP when used in combination with PCI is 
harder to define, especially in high risk patients.

Advances in PCI

In the years following the SHOCK trial, the increased use of 
stents (with or without platelet glycoprotein IIb/IIIa inhibi-
tors) rather than conventional PTCA is the most significant 
change that has occurred in the field of interventional car-
diology. Stents have been found to decrease infarct artery 
reocclusion while also improving thrombolysis in myocardial 
infarction (TIMI) flow and are now used in the majority of 
patients undergoing percutaneous coronary revasculariza-
tion. Stents have been associated with a mortality benefit 
in cardiogenic shock patients in particular. In stented pa-
tients, mortality at 2.5 years was 43%, compared with 68% 
for patients treated with conventional PTCA according to 
Chan et al., who prospectively examined 96 consecutive pa-
tients that underwent emergent PCI for cardiogenic shock. 
This study also included two other arms of patients treated 
with IIb/IIIa inhibitors; patients were classified as receiving 
a stent plus abciximab, a stent alone, PTCA plus abciximab, 
or PTCA alone. The mortality rates 2.5 years after emergent 
PCI for cardiogenic shock for stent plus abciximab, stent 
only, PTCA plus abciximab, and PTCA alone were 33%, 
43%, 61%, and 68%, respectively (p = 0.028). This syner-
gistic mortality benefit in the use of stenting and platelet gly-
coprotein IIb/IIIa inhibitors in cardiogenic shock has been 
demonstrated in multiple other studies.

SUMMARY AND CONCLUSIONS

Cardiogenic shock complicating acute MI remains a 
challenging entity. Questions that persist include safety 
of primary PCI in the elderly and the safety/efficacy of 

combination primary PCI and IABP. The SHOCK trial, 
using a strategy of early revascularization, demonstrated 
the possibility of improved long-term outcomes, but the 
mortality in patients with cardiogenic shock remains 
unacceptably high, and there is evidence suggesting no 
temporal impact on rates of revascularization despite con-
sensus guidelines. Stricter adherence to ACC/AHA guide-
lines and development of devices that improve coronary 
hemodynamics could provide further improvement in the 
treatment of patients with acute MI complicated by car-
diogenic shock.
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INTRODUCTION

Blood within the heart or vessels exerts characteristic pres-
sure; proper understanding of the heart chamber’s pressures 
forms the physiologic basis of understanding the cardio-
vascular system. In the catheterization lab, these pressure 
waves are created by cardiac muscular contraction and 
from a vessel or chamber along a closed, fluid-filled col-
umn (catheter) to a pressure transducer, converting the 
mechanical pressure to an electrical signal that is displayed 

on a video monitor. Cardiac pressure waveforms are cy-
clical, repeating the pressure change from the onset of 
one cardiac contraction (systole) to the onset of the next 
contraction. 

Assessment of cardiac physiology, including cardiomyopa-
thies, valvular heart disease, and structural heart disease, 
mandates an ability to interpret and assimilate invasive 
hemodynamic waveforms. Interpretation of pressure mea-
surements is aided by the simultaneous assessment of 
cardiac output by thermodilution technique or the Fick 
(oxygen consumption) method. The ABIM examination 
in cardiovascular medicine expects one to recognize and 
interpret basic invasive hemodynamic waveforms. This 
chapter reviews normal waveforms and discusses the he-
modynamics associated with the most prevalent disease 
states.

FUNDAMENTALS OF 
HEMODYNAMIC INTERPRETATION

All the necessary background for interpreting hemodynam-
ics comes from an understanding of the Wigger’s diagram 
(Figure 36-1). Hemodynamic waveforms are representative 
of cardiac mechanical forces occurring immediately follow-
ing the electrical impulse as seen on the electrocardiogram. 
Every electrical activity is followed normally by a mechani-
cal function (either contraction or relaxation) resulting in 
a pressure wave. The timing of mechanical events can be 
obtained by looking at the ECG and corresponding pressure 
tracing. 

The electrocardiograph P wave is responsible for atrial con-
traction, the QRS for ventricular activation, and the T wave 
for ventricular relaxation. The periods between electrical 
activation reflect impulse transmission times to different 
areas of the heart. These time delays permit the mechanical 
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• Invasive hemodynamic measurements form the 
backbone of the basic understanding of cardiac 
pathophysiology.

• Familiarity with interpretation of the normal car-
diac waveforms is essential.

• Assessment of stenotic valves revolves around 
the ability to understand the pressure gradient 
across the valve in question and estimate the 
amount of blood flow traversing the valve. A sim-
plified estimate of valve area can be derived by 
dividing the cardiac output by the square root of 
the pressure gradient.

• Valvular regurgitation results in volume overload 
and subsequent compensatory stages that are 
depicted by classic hemodynamic abnormalities.

• The evaluation of a patient with potential constric-
tive or restrictive physiology focuses on the under-
standing of the equalization of diastolic pressures 
throughout all of the chambers and the presence 
or absence of ventricular interdependence.

d PRACTICAL POINTS
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functions to be in synchrony and generate efficient cardiac 
output and pressure. 

Walking through a single cardiac cycle, one first sees the P 
wave. A vertical line drawn to the corresponding pressure 
waveforms demonstrates that there is an atrial pressure wave 
(a wave, point 1 on Figure 36-1) following the P wave by 
30-50 msec. Following the A wave peak, the atrium relaxes 
and pressure falls, generating the X descent (point b). The 
next electrical event is the depolarization of the ventricles 
with the QRS (point b). The LV pressure after the A wave 
is called the end diastolic pressure. About 15-30 msec after 
the QRS, the ventricles contract and the LV (and RV) pres-
sure increase rapidly. This period with rise in LV pressure 
without change in LV volume is called the isovolumetric 
contraction period (interval b-c). When LV pressure rises 
above the pressure in the aorta, the aortic valve opens and 
blood is ejected into the circulation (point c).

About 200-250 msec after the QRS, the T wave can be seen 
representing ventricular relaxation. At the end of the T wave 
(point e), the LV contraction has ended and LV relaxation 
produces a fall in the LV (and aortic pressure). When the LV 
pressure falls below the aortic pressure, the aortic valve closes 
(point e). The arterial pressure waveform exhibits a brief 

“bump,” termed the dicrotic notch (point 3 on Figure 36-1) 
immediately after aortic valve closure. When the LV pres-
sure falls below the LA pressure, the mitral valve opens and 
the LA empties into the LV (point f). The period from aortic 
valve closure to mitral valve opening is call the isovolumetric 
relaxation period (interval e-f). The cycle then repeats itself.

Right Atrial Pressure (RA)

Right pressure is normally composed of multiple waves and 
inflection points. There are discrete A and V waves (as-
suming sinus rhythm) with corresponding X and Y descents 
(Figure 36-2). Abnormalities in atrial pressure tracings fre-
quently are associated with unique pathologies that should 
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Figure 36-1. Wigger’s diagram demonstrating simultaneous 
representation of left ventricular, left atrial and aortic pressures. 
The electrocardiogram is depicted on the bottom of the figure, 
with representative time scale in seconds; the vertical axis repre-
sents pressure in mm Hg.

40 mm Hg

A

X Y

V

Figure 36-2. Normal right atrial pressure tracing recorded 
on 40 mm Hg. The vertical line is drawn from the end of 
the p-wave to demonstrate the timing of the A wave. This is 
followed by the X descent, V wave, and Y descent (as labeled).
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when the tricuspid valve opens, producing early rapid fill-
ing. The middle phase consists of a slow filling phase, fol-
lowed by atrial systole which produces a reflected A wave, 
representing the right ventricular end-diastolic pressure.

Pulmonary Artery Pressure (PA)

Rapid flow of blood into the pulmonary artery across the 
open pulmonic valve from the right ventricle produces the 
systolic upsloping of the pulmonary arterial pressure tracing 
(Figure 36-5). The systolic pressure is identical to that of the 
right ventricle without the presence of pulmonic or subpul-
monic stenosis. As the right ventricular pressure falls below 
that of the pulmonary artery, a dicrotic notch in the PA pres-
sure following the closure of the pulmonic valve. Diastolic 
PA pressure is greater than that of the RV and shows a slight 
decrease through the course of diastole as blood flows through 
the pulmonary arteries and veins to the left atrium.

Pulmonary Capillary Wedge 
Pressure (PCWP) and Left 
Atrial Pressure (LA)

The PCWP is essentially identical to that of the LA, ex-
cept for a slight delay in the transmission of the specific 

be recognized. Normally, venous pressure falls with inspira-
tion. Lack of a decrease or rise in right atrial pressure with 
inspiration is called Kussmaul’s sign (Figure 36-3). This is 
traditionally associated with constrictive pericarditis, but 
can accompany advanced heart failure, right ventricular in-
farction, and pulmonary embolism.

Right Ventricular Pressure (RV)

This pressure waveform (Figure 36-4) is characterized by a 
rapid rise and fall in pressure surrounding the systole. The 
diastolic portion of the waveform consists of an initial period 

ExpirationDeep inspiration

Figure 36-3. Right atrial pressure tracing during inspiration and 
expiration showing no change in the pressure, i.e., Kussmaul’s 
sign.

RA

RV

40 mm Hg

Figure 36-4. Right ventricular (RV) and right atrial (RA) pres-
sures recorded simultaneously on 40 mm Hg scale. There is a 
slow increase in diastolic pressure of the RV, concurrent with 
the increase in RA pressure. This is followed by a steep upslope 
indicative of ventricular contraction. The dip seen one-third of 
the way into systole is an artifact from the pressure measure-
ment system and is not representative of a true decrease in 
pressure. This is followed by a sharp descent in pressure just 
prior to the onset of diastole.
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Figure 36-5. Recording of pulmonary arterial pressure (PA).
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 3. Pulmonary arteriolar resistance (PAR, units):

PAR = 

  
mean pulmonary arterial pressure (or PCW) − mean LA pressure

     ______________________________________________   CO  

 4.  Systemic vascular resistance (SVR, WOOD units):

SVR =

  
mean systemic arterial pressure − mean right arterial pressure

     ___________________________________________   CO  

INTRACARDIAC SHUNTS

A shunt is an abnormal communication between the left 
and right heart chambers. The direction of blood flowing 
through the shunt is left to right, right to left, or sometimes 
bidirectional. In the absence of shunting, the pulmonary 
blood flow (right heart) is equal to the systemic blood flow 
(left heart). A left-to-right shunt is suggested at a chamber 
or vessel when a step-up of oxygen saturation in that cham-
ber or vessel exceeds that of a proximal chamber. The de-
saturation of arterialized blood samples from the left heart 
chambers and/or the aorta suggests a right-to-left shunt.

Without shunting, mixed venous saturation is obtained in 
the pulmonary artery (this is why the pulmonary artery satu-
ration is part of the Fick cardiac output calculation). If there 
is a left-to-right shunt, mixed venous blood is found one 

waves (Figure 36-6). An A wave can be identified, sig-
nifying atrial contraction, followed by an X descent from 
atrial relaxation. The second visible positive deflection is 
termed the V wave and is associated with ventricular con-
traction and is followed by a Y descent during left ventricu-
lar diastole.

Left Ventricular Pressure (LV)

The LV waveform is almost identical in nature to the 
RV waveform except for the higher corresponding dia-
stolic and systolic pressures that characterize the former 
(Figure 36-7).

COMPUTATIONS FOR 
HEMODYNAMIC MEASUREMENTS

Once the hemodynamic data have been obtained, computa-
tions are made to clarify and enhance quantitation of car-
diac function. 

 1. Cardiac output (CO) by Fick (O2 consumption) 
method: 

CO =   
O2 consumption (mL/min)

   ________________________________    A VO2 difference(mL O2/100 mL blood) × 10  

Oxygen consumption can be estimated as 3 mL O2/kg. 
AVO2 (arteriovenous oxygen) difference is calculated 
from (arterial − mixed venous (pulmonary artery) O2 
content), where O2 content = saturation × 1.36 × 
hemoglobin.

 2. Cardiac index (CI, L/min/m2):

CI =   CO(mL/beat)
 __________ BSA(m2)  

   where CO is cardiac output and BSA is body 
surface area.

40 mm Hg

A'

V V'

APCW

0

LA

ECG

Figure 36-6. Simultaneous recording of the left atrial (LA) and 
pulmonary capillary wedge (PCW) pressures on 40 mm Hg scale 
and fast paper speed showing the A and V waves, as well as the 
time delay in each of these waves in the PCW tracing (A' and V').

Pressure

ECG filters: notch - 60 Hz

Figure 36-7. Recorder of left ventricular and aortic pressures 
on 200 mm Hg scale.
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chamber proximal to the step-up (e.g. an atrial septal defect 
with left to right shunting requires a weighted average of vena 
caval blood to determine the mixed venous saturation).

Shunt Calculation (Qp:Qs)

The determination of the significance of any cardiac shunt 
is based on the Fick principal of blood flow. Flow through 
the pulmonary and systemic circuits is calculated indepen-
dently to determine this ratio, as follows:

Systemic flow (L/min):

QS(L/min) =   
O2 consumption(mL/min)

   ___________________________   (arterial − mixed venous) O2 content  

Pulmonary flow (L/min)

Q P (L/min) =

   
O2 consumption(mL/min)

   ______________________________________    (pulmonary venous − pulmanory arterial) O2 content  

VALVULAR HEART DISEASE

Aortic Stenosis

The most recently published guidelines for patients with 
valvular heart disease strongly discourage routine inva-
sive hemodynamic measurements to assess the severity of 
aortic stenosis when there is adequate echocardiographic 
data concordant with the patient’s clinical presentation. 
Assessing the aortic valve gradient at the time of coro-
nary angiography is currently reserved for those situations 

when noninvasive testing is inconclusive or if there is 
a dis crepancy between noninvasive testing and clinical 
symptoms. 

There are numerous techniques that have been utilized to 
determine the gradient across the aortic valve (e.g., dual 
lumen pigtail catheter, left ventricular and femoral artery 
pressures, or left ventricular and central aortic pressures). 
From these, many parameters can be determined and re-
ported in the catheterization laboratory (Figure 36-8). The 
mean pressure gradient across the aortic valve is determined 
by planimetry of the area separating the left ventricular and 
aortic pressure curves. The peak instantaneous gradient is 
the maximum pressure difference between the left ventricle 
and the aorta at the same moment in the cardiac cycle, and 
it typically occurs in early systole. The peak-to-peak gradi-
ent is the measured difference between the peak aortic pres-
sure and peak left ventricular pressure. The peak-to-peak 
gradient is often used to assess the severity of aortic stenosis, 
because it is the easiest to determine based upon initial vi-
sual inspection. The peak left ventricular pressure and peak 
aortic pressures, however, do not occur at the same time, 
and therefore the peak-to-peak gradient has been stated to 
have no true physiologic basis. 

There are times when one may encounter a difference be-
tween peripheral arterial pressure and central arterial pres-
sure. This frequently represents the presence of peripheral 
arterial disease and/or pressure amplification of the pe-
ripheral arterial pressure. Amplification usually is found 
in older patients with calcified vessels and results from the 
aortic pressure wave moving in a smaller diameter conduit 
( resulting in a greater flow velocity) with decreased arterial 

200 mm Hg

Area

Peak instantaneous

Peak to peak

AO

LV

0

Figure 36-8. Simultaneous recording of left ventricular (LV) and aortic (AO) pressures on 200 mm Hg scale demonstrating the three 
potentially measured gradients used to assess the aortic valve in clinical practice.
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compliance. This situation mandates that a central aortic 
pressure must be used in the accurate calculation of valve 
area rather than a peripheral pressure.

In the absence of a central aortic to peripheral arterial pres-
sure gradient, routine utilization of arterial sheath pressure 
and left ventricular pressure produces a tracing similar to 
Figure 36-9, with a time delay (usually 40-50 msec) sepa-
rating the upstroke of the left ventricular pressure with the 
upstroke of the peripheral arterial pressure. Many opera-
tors or catheterization technicians “phase shift” the femo-
ral artery pressure tracing to align with the left ventricular 
tracing prior to the determination of the gradient. Without 
realignment, left ven tricular–femoral artery gradient over-
estimates the left ventricular-aortic mean gradient by ap-
proximately 9 mm Hg. When the left ventricular–femoral 
artery gradi ents were aligned, underestimation of the left 
ventricu lar–aortic mean gradient by approximately 10 
mm Hg was noted, representing the fact that peak systolic 
(femoral) arterial pressure is higher (due to overshoot) and 
the upstroke faster for the peripheral arterial than cen-
tral aortic pressure tracings, with a planimetered gradient 
smaller when using aligned left ventricular–femoral artery 
pressures (Figure 36-10).

mm Hg
200

0

31

1.07

37

1.01

22

1.24

Gradient (mm Hg)

Area (cm2)

C. Aligned LV-ArteriolB. Unaltered LV-ArteriolA. LV-Aortic

0.2 SecCase 4

Figure 36-10. Simultaneous tracings showing comparisons between the (A) left ventricular and central aortic pres-
sure, (B) left ventricular and femoral arterial pressure (in green), and (C) left ventricular and “phase-shifted” femoral 
arterial pressure. The  gradient is seen to be greater in the LV to FA (in green) comparison (B) when contrasted to that 
of the LV to AO comparison (A),  resulting in a smaller calculated valve area. Tracing C depicts the “phase-shifted” femo-
ral arterial pressure tracing from B, resulting in a decrease in gradient when compared to A and a resultant larger valve 
area. (From Folland et al. J Am Coll Cardiol. 1984; 4:1207–1212.)

200

100

0

LV

AO FA

Figure 36-9. Recording of the left ventricular (LV), central 
aortic (AO), and femoral arterial (FA) pressures on 200 mm 
Hg scale. These recordings were made with a dual-lumen pig-
tail catheter (LV and AO) and from the sidearm of the femoral 
sheath. Note the time delay seen in the FA tracing as compared 
to the upstroke of the AO and LV pressures.
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Calculating Aortic Valve Area

The aortic valve area is calculated using the Gorlin equa-
tion. Gorlin and Gorlin first described this equation in 1951 
as a means of calculating the mitral valve area in patients 
with mitral stenosis. The Gorlin equation for determining 
the aortic valve area (AVA) is:

AVA=   [CO/(SEP × HR)]
  ___________________  

(44.3 ×  √
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

  mean Gradient  )
  

where CO is cardiac output in L/min, SEP is systolic ejec-
tion period in seconds, HR is heart rate in beats per minute, 
and G is the mean pressure gradient across the obstruction 
in mm Hg. It should be noted, however, that although the 
Gorlin equation is reasonably accurate in calculating aortic 
valve area, it has only been validated in patients with mitral 
stenosis. 

The Gorlin equation for calculating AVA is flow-dependent 
and varies directly with flow across the aortic valve—that 
is, the calculated AVA depends upon the patient’s car-
diac output. In most patients with severe AS and a large 
transvalvular gradient, the Gorlin equation accurately 
calculates a critically stenotic aortic valve. However, in 
the setting of reduced cardiac output (<3 L/min) and 
low gradients (<30 mm Hg), dobutamine infusion can 
be done to better stratify treatment strategies for patients 
with aortic valve disease (Figure 36-11). Typically, dobu-
tamine infusion resulting in an increased calculated valve 
area represents a group of patients in whom valve replace-
ment surgery is not helpful. However, a fixed valve area 
(increased gradient with increased cardiac output) repre-
sents a patient with “contractile reserve” and significant 
aortic stenosis in whom surgical replacement has shown 
improved outcomes.

A simplified formula for the estimation of aortic valve area 
has been adopted after having been validated by Hakke. 
This formula is based on the fact that the systolic ejection 
period, heart rate, and constant portion of the Gorlin equa-
tion approximates 1 under resting conditions. Therefore, 
estimated aortic valve area can be calculated as:

AVA =   
cardiac output (L/min) 

  _________________  
  √

⎯⎯⎯⎯⎯⎯⎯
 gradient  
  

Aortic stenosis is graded as mild, moderate, or severe (see 
Table 36-1) with the normal aortic valve area between 
3.0 to 4.0 cm2. In general, patients do not develop symp-
toms until the valve area is less than or equal to 0.7 cm2. 
Exceptions obviously exist, and correlation must be made 
between a patient’s aortic valve area, gradient, and the clin-
ical symptoms.

LV Gradient Below 
the Aortic Valve

Hypertrophic cardiomyopathy is a condition in which very 
thick heart muscle, especially inside the LV chamber, con-
tracts so hard that it obstructs flow out of the ventricle, and 
thus by its own contraction produces a pressure gradient with 
a normal aortic valve. Figure 36-12a depicts simultaneous 
LV and aortic pressure showing large aortic-LV gradient. On 
pullback of the LV catheter (multipurpose) from the distal LV 
to a position just beneath the aortic valve, the AO-LV gradi-
ent disappears. Obviously, care must be taken to avoid mis-
taking this gradient with that of true valvular stenosis. Figure 
36-12b exhibits postextrasystolic potentiation producing an 
increase in left ventricular inotropy and contractility, which 
may result in an increase in systolic anterior motion (SAM) 
and outflow obstruction, and a decrease in aortic pulse pres-
sure (also known as the Brockenbrough effect.)

Aortic Regurgitation

Figure 36-13 illustrates simultaneous AO and LV pres-
sures (0 to 200 mm Hg scale) in several patients with dif-
ferent degrees of aortic regurgitation. The characteristic 
hemodynamic feature of this condition is a wide pulse 
pressure. The aortic (femoral) brisk pressure upstroke can 
be easily seen. Regurgitation of blood from the aorta into 
the left ventricle results in an increase in left ventricu-
lar end-diastolic volume (preload). This is manifest by a 
rapid fall in measured central aortic diastolic pressure. Left 
ventricular end-diastolic volume (LVEDV) increases and, 
initially, there is an augmented stroke volume. Often, this 
creates elevated systolic pressures and, when coupled with 
the reduced diastolic pressure, results in a substantial pulse 
pressure.

Close examination of Figure 36-13(a) shows that the left 
ventricular diastolic pressure will reveal a relatively flat 
slope and a prominent early A wave, which characterize 
mild regurgitation. Left ventricular end-diastolic pressure 
(LVEDP), left atrial pressure, and pulmonary capillary wedge 
pressure (PCWP) usually remain in the normal range dur-
ing the early stages of chronic aortic insufficiency because 
of preserved LV wall diastolic compliance. As chronic LV 
overload leads to myocardial fibrosis, impaired compliance, 
and compromised contractility, the left ventricle begins to 
progressively decompensate.

The decompensated LV is marked by an elevated LV end-
systolic volume, LV end-diastolic pressure, and elevated 
pulmonary pressures, as the progression of valvular in-
competence exceeds the ability of the LV to remodel. The 
severity of aortic regurgitation can be estimated by evalu-
ating the diastolic pressure difference between the aorta 
and left ventricle, with special attention to the slope of the 
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Table 36-1 • Classification of Aortic Valve Disease 

Indicator Mild Moderate Severe

Mean gradient (mm Hg) <25 25-40 >40

Valve area (cm2) >1.5 1-1.5 <1.0

Data from the ACC/AHA 2006 Guidelines for the Management of Patients with 
Valvular Heart Disease.
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Figure 36-11. Hemodynamic tracings showing varied responses to dobutamine infusion in patients with low-gradient, low-output 
aortic stenosis. (Upper Panels) This patient had an increase in gradient from 17 to 20 mm Hg with an increase in cardiac output. Cal-
culated valve area was increased by only 0.1 cm2, and the patient was sent for surgery. At the time of operation, the valve was found to 
be only mildly stenotic. (Lower Panels) This patient demonstrated an increase in mean gradient from 24 to 47 mm Hg with an increase 
in cardiac output. Calculated valve area remained <1.0 cm2. This example meets the criteria for severe aortic stenosis with potential 
benefit from valve replacement surgery. 

ventricular diastolic waveform. As the LV diastolic pres-
sure waveform increases its rate of rise, the regurgitation 
through the aortic valve is more severe, leading to earlier 
equalization of the aortic and ventricular pressures in di-
astole (Figure 36-13b). The natural progression leads to 
progressive LV cavity dilatation with a subsequent reduc-
tion in stroke volume and eventual signs and symptoms of 
heart failure and pulmonary edema.
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Figure 36-12. (Top) Simultaneous recording of central aortic and left ventricular pressures on 200 mm Hg scale. The catheter in the 
left ventricle is slowly pulled back from the apex (left side of figure) to just inside of the aortic valve (right side of figure) demonstrating 
a >100 mm Hg gradient between the pressures that is not seen upon pullback. There is a definite left ventricular waveform on the right
side of the figure, proving that the gradient lies within the ventricle itself and is not valvular in origin. However, this still could represent 
subaortic stenosis or hypertrophic cardiomyopathy. (Bottom) Left ventricular pressure and aortic pressure on a 200 mm Hg scale. The 
left side of this figure shows only a small gradient between the pressures. As seen on the ECG tracing, multiple PVCs are induced with 
a corresponding large gradient in the postextrasystolic beat. This potentiation of gradient is termed the Brockenbrough–Braunwald–
Morrow sign and is consistent with a gradient from hypertrophic cardiomyopathy and not valvular aortic stenosis.
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Figure 36-13. (A) Simultaneous recording of the left ventricular (LV) and aortic pressures (AO) on a 200 mm Hg scale in a patient 
with mild aortic insufficiency. Note the relatively flat diastolic slope of the left ventricular pressure tracing, the prominent early A wave 
with a relatively normal left ventricular end-diastolic pressure, and the progressive decline in the aortic diastolic pressure tracing.
(B) Simultaneous pressure recording of the aortic (AO) and left ventricular (LV) pressures demonstrating significant deterioration of 
the aortic pressure throughout diastole. There is a reflective rapid increase in LV diastolic pressure, which equalizes the aortic pressure 
at end-diastole. This is indicative of severe, compensated aortic insufficiency.
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Acute aortic insufficiency is often associated with rapid car-
diovascular deterioration, necessitating early identification, 
evaluation, and treatment. The hemodynamic environment 
of acute aortic regurgitation is comparable to chronic re-
gurgitation, except the LV does not have the time for ad-
aptation to the large increase in diastolic blood volume. 
Compliance is relatively low, so the increased volume in 
acute regurgitation therefore results in a swift and marked 
increase in LVEDP. Acute aortic regurgitation exposes the 
unconditioned left ventricle to large diastolic volumes. The 
immediate and rapid increase in diastolic pressure in the left 
ventri cle with or without a wide aortic pulse pressure is one 
of several findings that distinguish acute from chronic aortic 
regurgitation (see Table 36-2). 

Mitral Stenosis 

Figure 36-14 simultaneous LV and PCW pressures dem-
onstrate a mitral valve gradient throughout diastole typi-
cal of a patient with mitral stenosis (MS). More severe 
mitral stenosis is associated with a normal V wave. In the 
following beat, atrial activity is delayed and follows the 
QRS, contributing to large giant V wave (36 mm Hg). 
More severe mitral stenosis chronically results in con-
comitant increases in pulmonary pressures (i.e., pulmo-
nary hypertension). Mitral valve gradients are influenced 
by heart rate. When the rhythm is irregular (atrial fibril-
lation), calculations of gradients should be made from the 
average of 10 beats.

Patients with the classic findings of severe mitral stenosis 
that present when they are older (>45 years) have cal-
cified annular and subvalvular structures. As with other 

purely valvular-related lesions, echocardiography has 
largely supplanted the use of cardiac catheterization for 
the assessment of MS severity in the majority of patients. 
Cardiac catheterization for hemodynamic evaluation has 
mainly been relegated for use prior to valvotomy when 
there is a discrepancy between a patient’s symptoms and 
Doppler-derived hemodynamics. Regardless of the  clin ical 
presentation, the determination of the mitral valve gradi-
ent with its characteristic atrial and (consequently altered) 
pulmonary and ventricular pressure waveforms is critical 
to both diagnostic and therapeutic consider ations. 

MITRAL VALVE 
AREA CALCULATION 

As in calculating the aortic valve area, mitral valve area 
(MVA) calculation utilizes the Gorlin formula. The MVA 
for mula is: 

MVA =   ((CO / DFP) × HR) 
  _______________  

 (K  √
⎯⎯⎯⎯⎯

 MVG  )
  

where CO = cardiac output (mL/min); DFP = diastolic fill-
ing period (sec); MVA = mitral valve area; MVG = mean 
valve gradient (mm Hg); and K = constant from Gorlin’s 
empiric data for mitral values (44.3 × 0.8 = 38).

The Hakke formula can also be utilized for estimation of 
valve area in the same way that it is used for aortic valve 
calculations. For example (see Figure 36-15), assuming 
the cardiac output is 3.5 L/min and heart rate 80 bpm, the 
valve area by available data can be estimated as 3.5 / √11, or 
3.5/3.3 = 1.1 cm2. In mitral stenosis, the Hakke valve area 

Table 36-2 • Major Hemodynamic Features 
of Severe Aortic Regurgitation 

Acute Chronic

Left ventricular compliance ↔ ↑

Regurgitant volume ↑ ↑

Left ventricular end-diastolic 
pressure

↑↑↑ May be 
normal

Left ventricular diastolic 
pressure/diastolic tamponade

↔ ↑↑↑

Aortic systolic pressure ↔ ↑

Aortic diastolic pressure ↔ to ↓ ↓↓↓

Systemic arterial pressure ↑ to ↑↑ ↑↑↑

Ejection fraction ↔ ↑

Effective stroke volume ↓ ↔

Effective cardiac output ↓ ↔

Heart rate ↑ ↔

Peripheral vascular resistance ↑ ↔
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Figure 36-14. Left ventricular (LV) and pulmonary capillary 
wedge pressure (PCW) tracings shown simultaneously on 
40 mm Hg scale. There is a sizeable and stable gradient that 
exists between these tracings, as depicted by the hashed 
regions, indicative of mitral stenosis.



398 SECTION VII /  Interventional Cardiology

estimate should be used with caution, if at all, especially in 
pa tients with tachycardia. 

Mitral Regurgitation

Large V waves that can be seen in the PCW tracing repre-
sent LV pressure transmitted backward through an incompe-
tent mitral valve. The V wave occurs on the downstroke of 
the LV pressure. Figure 36-16 shows large V waves (up to 
60 mm Hg) in a patient with mitral regurgitation. The mor-
phology and magni tude of the V wave is determined princi-
pally by the pres sure-volume relationship of the left atrium. 
Large V waves may be due to valvular mitral regurgitation 
or stenosis or a number of other nonvalvular conditions in 
which the pressure/volume relationship of the atrial cham-
ber is altered (e.g., ven tricular septal defect, left ventricular 
ischemia, or hypertrophy).

RESTRICTION AND CONSTRICTION

One of the most challenging and sometimes confusing as-
pects of hemodynamic interpretation involves patients with 
restrictive and constrictive myopathies. This is because of 

Figure 36-15. Example of information needed to calculate an 
estimation of mitral valve area from invasive hemodynamics. 
The computerized planimetered area (9.46 cm2), and measure-
ment of the diastolic filling time (DFP = 3.4) are shown. This 
gives a mean gradient of 10.85 mm Hg that is plugged into the 
Gorlin formula. (From The Cardiac Catheterization Handbook, 4th

ed. 2003.)
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Figure 36-16. Simultaneous recording of left ventricular and left atrial pressures on 200 
mm Hg scale demonstrating large V waves in the left atrial waveform, approaching 60 mm Hg.
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ECG Filters:

PCW
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100
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Figure 36-17. Pressure recording of the left ventricular (LV), 
right atrial (RA), and pulmonary capillary wedge (PCW) pres-
sures in a patient with a cardiomyopathy. Note M or W configu-
ration of the right atrial pressure. Also note the significant early 
diastolic dip (square root sign) seen in the RV and LV pres-
sures. (From Cardiac Cathet Intervent. 1999;116:473–486.)

the great number of similarities in the profiles of these types 
of patients.

Restriction

The typical hemodynamic pattern for a restrictive cardiomyo-
pathy shows elevation in venous pressure, with the right atrial 
pressure demonstrating a striking Y descent. Right ventricular 
pressure tracings typically show a dip and plateau (called the 
“square root sign”) and the diastolic right ventricular pressure 
to systolic pressure ratio is <0.33. Typically the left and right 
ventricular diastolic pressures are >5 mm Hg apart and the right 
ventricular systolic pressure is elevated above 50 mm Hg.

Constriction

The classic finding of constriction involves the equal-
ization of pressures (i.e., right atrial, right ventricular 
diastolic, pulmonary arterial diastolic, pulmonary cap-
illary wedge, and left ventricular diastolic pressure). 
Constrictive pericarditis is further characterized by low 
arterial pressure, tachycardia, Kussmaul’s sign (inspiratory 
increase in RA pressure), M or W configuration on RA 
pressure, and dip and plateau of early rapid diastolic fill-
ing with abrupt cessation caused by pericardial constraint 
(Figure 36-17). Thus, Table 36-3 demonstrates the clas-
sic hemodynamic differentiation between constriction 
and restriction.

Constriction and tamponade physiology are differentiated 
by the RA waveform (elevated and blunted in tampon-
ade) and pulsus paradoxus (inspiratory decrease in arterial 
pressure in tamponade) (Table 36-4). Because these two 
entities are similar in their early stages, the RA pressures 
also may be similar. The diagnosis of pericardial tampon-
ade is usually suggested by classical clinical findings such 
as hypoten sion, elevated jugular venous pressure, and 
clear lungs, along with the presence of pulsus paradoxus 
exceeding 10 mm Hg. 

Ventricular Interdependence

Normal RV and LV pressures are separated by >5 mm Hg 
in early and late diastole, and the RV pressure tracing is 
usually contained completely within the LV pressure trac-
ing (Figure 36-18). The diastolic ventricular pressures nor-
mally differ in slope and end-diastolic pressure. Changes in 
the RV-LV pressure relationship are related to ventricular 
septal interaction and will occur in pulmonary hyperten-
sion, bundle branch block, myocardial infarction, RV vol-
ume overload, and, most commonly, pericardial constrictive 
physiology.

Thus, evaluation of simultaneous left ventricular and right 
ventricular pressures across multiple respiratory cycles has 

Table 36-3 • Constriction vs. Restriction 

Constriction Restriction

LVEDP – RVEDP ≤5 mm Hg >5 mm Hg

RV systolic pressure ≤50 mm Hg >50 mm Hg

RVEDP / RVSP ≥0.33 <0.3
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Figure 36-19. Simultaneous recording of the left ventricular (red) and right ventricular (green) 
pressures during inspiration and expiration. In this tracing, there is a decrease in LV systolic 
pressure and an increase in RV systolic pressure with respiration. This discordant response is 
classic for the diagnosis of constriction. (From Cardiac Cathet Intervent. 1999;116:473–486.)

Table 36-4 • Differentiating Constriction from 
Tamponade 

Tamponade Constriction

Paradoxical pulse Present Absent in 2/3

RA pressure 
morphology

Absent Y 
descent

Prominent Y 
descent (M or W 
configuration)

Inspiratory changes 
in RA pressure

Decrease Increase 
(Kussmaul’s sign)

“Square root” sign Absent Present

100

Figure 36-18. Simultaneous recording of left and right 
ventricular pressures (LV and RV) during inspiration and 
expiration. One can see the concordant changes in systolic 
pressure associated with respiration that are not consistent 
with a constrictive process. (From Cardiac Cathet Intervent.
1999;116:473–486.)
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become the key in determining the presence of constric-
tion (Figure 36-19). Specifically, the presence of biphasic 
changes in the systolic pressures of the right and left ven-
tricles (e.g., increase in right ventricular systolic function 
and decrease in the left ventricular systolic pressure with 
inspiration). These findings are not present in restrictive 
myopathies.

Suggested Readings

 1. Bonow RO, Carabello BA, Chatterjee K, et al. ACC/AHA 
2006 Guidelines for the Management of Patients with Valvu-
lar Heart Disease: A Report of the American College of Car-
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• In patients who are in sinus rhythm the atrial wave-
form is composed of two positive (A and V waves) 
and two negative deflections (X and Y descent). 

• The aortic pressure wave is determined both by left 
ventricular ejection (a forward-traveling wave) and a 
pressure wave reflected from the periphery. Peripheral 
amplification is caused by the reflected pressure 
waves returning to the aorta during diastole, making 
pulse pressure higher in peripheral (e.g., femoral or 
brachial) than in central arteries.

• The amount of blood flowing through an intracar-
diac shunt can be quantified by measuring oxygen 
saturations in various locations in the right heart.

• Mitral and aortic stenosis produces pressure gra-
dients across the valve that can be estimated by 
echocardiography or in the catheterization laboratory 
through simultaneous measurements of pressures 
and use of the Gorlin formula. 

• In hypertrophic obstructive cardiomyopathy (HOCM), 
asymmetric hypertrophy of the septum results in 
 narrowing of the LVOT. This “dynamic” obstruction 
is accentuated with increased contractility and condi-
tions that reduce preload or afterload. A “spike and 
dome”  pattern can be seen in aortic pressure tracings 
in patients with HOCM. 

• Poor ventricular compliance is the hemodynamic man-
ifestation of restrictive cardiomyopathy and results in 

early rapid filling of the ventricles followed by a quick 
rise in ventricular pressure. Atrial pressure tracings 
can show a quick X and Y descent from the rapid early 
filling and there appears a “square root sign” in ven-
tricular tracings. 

• Constrictive pericarditis is characterized by elevation 
and equalization of diastolic pressures throughout 
the heart. Almost all ventricular filling occurs in early 
diastole, which causes an exaggerated Y descent and 
an M or W configuration on atrial tracings. The ven-
tricular waveform has a characteristic square root 
sign (“dip and plateau”). Central venous pressure 
(CVP) and RA pressure do not decrease with inspira-
tion (Kussmaul’s sign). 

• Cardiac tamponade occurs when increased pericar-
dial pressure impairs diastolic filling. This results 
in end diastolic pressures throughout the cardiac 
chambers that are elevated and within 5 mm Hg of 
each other. The X descent is exaggerated whereas the 
Y descent is usually blunted. While it is normal to 
have a drop in systolic blood pressure with inspira-
tion, pulsus paradoxus is defined by the magnitude 
of the decrease. 

• Acute RV infarction results in a failure to provide 
 adequate preload to the left ventricle, resulting in 
 hypotension and possibly cardiogenic shock. 

• Fractional flow reserve (FFR) can be used to assess 
the hemodynamics of coronary stenosis. 

d PRACTICAL POINTS
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HEMODYNAMIC MEASUREMENTS

The Atrial Waveform

In patients who are in sinus rhythm the atrial waveform 
is composed of two positive and two negative deflections 
(Figure 37-1). The A wave is caused by atrial contraction, 
and in the right atrial (RA) tracing usually occurs 50 msec 
after the onset of the P wave on the ECG (the A wave is 
delayed to about 200 msec after the onset of the P wave 
when measured using pulmonary capillary wedge pressure 
(PCWP) due to the time delay in transmission of the re-
flected wave). The decay of the A wave is the X descent, 
which is due to the decrease in atrial pressure as a conse-
quence of atrial relaxation. In the RA tracing, the X de-
scent is often interrupted by a small positive deflection, the 
C wave results from closure of the tricuspid valve during 
isovolumetric contraction of the ventricle. The C wave is 
more commonly seen in RA compared to PCWP tracings 
and is prominent in patients with prolonged PR intervals. 
Additional X descent after the C wave is referred to as the 
X′ descent. 

The second positive deflection in the atrial pressure trac-
ing is the V wave, which represents rapid atrial filling dur-
ing ventricular systole while the atrio-ventricular valve is 
closed. The peak of the V wave usually corresponds to the T 
wave on the ECG. The decay of the V wave is referred to as 
the Y descent. The Y descent corresponds to rapid ventricu-
lar filling in early diastole.

Arterial Waveform

Pressure measured in the aorta has a characteristic waveform 
(Figure 37-2a). The steep upstroke (or anacrotic limb) coin-
cides with opening of the aortic valve and reflects the stroke 
volume ejected by the left ventricle (LV) into the aorta. The 
rounded part at the top of the waveform (or anacrotic shoul-
der) reflects continued flow from the LV to aorta but at a 
reduced rate. The dicrotic notch (or incisura) occurs in the 
downslope of aortic pressure and represents closure of the 
aortic valve. The contour of the aortic pressure tracing can 
provide clues to various disease states. For example, aortic 
pressure that rises rapidly, dips, and then rises again (pulsus 
bisferins) in hypertrophic obstructive cardiomyopathy or 
rises slowly (pulsus pardus et tardus) in aortic stenosis.
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Figure 37-1. Right atrial (RA) and pulmonary capillary wedge (PCW) pressure tracings. Note that the A wave in the RA tracing is con-
current with the P wave on the ECG but that the A wave in the PCWP tracing is delayed.
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The aortic pressure wave is determined both by LV ejection 
(a forward-traveling wave) and a pressure wave reflected 
from the periphery. Ejection of blood into the aorta gen-
erates a pressure wave that is propagated to other arteries 
throughout the body. At any discontinuity of the vascular 
wall, but mainly at the arteriolar branching points, the wave 
is reflected and comes back towards the heart. Peripheral am-
plification is caused by the reflected pressure waves returning 
to the aorta during diastole, making pulse pressure higher in 

peripheral (e.g., femoral or brachial) than in central arteries 
(mean pressures will be the same; Figure 37-2b).

Cardiac Output and Intracardiac Shunts

Cardiac output is the amount of blood moved per unit time 
from the venous system to the arterial system. It is a dynamic 
process and tightly regulated so that blood flow through the 
heart equals perfusion needs of the body. Cardiac output 
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Figure 37-2. Pressure tracings taken from the central aorta. In panel b, femoral artery pressure is superimposed showing peripheral 
amplification.
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is equal to the heart rate X stroke volume (in the absence 
of valvular regurgitation). Since accurate measurement of 
stroke volume is challenging, cardiac output is primarily 
measured at the time of right heart catheterization using 
either the Fick method or the indicator dilution method 
(e.g., thermodilution). Cardiac index is the cardiac output 
divided by the body surface area. 

The Fick method is based on the principle that oxygen up-
take in the lungs is entirely transferred to the blood and 
therefore cardiac output can be calculated from knowl-
edge of oxygen consumption of the body and difference in 
oxygen content between arterial and mixed venous blood. 
Direct measurement of an individual’s oxygen consumption 
is cumbersome and time consuming and thus, in modern 
practice, oxygen consumption is generally “assumed.” The 
Fick cardiac output can be calculated using the equation:

cardiac output =

  
O2 consumption

   _____________________________________________     (arterial - venous)O2 × hemoglobin concentration × 1.36 × 10  

(The units of the constant 1.36 are mL O2/g hemoglobin.)

The indicator dilution method involves injection of an in-
dicator substance into the circulation followed by measure-
ment of this substance at a distal point in the circulation. 
In current practice, the thermodilution method generally 
involves injecting saline into the RA and measuring the 
temperature of blood in the pulmonary artery. The ther-
modilution method tends to be more accurate in high-output 
states, whereas the Fick method is generally more accurate 
in low output states (because the differences in oxygen satu-
rations between arterial and mixed venous blood are large) 
and when the patient’s rhythm is irregular such as in atrial 
fibrillation or ventricular bigeminy. 

Once cardiac output and pressures have been measured, 
systemic vascular resistance (SVR) and pulmonary vascular 
resistance (PVR) can be calculated:

normal SVR = 700 to 1600 dyne-sec-cm-5

and 

PVR = 20 to 130 dyne-sec-cm-5.

SVR (in dyne-sec-cm-5) = 

  
(mean arterial pressure - RA pressure) × 80

   _______________________________  cardiac output  

PVR (in dyne-sec-cm-5) = 

  
(mean pulmonary artery pressure - PCWP) × 80

    __________________________________   cardiac output  

Intracardiac shunting of blood results when there is a con-
nection and a pressure difference between right and left 
heart chambers. Because left heart pressures are generally 

higher than right heart pressures, most shunts are predomi-
nantly left-to-right, although right-to-left and bidirectional 
shunts are seen (predominantly in Eisenmenger’s syndrome). 
Of note is that arterial to venous shunts can exist outside of 
the heart (e.g., intrapulmonary, intrahepatic, arterio-venous 
malformation) and affect oxygen saturations. 

The amount of blood flowing through the shunt can be 
quantified by measuring oxygen saturations in various lo-
cations in the venous system and the right heart (“oxygen 
saturation run”). The samples need to be acquired with the 
patient breathing room air or a gas mixture containing no 
more than a maximum of 30% oxygen (to minimize the 
amount of dissolved oxygen in the blood). A left-to-right 
shunt can be quantified using the ratio of pulmonary blood 
flow to systemic blood flow, termed QP/QS, where QP is the 
pulmonary blood flow and QS is the systemic flow. QP and 
QS are calculated using the equation shown above for the 
Fick method of estimating cardiac output, where the only 
difference between the pulmonary flow equation and the 
systemic flow equation is the arterial and venous saturations 
used. A simplified formula can be used to estimate QP/QS: 

  
QP ___ 
 QS

   =   
(SAO2 - MVO2)  ____________  (PVO2 - PAO2)

  

In this equation, the mixed venous oxygen saturation 
(MVO2) should be from the chamber proximal to the shunt. 
If there is an atrial septal defect (ASD), the MVO2 is cal-
culated from the superior vena cava (SVC) and the inferior 
vena cava (IVC). While theoretically coronary sinus blood 
flow contributes to mixed venous blood along with blood 
from IVC and SVC, the contribution is so small that it may 
be safely ignored. The equation most frequently used is:

  (3 SVC + IVC)
  ____________ 4  . 

VALVULAR HEART DISEASE

Mitral Regurgitation

On echocardiography, left atrial (LA) enlargement may be 
one of the earlier signs of hemodynamically important mitral 
regurgitation (MR). Later, as the regurgitant volume increases, 
the LV dilates and pulmonary hypertension develops. Color 
flow Doppler can be used to quantitate the regurgitant orifice 
and measure the size of the regurgitant volume using proximal 
isovelocity surface area measurement (PISA). Regurgitant or-
ifice area >40 mm2 has been associated with a poor prognosis 
and is considered a strong indication for surgery. 

One difference between acute and chronic MR is left atrial and 
pulmonary vein compliance. When MR is chronic and the LA 
dilated, the pressure gradient and thus flow between LV and LA 
persists throughout systole, resulting in a holosystolic murmur. 
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In acute MR, where the LA and pulmonary veins are normal 
in size, LA pressure rises rapidly during ventricular systole, the 
gradient between LV and LA diminishes earlier, and the mur-
mur ends in mid systole. The rapid rise in LA pressure results 
in large V waves on the LA or PCWP tracing (Figure 37-3). 
Occasionally, large V waves can also be seen on the pulmonary 
arterial tracing. Doppler echocardiography showing systolic 
flow reversal in the pulmonary venous circulation is suggestive 
of severe MR, but this finding lacks sensitivity. 

The hemodynamics of the LV pressure curve reflects the 
loading conditions of the left ventricle in response to MR. 
When MR is severe, the LV enlarges and LV end diastolic 
pressure (LVEDV) increases in order to maintain forward 
stroke volume. Rapid filling of the ventricle in early dias-
tole produces a “square root” sign on LV pressure tracing. 
Although well tolerated initially, chronic LV dilation can 
result in negative remodeling and irreversible LV dysfunc-
tion. Eventually cardiac output begins to decline, resulting 

in worsening functional limitation. Decreased ejection frac-
tion (<60%) is a negative prognostic sign and is considered 
a strong indication for mitral valve surgery. 

Mitral Stenosis

The incidence of mitral stenosis (MS) has declined in most 
developed nations with the use of aggressive antibiotic ther-
apies for rheumatic fever. However, there is an increasing 
frequency of degenerative and calcific MS among patients 
receiving chronic hemodialysis. Mild MS is rarely symptom-
atic and is often not detected on physical exam. As MS pro-
gresses, the development of hemodynamic sequelae become 
apparent on physical exam, and the findings often correlate 
with hemodynamic changes seen on echocardiography and 
in the catheterization lab. Severe MS produces a pressure 
gradient across the mitral valve that can be measured by 
Doppler echo. The continuity equation produces a reli-
able and accurate estimate of the mitral valve area. In the 
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Figure 37-3. PCWP and PA tracings from a patient with severe MR. Large V waves are apparent in both the PA tracing (A) and in the 
PCWP tracing (B).
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catheterization laboratory, accurate measurement of the mi-
tral valve gradient requires trans-septal puncture and simul-
taneous measurement of the LV and LA pressures (PCWP 
can be used in place of LA pressure in certain situations). 
The Gorlin formula is then used to convert hemodynamic 
data to an estimate of the mitral valve area. 

Intracardiac pressure tracings in patients with severe MS 
usually reveal a large A wave in the LA or PCWP tracing due 
to elevated LA pressure during early diastole (Figure 37-4). 
The Y descent on the LA pressure tracing will flatten due 
to delayed emptying of the atrium into the ventricle fol-
lowing opening of the mitral valve. Early in disease course, 

transmission of elevated LA pressure results in pulmonary 
venous hypertension. Later, chronic pulmonary venous hy-
pertension can result in pulmonary arteriolar constriction 
and hypertrophy, which can lead to irreversible pulmonary 
arterial hypertension. 

Aortic Stenosis

Aortic stenosis (AS) is the second most common symptom-
atic valvular lesion after mitral regurgitation. Severe AS is 
identified as a valve area of less than 1 cm2. Moderate AS 
is usually not symptomatic at normal levels of exertion, and 
mild AS is asymptomatic in almost all cases. Hemodynamic 
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evaluation of the aortic valve involves the simple measure-
ments of pressure, flow, and resistance. This can be accom-
plished with echocardiography through integration of the 
area under the continuous wave (CW) Doppler curve to es-
timate cardiac output and use of the continuity equation to 
estimate valve area. This calculation is dependent on an ac-
curate measurement of the diameter of the LV outflow tract 
(LVOT) and the velocity-time integral at the level of the 
aortic valve and the LVOT. When there are incongruous 
findings on the echocardiogram, many patients are referred 
for hemodynamic assessment in the cardiac catheterization 
laboratory. By measuring simultaneous pressure in the LV 
and central aorta, the Gorlin formula can be used to esti-
mate the aortic valve area (Figure 37-5). This is dependent 
on accurate measurement of the systolic ejection period 
and corresponding pressure waveforms and is inherently 
inaccurate at low cardiac outputs. Dobutamine infusion in 
the catheterization laboratory can increase cardiac output 
in patients with low-output, low-gradient AS and confirm 
the presence of severe AS in some cases. Failure to increase 
cardiac output in response to dobutamine does not rule out 

severe AS, but it does predict poor prognosis in this sub-
group with diminished contractile reserve. 

Aortic Regurgitation

Aortic regurgitation (AR) is usually a chronic degenerative 
process. Severe AR can result in increased preload and stroke 
volume, and, very much like MR, can lead to progressive left 
ventricular dilation and, eventually, heart failure. The hemo-
dynamic consequences of increased preload are evident in the 
cardiac catheterization laboratory by increased PCWP, and 
sometimes pulmonary hypertension. Widened pulse pressure 
is evident on the aortic pressure tracing due to the increased 
stroke volume and low diastolic pressure in the setting of de-
creased peripheral vascular resistance (Figure 37-6). This 
should be evident on physical exam and is often quite strik-
ing in patients with moderate to severe AR.

Patients with severe AR often have a short diastolic mur-
mur that ends early in diastole. This is due to rapid equili-
bration of the LVEDP and aortic diastolic pressure, which 
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Figure 37-4. Simultaneous LA and LV pressure tracing in a patient with severe mitral stenosis. Note increased LA pressure, flattening 
of the Y descent and normal LVEDP.
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itself is due to a large communication across the regurgitant 
aortic valve. Patients with mild to moderate AR can have a 
loud diastolic murmur that lasts throughout diastole. These 
features can be recognized by the pressure–half-time mea-
surements of aortic valve gradient obtained with continuous 
wave Doppler across the aortic valve plane. Acute, severe 
AR is generally poorly tolerated, and usually presents with 
heart failure (e.g., in the setting of bacterial endocarditis). 
Chronic, severe AR is often detected in the asymptomatic 
phase, and reflects the ability of the heart to dilate and in-
crease stroke volume to compensate for the valvular insuf-
ficiency. This scenario is often encountered in patients with 
aortic root dilatation and/or bicuspid aortic valve. 

CARDIOMYOPATHIES

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is an autosomal 
dominant genetic disorder of cardiac sarcomere proteins, 
which affects 0.2% of the adult population. Characteristic 

echocardiographic findings include a hypertrophied, nondi-
lated ventricle in the absence of a cardiac or systemic dis-
ease that could result in the degree of hypertrophy. The left 
ventricular volume is usually reduced and the hypertrophy 
is asymmetric involving the interventricular septum in 70% 
of cases. Variants of HCM include basal septal hypertrophy, 
concentric hypertrophy, and apical hypertrophy. The apical 
variant is rare in the United States, but is common in Japan. 

In patients with hypertrophic obstructive cardiomyopathy 
(HOCM), asymmetric hypertrophy of the septum results 
in narrowing of the LVOT. The degree of obstruction in-
creases during systole, when the ventricle contracts and the 
asymmetric septum moves toward the outflow tract. This 
“dynamic” obstruction is accentuated with increased con-
tractility and conditions that reduce preload or afterload. 
A “spike and dome” pattern can be seen in aortic pressure 
tracings in patients with HOCM (Figure 37-7). The initial 
spike occurs during the early phase of systole, when there is 
minimal obstruction. During mid-systole, outflow tract ob-
struction occurs and there is an initial drop in aortic pressure 

Figure 37-5. Simultaneous LV and aortic pressure in a patient with aortic stenosis demonstrating the components of the Gorlin  formula. 
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followed by a slow rise in pressure as systole is completed (the 
dome). The aortic-LVOT gradient can be determined with 
simultaneous left ventricular and aortic pressure measure-
ments (Figure 37-7). 

An increase in left ventricular contractility (which occurs in 
the beat after a premature ventricular contraction) will re-
sult in an increase in the pressure gradient in both fixed and 
dynamic obstruction, but in patients with HOCM , it will 
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also reduce the pulse pressure (Figure 37-7). This reduction 
in the pulse pressure is known as the Brockenbrough sign, 
and is useful in differentiating HOCM from AS.

Restrictive Cardiomyopathy

Restrictive Cardiomyopathy (RCM) is characterized by 
restrictive filling and reduced diastolic volume of either or 
both ventricles with normal or near-normal systolic func-
tion. It can be further classified as myocardial or endomyo-
cardial based on the mechanism of disease. RCM is rare in 
the United States, and patients generally present with dysp-
nea, exertional intolerance, and peripheral edema.

Poor ventricular compliance is the hemodynamic manifesta-
tion of RCM and results in early rapid filling of the ventricles 
followed by a quick rise in ventricular pressure. Atrial pres-
sure tracings can show a quick X and Y descent from the rapid 

early filling. These rapid descents result in the characteristic 
W or M pattern of RCM (Figure 37-8). The rapid early fill-
ing of the ventricle along with the reduced compliance results 
in a sudden and sharp rise in ventricular pressure during early 
diastole. Diastolic filling of the ventricle is then curtailed as 
the pressure in the ventricle rapidly approaches atrial pres-
sures. This rapid rise and plateau of ventricular pressures is 
known as the “square root sign” (Figure 37-8), which is also 
present in pericardial constriction. Hemodynamic findings 
in RCM and constrictive pericarditis are similar, but specific 
hemodynamic criteria that can be useful for differentiating 
RCM from constrictive pericarditis include: 

>• 5 mm Hg difference in left and right ventricular end 
diastolic pressures
pulmonary artery systolic pressure • >55 mm Hg
right ventricular end diastolic pressure • <1/3 of right 
ventricular systolic pressure
LV-RV concordance (simultaneous increases and de-• 
creases in RV and LV systolic pressures with respiration)
respiratory change in RA pressure • >3 mm Hg. 
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Figure 37-8. Hemodynamic tracings from a patient with restric-
tive cardiomyopathy showing rapid X and Y descents with the 
classic W or M sign in the atrial tracing (A) and a rapid rise and 
plateau of ventricular diastolic pressures (square root sign; B).
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ing shows the classic spike and dome pattern (A). Simultaneous 
aortic and LV pressure tracing showing a pressure gradient (B). 
Note the decrease in aortic pulse pressure after a premature 
ventricular contraction (Brockenbrough sign).
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PERICARDIAL DISEASE

The pericardium is a two-layered sac that encircles the heart. 
The visceral pericardium is a mesothelial monolayer that is 
adherent to the epicardium and reflected back on itself at 
the level of the great vessels. The parietal layer is a tough, fi-
brous outer layer. In the potential space that exists between 
these two layers there is normally 5 to 50 cc of serous fluid. 
The normal pericardium serves three primary functions: it 
fixes the heart within the mediastinum, limits the spread of 
adjacent infections, and limits acute cardiac distention dur-
ing sudden increases in intracardiac volumes.

Constrictive Pericarditis

Constrictive pericarditis is characterized by a dense, fibrous 
thickening of the pericardium that adheres to and encases 
the myocardium resulting in impaired diastolic ventricular 
filling. The clinical presentation is generally that of right-
sided heart failure and may resemble restrictive cardiomyo-
pathy, cirrhosis, or cor pulmonale, among other conditions. 

Elevation and equalization of diastolic pressures is the 
hallmark of constriction—RA, LA, RV, and LV diastolic 
pressures are elevated and nearly identical. In constrictive 
pericarditis, the stiff pericardium limits expansion of the 
cardiac chambers which can fill only by compressing other 
chambers and thus the diastolic pressures equalize. Because 
of this, almost all ventricular filling occurs in early diastole, 
which causes an exaggerated Y descent and an M or W con-
figuration (Figure 37-9a) on atrial tracings. The ventricu-
lar waveform has a characteristic square root sign (‘dip and 
plateau’) due to the rapid rise in early diastolic pressure as 
cardiac filling is limited by the constraining effects of the 
rigid pericardium (Figure 37-9b). Severe pulmonary hyper-
tension is rare and usually RV and pulmonary artery (PA) 
systolic pressures are <50 mm Hg.

In severe constrictive pericarditis, intrathoracic pressure is 
not communicated to intrapericardial space. Thus, central 
venous pressure (CVP) and RA pressure do not decrease, 
and may actually increase, with inspiration (Kussmaul’s 
sign). Pulsus paradoxus is minimal or absent in rigid con-
strictive pericarditis because ventricular filling is not af-
fected by intrathoracic pressure.

Ventricular systolic discordance is thought by some to be the 
most specific hemodynamic sign of constrictive pericarditis. 
This is defined as inspiratory augmentation of RV systolic 
pressure simultaneous with a decrease in LV systolic pressure 
and occurs due to the effects of respiration on ventricular 
filling (Figure 37-9c). Inspiration augments right heart fill-
ing at the expense of left heart filling. This is reflected as a 
drop in LV systolic pressure on particular cycles when the 
RV is rising. 

Cardiac Tamponade

The primary hemodynamic pathophysiologic process in the 
development of tamponade is increased pericardial pressure 
that impairs diastolic filling. Normal pericardial pressure is 
zero; any increase can have hemodynamic consequences. 
The pericardium is a relatively noncompliant structure and 
thus the relationship between pericardial pressure and vol-
ume is nonlinear. Pericardial pressure rises exponentially 
as pericardial volume increases after a certain threshold is 
reached. Factors that influence the development of hemo-
dynamic compromise in the setting of a pericardial effusion 
include the rate at which the fluid accumulates, the amount 
of pericardial fluid, the compliance of the pericardium, the 
size of the pericardial space, and ventricular compliance. 
Left and right ventricular hypertrophy renders the heart 
more resistant to elevated pericardial pressures.

The hemodynamic effects of increased pericardial pressure 
occur on a spectrum and cardiac tamponade can be divided 
into three phases. When pericardial pressure rises but remains 
below right atrial pressure, clinical signs of tamponade may be 
absent, as the right heart (RV stroke volume) but not the left 
heart is compromised (phase 1). As pericardial fluid contin-
ues to accumulate and pericardial pressure rises, pulmonary 
capillary wedge pressure begins to rise and external compres-
sion of both left and right ventricles is present (phase 2). 
End diastolic pressures throughout the cardiac chambers are 
elevated and within 5 mm Hg of each other. At this stage, 
classic signs and symptoms of cardiac tamponade are usu-
ally seen. While stroke volume is diminished, compensatory 
tachycardia attempts to maintain cardiac output. Eventually, 
if pericardial pressures continue to rise and approximates RA 
and RV diastolic pressures, cardiac tamponade may progress 
to shock with impaired tissue perfusion (phase 3).

In patients with tamponade, a relatively larger amount of car-
diac filling occurs following ventricular contraction as ven-
tricular volume transiently falls, enabling atrial expansion 
and filling. RA pressure drops immediately following ventric-
ular contraction as atrial volume increases; this large swing 
in RA pressure gradient in the setting of cardiac tamponade 
elicits an exaggerated X descent. The X descent may be fur-
ther exaggerated during inspiration as a decrease in pericar-
dial pressure leads to augmentation of blood flow to the RV 
during inspiration. Conversely, the Y descent corresponds to 
ventricular filling and is usually blunted (Figure 37-10).

In contrast to constrictive pericarditis, pericardial pressure 
varies with intrathoracic pressure in tamponade. Pericardial 
and RA pressures decrease during inspiration, resulting in 
augmented systemic venous return and a marked increase 
in the RV volume. This compromises LV filling, leading to 
a decrease in cardiac output and a decrease in systolic blood 
pressure. While it is normal to have a drop in systolic blood 
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pressure with inspiration, pulsus paradoxus is defined by the 
magnitude of the decrease (variously defined as a drop of 
>12 mm Hg, a drop of ≥10 mm Hg or a drop of ≥9% during 
normal inspiration). Pulsus paradoxus may not be present 
in patients with tamponade and acute aortic regurgitation 
(i.e., acute aortic dissection), elevated LVEDP, atrial septal 
defect, pulmonary hypertension, or RV hypertrophy. 

Effusive-Constrictive Pericarditis

Effusive-constrictive pericarditis is an uncommon syndrome 
characterized by constriction of the heart by the visceral peri-
cardium in the presence of a tense pericardial effusion. The 
hallmark of effusive-constrictive pericarditis is the persis-
tence of elevated RA pressure after intrapericardial pressure 
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Figure 37-9. Constrictive pericarditis—Pressure tracings from the RA (panel a), RA + LV (panel b) and RV + LV (panel c) in a patient 
with constrictive pericarditis. Note the lack of respiratory variation in the RA tracing (Kussmaul’s sign). Also note the RV/LV discor-
dance in panel c. 
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Figure 37-10. Cardiac tamponade—RA and RV pressure tracings before (panels a and b) and after (panels c and d) pericardiocentesis. 
Simultaneous RA and pericardial pressures are shown in panel e and an echocardiographic image in the parasternal long axis display-
ing the effusion is shown in panel f.
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Figure 37-11. LV and RV pressure tracing in a patient with acute RV infarction. In the upper tracing, note the relative hypotension and 
decreased LVEDP (“thirsty ventricle”). The lower tracing shows widening of the RV systolic pressure curve, rapid filling and respiratory
variation.
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has been reduced to normal levels by pericardiocentesis. It is 
rare but can occur with all types of pericarditis. The major-
ity of patients diagnosed with effusive-constrictive pericardi-
tis will progress to chronic constriction, but a proportion of 
those with idiopathic disease may have only temporary car-
diac constriction and then go on to eventual full resolution.

As in both constrictive pericarditis and cardiac tampon-
ade, the expansion of the cardiac chambers during diastole 
is limited and there is elevation and equalization of dia-
stolic pressures in the atria and ventricles. Prior to drainage 
of the effusion, the hemodynamic findings most resemble 
cardiac tamponade with a preserved X descent and an ab-
sent or attenuated Y descent on the right atrial pressure 
tracing. Once the effusion has been drained, constrictive 
physiology predominates with return and exaggeration of 
the Y descent leading to a classic M- or W-shaped configu-
ration of the right atrial pressure waveform. The ventricu-
lar pressure tracings demonstrate the square root sign due 
to rapid ventricular filling in early diastole. 

CORONARY ARTERY DISEASE

Right Ventricular Infarction

Acute RV infarction classically occurs in the setting of in-
ferior myocardial infarction and can be diagnosed when 
ST elevations are apparent on right-sided chest leads. The 
acute hemodynamic significance of RV ischemia is a failure 
to provide adequate preload to the left ventricle, resulting 
in hypotension and possibly cardiogenic shock. RV infarc-
tion is considered a “preload-dependent” condition because 
patient survival depends on displacing enough volume into 
the pulmonary circulation to augment left ventricular fill-
ing. Right heart catheterization is useful in this situation, as 
it allows the physician to directly measure the RV preload 
and afterload in order to ensure RV and LV filling pressures 
are maintained. In patient with adequate intravascular vol-
ume, initial pressure tracings in patients with adequate RV 
filling pressures may show a square root sign due to rapid fill-
ing of the dilated, noncompliant ischemic right ventricle. 

If the RV remains ischemic and volume is replaced appro-
priately, there is an increase in the RVEDP while the RV 
systolic pressure remains normal. This can also be accom-
panied by a broadening of the RV systolic pressure curve 
(Figure 37-11). Severe RV dilation can lead to physiology 
that is similar to constrictive pericarditis, where the RV and 
LV compete for limited pericardial space and demonstrate 
interdependence. This can result in equalization of the dia-
stolic pressures typical of constrictive physiology. 

Fractional Flow Reserve

One major limitation of standard angiographic techniques 
is the inability to assess coronary physiology. Although 

quantitative coronary angiography can accurately determine 
the percent stenosis on an epicardial vessel, it is unable to 
determine the hemodynamic significance of the lesion. This 
knowledge of coronary physiology is essential in determining 
whether or not to perform percutaneous coronary interven-
tion on coronary lesions. The fractional flow reserve (FFR) 
can be used to assess the hemodynamics of coronary stenosis. 
FFR is determined with the use of an intracoronary pressure 
wire. This wire has a pressure sensor that is placed distal to 
the coronary stenosis. This pressure is then compared to the 
proximal (aortic pressure) during maximal hyperemia (Figure 
37-12). The FFR is calculated with the following formula: 

FFR =   
pressure distal to stenosis 

  _____________________   pressure proximal to stenosis.  

FFR should be measured both under basal conditions and 
during maximal hyperemia (usually accomplished by ad-
ministration of intracoronary adenosine). Studies correlat-
ing FFR to nuclear stress testing results have shown that a 
FFR < 0.75 is hemodynamically significant.
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• The oxygen extraction by the myocardium is much 
higher than that by the other organs and reaches 
near maximum. The oxygen saturation of coronary 
sinus venous blood is only about 20~30%.

• Resting coronary blood flow can be maintained at a 
relatively constant level under various coronary per-
fusion pressures in the range of 40 to 130 mm Hg 
through the mechanism of autoregulation.

• Coronary angiography is the gold standard in the as-
sessment of coronary artery disease. However, there 
are two major limitations: inter- and intra-observer 
variabilities of visual evaluation and discrepancies 
between the angiographic severity of the lesion and 
the actual degree of underlying atherosclerosis.

• Intracoronary ultrasound (IVUS) imaging is use-
ful in clarifying situations in which angiography is 
equivocal or difficult to interpret, selecting appropri-
ate catheter-based intervention, and optimizing the 
results of coronary procedures. The outcome of the 
patients in whom revascularization was deferred ac-
cording to IVUS is favorable.

• Coronary flow reserve (CFR) is the ratio of maximal 
coronary blood flow to resting coronary blood flow 

and can be measured by a Doppler wire. Coronary 
flow reserve is reduced with epicardial artery steno-
sis, microvascular disease, or both.

• In patients with intermediate coronary artery steno-
sis, previous studies have demonstrated that a CFR 
< 2 was closely associated with an abnormal stress 
perfusion imaging and IVUS lumen area < 4mm2.
However, CFR is easily influenced by the hemody-
namic conditions and is not an epicardial stenosis-
specific index.

• In patients with acute myocardial infarction, short 
diastolic deceleration time, presence of systolic flow 
reversal, and absence of systolic anterior flow are the 
signs of severe and extensive microvascular damage 
and are associated with poor ventricular function 
and poor prognosis.

• Fractional flow reserve (FFR) represents the fraction 
of maximal myocardial flow that can be maintained 
in the presence of epicardial coronary stenosis. FFR 
is an epicardial lesion-specific index and is nearly in-
dependent of hemodynamic conditions such as heart 
rate, blood pressure, and contractility.

d PRACTICAL POINTS

(continued)
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three major coronary arteries and their branches. The di-
ameter of large arteries ranges from several millimeters to 
400-500 μm. As most large arteries run over the epicar-
dial surface of the heart, these are called as epicardial ar-
teries. These arteries do not create significant resistance 
to coronary blood flow and are also called as conductance 
vessels. 

CORONARY ARTERY PHYSIOLOGY

Coronary Arterial Circulation

The coronary arterial circulation consists of large ar-
teries, small arteries (prearterioles), and arterioles 
(Figure 38-1). Large arteries include left main trunk and 

• FFR is a useful guide for decision making about the 
need for revascularization in intermediate stenoses. 
Five-year follow-up results of DEFER study showed 
that the event-free survival rate of deferral group was 
80%. Furthermore, the rate of hard endpoint (com-
posite of acute myocardial infarction and cardiac 
death) was only 3.3% in a deferral group.

• Post-procedural FFR ≥ 0.9~0.95 after bare metal 
stent implantation is known to be associated with 
good clinical outcomes. However, FFR criterion 
for optimal drug-eluting stent implantation is not 
known.
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Figure 38-1. Functional anatomy of the coronary arterial system (From N Engl J Med. 2007.)
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To measure the coronary flow reserve in a catheterization 
laboratory, pharmacologic stimuli that can minimize the 
vascular resistance and induce maximal coronary blood 
flow are needed. Inadequate hyperemia results in underes-
timation of the coronary flow reserve. Various routes and 
drugs are currently being used to induce maximal hyper-
emia (Table 38-1). Intracoronary bolus administration of 
adenosine is a simple and safe way to induce maximal hy-
peremia. The peak effect occurs in less than 10 seconds and 
the duration of action is less than 20 seconds. However, 
this method cannot be used when the steady status of 
maximal hyperemia is required, and underestimation of 
the lesion severity is possible in patients with borderline 
fractional flow reserve (FFR). In general, intracoronary 

Prearterioles and arterioles cannot be clearly delineated by 
coronary angiography. These microvessels take most of the 
coronary vascular resistance, and are called as resistance 
vessels. They can modulate the vascular tone and resistance 
under various physiologic and pharmacological conditions 
to control the myocardial blood flow. Prearteriolar vessels 
(100-500 μm) are responsive to flow and pressure changes, 
and their function is to maintain the pressure in a narrow 
range at the origin of arterioles when coronary perfusion 
flow or pressure changes. Intramural arterioles (<100 μm) 
are the main part of the metabolic regulation of coronary 
blood flow. When oxygen consumption increases, arterioles 
are dilated and vascular resistance is reduced in response to 
myocardial metabolites. This induces the dilatation of other 
vessels by the increase in flow and shear stress. 

Coronary Blood Flow and 
Concept of Coronary Flow Reserve

Coronary arterial blood flow occurs predominantly during 
diastole, and the systolic component at hyperemia is less 
than 25% of total flow. The myocardial oxygen demand is 
much higher than other organs even in the resting condi-
tion, and coronary capillary density is also higher to meet 
the high oxygen demand. Nevertheless, the oxygen extrac-
tion by the myocardium is much higher than the other or-
gans and reaches near maximum. The oxygen saturation of 
coronary sinus venous blood is only about 20-30% (renal 
vein: 85%). According to Fick’s principle, oxygen consump-
tion is the product of blood flow and oxygen extraction. 
Therefore, coronary circulation can meet the increasing 
oxygen demand mainly by increasing coronary blood flow. 

Resting coronary blood flow can be maintained at a rela-
tively constant level under various coronary perfusion pres-
sures in the range of from 40 to 130 mm Hg through the 
mechanism of autoregulation. In contrast, when resistance 
is minimized by a vasodilator, the relationship between pres-
sure and flow becomes linear (Figure 38-2). 

The concept of coronary flow reserve was developed to de-
scribe the flow increase in response to an increase in oxygen 
demand. It is the ratio of maximal coronary blood flow to 
resting coronary blood flow: 

Coronary flow reserve =   
Maximal coronary blood flow

  _____________________  Resting coronary blood flow  

Coronary flow reserve is reduced with epicardial artery 
stenosis, microvascular disease and both. Although the rest-
ing coronary flow can be maintained until 80-90% diam-
eter stenosis of the epicardial coronary artery, coronary flow 
reserve is reduced as the portion of vasodilatory reserve is 
already used to maintain normal coronary flow. In patients 
with microvascular disease, coronary flow reserve is decreased 
due to the decrease in maximal coronary blood flow.  
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Figure 38-2. Schematic illustration of coronary pressure-flow 
relation at rest and at maximal vasodilatation.

Table 38-1 • Drugs for Maximal Vasodilatation

Drug Dose
Time to Maximal 
Hyperemia

Adenosine

 Intracoronary bolus 20-60 μg <10 sec

  Intravenous
continuous

140 μg/kg/
min

≤1-2 min

ATP

 Intracoronary bolus 20-50 μg <10 sec

  Intravenous
continuous

140 μg/kg/
min

≤1-2 min

Papaverine

 Intracoronary bolus 10-15 mg 30-60 sec
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ACC/AHA/SCAI practice guidelines for the use of in-
travascular ultrasound and physiologic evaluation are as 
follows:

Intravascular Ultrasound Imaging

Class IIa
 a. Assessment of the adequacy of deployment of coro-

nary stents. (Level of evidence: B)
 b. Determination of the mechanism of stent restenosis 

and to enable selection of appropriate therapy. (Level 
of evidence: B)

 c. Evaluation of coronary obstruction at a location dif-
ficult to image by angiography in a patient with a sus-
pected flow-limiting stenosis. (Level of evidence: C)

 d. Assessment of a suboptimal angiographic result after 
percutaneous coronary intervention. (Level of evi-
dence: C)

 e. Establishment of the presence and distribution of 
coronary calcium in patients for whom adjunctive ro-
tational atherectomy is contemplated. (Level of evi-
dence: C)

 f. Determination of plaque location and circumferen-
tial distribution for guidance of directional coronary 
atherectomy. (Level of evidence: B)

Class III
IVUS is not recommended when the angiographic diagnosis 
is clear and no interventional treatment is planned. (Level 
of evidence: C)

bolus administration of adenosine is commonly used for 
coronary flow velocity reserve measurement, and intrave-
nous continuous infusion of adenosine is recommended 
for fractional flow reserve measurement (Figure 38-3). 
Papaverine was considered the gold standard for induc-
tion of hyperemia as this drug can induce long maximal 
hyperemic plateau with bolus administration. However, 
its use is decreasing due to the potential risk of ventricu-
lar arrhythmia. 

INTRACORONARY
ULTRASUNOGRAPHY, 
DOPPLER, AND PRESSURE

Coronary angiography is the most respected method of 
assessing coronary artery disease. However, there are two 
major limitations: inter- and intra-observer variability 
of visual evaluation and discrepancies between the an-
giographic severity of the lesion; and the actual degree 
of underlying atherosclerosis. Although the quantita-
tive coronary angiography has reduced its limitations, 
it cannot completely overcome the limitation of two-
dimensional angiographic analysis. Therefore, additional 
procedures are required in lesions with ambiguous or ques-
tionable angiographic findings. Intravascular ultrasound 
is commonly used in such conditions and can give de-
tailed three-dimensional information on both the lumen 
and vessel. Pressure- and flow-derived indexes are also 
frequently used to evaluate the physiologic significance 
of lesions in both epicardial artery and microvasculature. 

Resting Hyperemia

50 mm Hg

100 mm Hg

Distal coronary
pressure

Arterial pressure

Figure 38-3. Arterial and distal coronary pressure changes in a patient with coronary artery disease 
during continuous infusion of adenosine. Maximal hyperemia corresponds with maximum trans-stenotic 
pressure gradient and minimal distal coronary pressure. Steady state maximum coronary hyperemia is 
maintained by continuous infusion of adenosine. 
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rotated device and solid state device. The mechanical sys-
tem has a single transducer, which can rotate at the speed of 
1800 rpm, while the solid state system has multiple, cylin-
drically arrayed transducer elements that can be activated 
sequentially. 

During cardiac catheterization, an IVUS catheter is ad-
vanced over a guidewire beyond the target lesion, and a 
pullback of the transducer tip through the segment of inter-
est is performed to obtain a series of cross-sectional images 
of the lumen, plaque, and vessel. When performed by an 
experienced operator, the risk of this invasive imaging pro-
cedure is very low. The most frequent complication is tran-
sient coronary artery spasm, but this event usually responds 
well to the intracoronary nitroglycerin. The rate of major 
complications and acute vascular complication ranges from 
0.1% to 0.4%. 

Image Interpretation
When the coronary artery is imaged by IVUS, the relative 
echolucency of media compared with intima and adventitia 
creates a three-layered appearance (Figure 38-4). In some of 
the normal subjects, only a monolayer structure is observed 
due to very thin medial layer. Intimal thickness increases 
with age, and normal thickness in adults is considered to be 
>250-500 μm. Average thickness of media in normal coro-
nary arteries is about 200 μm and becomes thinner with the 
progression of atherosclerosis. The lower ultrasound reflec-
tance of the media is due to the lesser amount of collagen 
than is seen in the neighboring layers.

Use of Fractional Flow Reserve 
and Coronary Vasodilatory Reserve

Class IIa
It is reasonable to use intracoronary physiologic measure-
ments (Doppler ultrasound, fractional flow reserve) in the 
assessment of the effects of intermediate coronary stenoses 
in patients with anginal symptoms. Coronary pressure 
or Doppler velocimetry may also be useful as an alterna-
tive to performing noninvasive functional testing to de-
termine whether an intervention is warranted. (Level of 
evidence: B)

Class III
Routine assessment with intracoronary physiologic measure-
ments such as Doppler ultrasound or fractional flow reserve 
to assess the severity of angiographic disease in patients with 
a positive, unequivocal noninvasive functional study is not 
recommended. (Level of evidence: C)

Intravascular Ultrasound

Ultrasound Catheters and Image Acquisition
The equipment for performing intravascular ultrasound 
(IVUS) consists of a transducer catheter, a pullback de-
vice, and a console for reconstructing the image. High ul-
trasound frequencies (20-40 MHz) are used for coronary 
artery evaluation. Axial and lateral resolution of currently 
available system is 100-150 μm and 200-250 μm, respec-
tively. Two types of transducers are available: mechanically 

Adventitia

Media

Intima

Lumen

IVUS
catheter

Guidewire
artifact

P:0.5 8.2 mm, 1 mm/div

Figure 38-4. Intravascular ultrasound image demonstrating the classic three-layered appearance of intima (+ plaque), media, and 
adventitia.
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Clinical Applications
IVUS imaging has proven useful in clarifying situations 
in which angiography is equivocal or difficult to interpret, 
selecting appropriate catheter-based intervention, and op-
timizing the results of coronary procedures (Figure 38-6). 
In lesions with intermediate angiographic stenosis (40-70% 
diameter stenosis), it is difficult to make a decision for revas-
cularization by angiographic finding alone. In a study by 

Coronary atherosclerotic plaques can be divided into fibro 
fatty, fibrous, and calcified lesion according to the IVUS 
characteristics (Figure 38-5). The brightness of the adven-
titia can be used as a gauge to discriminate fibrofatty from 
fibrous plaque. Calcified lesions create very bright echo re-
flections with acoustic shadowing; therefore, it is difficult 
to acquire information of structures behind the calcium. 
Although densely fibrous plaque can also induce a bright 
appearance with shadowing, the brightness is less intense 
than calcium and the beam penetrates a short distance into 
the tissue beyond the initial interface.

An important potential application of IVUS is the identifi-
cation of atherosclerotic plaque at risk of rupture. However, 
currently available gray scale ultrasound technology cannot 
accurately evaluate the vulnerability of plaques.

Measurements
Coronary lumen area is measured by the leading edge of the 
blood/intima interface. Total vessel area is usually substi-
tuted for external elastic membrane (EEM) area, as the EEM 
represents a reliable boundary. The plaque area is calculated 
as the difference between total vessel area and lumen area; 
therefore, this area contains both plaque and media. The 
percentage of the EEM area occupied by plaque is referred 
to as percent plaque area, plaque burden, or percent area 
stenosis. In a stented segment, intimal hyperplasia area 
can be calculated as the difference between stent area and 
lumen area. 

Three-dimensional volumetric IVUS analysis is also possible 
with motorized automatic pullback recording and dedicated 
software. Measurements of the vessel, stent, and lumen areas 
are usually made at 1-mm axial intervals and volumetric data 
of each parameter can be calculated using Simpson’s rule. To 
adjust for the difference in length of measured segments, the 
parameter of volume index is derived from each volume data 
using the formula of volume/measured length (mm3/mm).

Figure 38-5. Example of fibrofatty (left), fibrous (middle), and calcified (right) plaques.

Plaque type

Lesion / Vessel 
size

Lesion length

Stent
optimization

Figure 38-6. Common indications of intravascular ultrasound.
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absolute minimum stent area ≥6.5-7.5 mm2. It is contro-
versial whether routine IVUS-guided stent implantation 
can improve patient outcomes. However, some studies 
showed that the IVUS-guided stent implantation resulted 
in larger stent area than angiographic guidance and subse-
quently reduced the need for target lesion revascularization. 
In the CRUISE (Can Routine Ultrasound Influence Stent 
Expansion) study, the IVUS-guided group had a larger min-
imum stent area and a lower target vessel revascularization 
rate at 9 months.

IVUS is also useful in identification of complications of 
stent implantation that require further therapy, such as dis-
sections and intramural hematomas. Therefore, although 
IVUS is not required for all stent procedures, the use of 
IVUS in high risk patients or in complex lesions seems to 
be warranted. 

IVUS is also commonly used for the evaluation of the ef-
ficacy of newly developed antirestenotic therapies. IVUS 
has become an essential part of the trials for new drug-
eluting stents. Through serial IVUS evaluation, amount of 
neointimal hyperplasia, presence of acute and late-acquired 
incomplete stent apposition, edge effect, and vascular re-
sponse can be assessed. IVUS is also useful in detection 
of the cause of the drug-eluting stent failure during fol-
low-up. As drug-eluting stents have dramatically reduced 
the amount of neointimal hyperplasia, different criteria 
for optimal stent implantation may be needed for these 
devices. Recent IVUS studies in patients with Cypher si-
rolimus-eluting stent (Cordis Corporation, Miami Lakes, 
FL) implantation showed that minimum lumen area of 
>5-5.5 mm2 was the best predictor of stent patency at fol-
low-up. The incidence of late-acquired, incomplete stent 
apposition (Figure 38-8) is higher in drug-eluting stents 
than in bare-metal stents. However, it is still not clear 
whether this finding is linked with adverse cardiac events 
such as late stent thrombosis. 

Abizaid et al., there was a strong correlation between min-
imum lumen area by IVUS and coronary flow reserve; → 
minimum lumen cross-sectional area ≥4.0 mm2 had a diag-
nostic accuracy of 92% in identifying a CFR of ≥2.0. When 
compared with the results of SPECT scan, IVUS criteria of 
minimal lumen area <4 mm2 showed sensitivity and specific-
ity of about 90%.

The outcome of the patients in whom revascularization 
was deferred according to IVUS was favorable. In pa-
tients with deferred intervention after IVUS, target lesion 
revascularization-free survival rate was reported to be over 
90% at 24 months. Therefore, lesions with lumen area 
<4.0 mm2 in proximal epicardial arteries are considered to 
be flow-limiting stenoses and to require revascularization. 
In left main coronary artery stenosis, lesions with minimum 
lumen area <6 mm2 are considered significant. 

IVUS is also commonly used for the evaluation of the revas-
cularization procedures. Among several morphologic find-
ings associated with stenting, two major IVUS-detected 
problems are stent underexpansion and incomplete stent 
apposition (Figure 38-7). Incomplete stent apposition is 
defined as one or more struts clearly separated from the ves-
sel wall with the evidence of blood speckle behind the strut. 
Previous studies showed that the stent implantation with 
low to intermediate pressures resulted in a high incidence 
of these problems and IVUS-guided, high pressure bal-
loon dilatation can achieve better stent expansion. There 
are various IVUS criteria for optimal stent implantation. 
A commonly used criterion for bare-metal stents is mini-
mal stent area ≥80% of average reference lumen area or 

Figure 38-7. Intravascular ultrasound findings of stent-related 
problems: incomplete stent apposition (left), stent underexpan-
sion (middle), and stent edge dissection (right).

Figure 38-8. A case of late acquired incomplete stent apposi-
tion. Incomplete stent apposition is seen only at follow-up 
(right, arrows), not at post-stent implantation (left).
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in absolute blood flow, the operator should always be careful 
to keep the tip of the wire at the same location during base-
line and hyperemic velocity measurements. 

Clinical Applications
Doppler wire measurements can be useful in evaluation of 
intermediate lesion, monitoring of coronary blood flow dur-
ing coronary interventions, and evaluation of microvascular 
disease. 

In patients with intermediate coronary artery stenosis, 
previous studies have demonstrated that a CFVR <2 was 
closely associated with an abnormal stress perfusion im-
aging and IVUS lumen area <4 mm2. The outcome of 
the deferral of revascularization according to CFVR was 
reported to be favorable. However, as CFVR is easily in-
fluenced by the hemodynamic conditions and is not an 
epicardial stenosis-specific index, fractional flow reserve 
(FFR) is more commonly used in the evaluation of inter-
mediate stenosis. 

There are several limitations in current IVUS devices. 
Various artifacts can adversely affect ultrasound images. 
Nonuniform rotational distortion arises from frictional 
forces to the rotating transducer in the mechanical cath-
eters. It creates stretched or compacted portions of the 
images (Figure 38-9). Ring-down artifacts caused by 
transducer oscillation obscure near field imaging. They 
can be seen as bright halos of variable thickness surround-
ing the catheter (Figure 38-9). Due to the profile of IVUS 
catheter, it is sometimes difficult to get an adequate image 
in highly tortuous, severely calcified, or far distal lesions. 

Doppler Wire

Doppler Wire and Coronary 
Flow Velocity Measurement
Coronary flow reserve (CFR) is the ratio between maxi-
mal hyperemic flow and resting flow. As the blood flow is 
directly proportional to the flow velocity (flow = velocity 
× cross-sectional area), the ratio of coronary flow velocity 
(coronary flow velocity reserve, CFVR) can work as a sur-
rogate for coronary flow reserve. 

Coronary flow velocity reserve = 

  
Hyperemic average peak velocity (hAPV)

   ______________________________   Baseline average peak velocity (bAPV)  

Coronary blood flow velocity can be measured using the 
Doppler guidewire (Table 38-2). Current 0.014-inch Doppler 
guidewire has 12 MHz piezoelectric ultrasound transducer at 
its tip and this transducer emits ultrasound from the tip of 
the guidewire in a pulsed wave pattern. Doppler wire records 
the peak velocity at the sample volume depth of about 5 mm 
from the tip of the guidewire. As Doppler wire has almost the 
same handling characteristics as conventional guidewires, it 
can be easily advanced into the distal part of the coronary ar-
tery stenosis. After achieving proper and stable velocity sig-
nal, baseline and hyperemic peak velocities are sequentially 
recorded (Figure 38-10). As the measured velocity can be 
varied according to the position of a wire without the change 

Figure 38-9. Common artifacts during intravascular ultrasound procedures: ring-down artifact (left), 
nonuniform rotational distortion (middle), and wire artifact with posterior acoustic shadowing (left).

Table 38-2 • Doppler-derived Flow Velocity 
Parameters

Variable
Normal
Reference Range

Average peak velocity (APV)
Basal•
Hyperemic•

≥20 cm/sec
≥30 cm/sec

Diastolic/systolic mean velocity 
ratio (DSVR)

 Left anterior descending •
coronary artery
Left circumflex coronary artery•
Right coronary artery•

>1.7

>1.5

>1.2

Coronary flow velocity 
reserve ≥2.0

Relative coronary flow 
reserve 1.0
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To overcome the limitations of CFVR, relative CFVR 
(CFVR of target vessel/CFVR of reference vessel) was de-
veloped. This parameter is more epicardial stenosis-specific 
and less sensitive to hemodynamic variation than CFVR. 
However, this parameter requires four measurements of 
coronary flow velocity and truly normal reference vessel. 
Several other velocity-derived parameters have been de-
veloped to overcome the shortcomings of Doppler-derived 
CFR but have failed to prove their clinical significance. 

At present, Doppler wire is more commonly used for the 
assessment of microvascular dysfunction than for the eval-
uation of epicardial stenosis. In patients with successful pri-
mary angioplasty for acute myocardial infarction, Doppler 
flow velocity pattern has better prognostic importance 
than CFVR. Large myocardial infarction causes severe mi-
crovascular damage, and this increases vascular resistance 
and decreases microvascular pool. → Therefore, early 
systolic flow reversal or reduction in systolic flow occurs 

due to increased microvascular resistance and shortening 
of deceleration time occurs due to the rapid reduction of 
flow velocity after early filling of reduced microvascular 
pool(Figure 38-11). Short diastolic deceleration time, 
presence of systolic flow reversal, and absence of systolic 
anterior flow are the signs of severe and extensive micro-
vascular damage and are associated with poor ventricular 
function and poor prognosis.

Pressure Wire

Pressure Wire and Fractional Flow Reserve
When there is a significant epicardial coronary artery stenosis, 
a pressure gradient across the lesion develops due to the loss 
of kinetic energy (friction and separation losses). Attempts 
to correlate trans-stenotic pressure gradient and functional 
severity of a stenosis have been made since the beginning 
of percutaneous coronary intervention. However, these at-
tempts were not successful, as the trans-stenotic pressure 
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Figure 38-11. Examples of coronary flow velocity recordings in patients with acute myocardial infarction 
after successful percutaneous revascularization. Left: Coronary blood flow spectrum in a patient without 
severe microvascular injury. Antegrade flow is dominant during systole. The diastolic peak velocity shows 
a normal deceleration. Right: Coronary blood flow spectrum in a patient with severe microvascular injury. 
Early systolic retrograde flow is dominant, and antegrade flow is decreased. The diastolic peak velocity 
shows rapid deceleration. DDT; diastolic deceleration time (From Circulation. 2002.)

Figure 38-10. Example of coronary flow velocity recording at rest (baseline, left) and during hyperemia 
(peak, right). APV, average peak velocity; DSVR, diastolic/systolic velocity ratio; CFR, coronary flow reserve.
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FFR =   
QS

max _____  QN
max

   =   (Pd - Pv)/R
 _________ 

(Pa - Pv)/R
   =   

Pd __ Pa

  

where Qs
max is hyperemic myocardial blood flow in the pres-

ence of a stenosis, QN
max is normal hyperemic myocardial blood 

flow, Pd is distal coronary pressure, Pa is aortic pressure; Pv  is 
venous pressure, and R hyperemic myocardial resistance

FFR is an epicardial lesion-specific index and is nearly 
independent of hemodynamic conditions such as heart 
rate, blood pressure, and contractility (Table 38-3 and 
Figure 38-12). In normal coronary arteries, the distal pres-
sure equals the aortic pressure during maximal hyperemia 
and, therefore, normal FFR is 1.0. 

A 0.014-inch pressure, sensor-tipped coronary guidewire 
has been developed to measure intracoronary pressure 

gradient at rest is influenced by hemodynamic conditions 
and is not the main determinant of myocardial perfusion.

Fractional flow reserve represents the fraction of maximal 
myocardial flow that can be maintained in the presence of 
epicardial coronary stenosis.

Fractional flow reserve = 

  
Maximal myocardial flow in the presence of a stenosis

    ______________________________________   Normal maximal flow  

The flow is the ratio of pressure difference and resistance. 
Since resistances are minimal and equal under maximal hy-
peremia and venous pressure is negligible when compared to 
coronary arterial pressure, FFR can be derived from the ratio 
of distal coronary artery pressure to aortic pressure.

Figure 38-12. Features of coronary flow reserve (CFR) and fractional flow reserve (FFR). The coronary 
pressure–flow relation at maximum hyperemia is indicated both for a normal coronary artery and a 
coronary stenosis. The resting pressure–flow relation is represented by the solid horizontal line. Left: CFR 
is defined as the ratio of hyperemic to resting flow (a/b). It is obvious that with changing blood pressure, 
the value of CFR changes to a'/b'. Also, when resting flow changes as with changing heart rate or 
contractility, CFR changes to a/b". Right: FFR is defined as the ratio of maximum flow in the presence of 
a stenosis divided by normal maximum flow (a/c). This ratio remains unaffected by changes in blood 
pressure (a/c = a'/c') or by variations in resting flow. (From Heart. 1998.)
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Table 38-3 •  Comparison of the Characteristics of Coronary Flow Reserve (CFR), Relative CFR, 
and Fractional Flow Reserve (FFR)

CFR Relative CFR FFR

Definition Ratio of hyperemic 
flow to resting flow

Ratio of hyperemic flow in 
target vessel to hyperemic flow 
in reference vessel

Ratio of hyperemic flow in 
the presence of a stenosis to 
normal hyperemic flow

Independent of hemodynamic 
condition No Yes Yes

Independent of microvascular 
dysfunction

No Yes Yes

Applicable to 3-vessel disease Yes No Yes
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without impairment of blood flow. Its profile and charac-
teristics are almost the same as the conventional coronary 
guidewires and can be easily and safely used during the 
coronary catheterization procedure. After positioning of a 
pressure wire distal to the target lesion, FFR can be calcu-
lated by the ratio of distal coronary pressure, measured by 
the pressure wire, and proximal aortic pressure by guiding 
catheter under maximal hyperemia (Figure 38-13). In pa-
tients with diffuse or multiple stenoses, recording a con-
tinuous pressure curve while pulling back a pressure wire 
(pullback pressure curve under maximal hyperemia) is very 
helpful for finding the exact location of the pressure drop 
or a culprit lesion.

Clinical Applications
FFR is a useful guide for decision-making about the need 
for revascularization in intermediate stenoses. Epicardial 
stenoses with an FFR <0.75 are almost invariably asso-
ciated with inducible myocardial ischemia. Concordance 
rate in the diagnosis of myocardial ischemia between FFR 
and noninvasive tests or IVUS is about 90%. Long-term 
follow-up results showed that the clinical outcome of 
patients in whom revascularization was deferred accord-
ing to FFR is very favorable. Five-year follow-up results 
of DEFER study showed that the event-free survival rate 
of deferral group was 80%. Even more, the rate of hard 
endpoint (composite of acute myocardial infarction and 
cardiac death) was only 3.3% in a deferral group. It is also 
shown in patients with left main coronary artery disease 
that the deferral of revascularization in lesion with FFR 
≥0.75 is safe. 

Postprocedural FFR ≥0.9-0.95 after bare-metal stent im-
plantation is known to be associated with good clinical 

outcomes. However, an FFR criterion for optimal drug-
eluting stent implantation is not known. In addition to 
epicardial stenosis, microvascular dysfunction can be also as-
sessed with the pressure wire equipped with thermal  sensor. 
Although FFR is a very useful parameter in the evaluation 
of the functional significance of coronary stenosis in vari-
ous conditions, it should be noted that FFR is unreliable in 
situations with dynamic microvascular dysfunction such as 
acute stage of myocardial infarction.
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PRESSURE-VOLUME LOOPS

A pressure-volume (P-V) loop is a graphical display of the re-
lationship between left ventricular (LV) pressure and volume 
during a cardiac cycle. It is displayed in a counterclockwise 
sequence with LV volume on the x-axis and LV pressure on the 
y-axis. Of note, when the volume stays constant and the pres-
sure changes, these are the isovolumic phases with contraction 
that occur while pressure is going up and relaxation while pres-
sure is going down. Similarly, when volume is decreasing, this 
represents ventricular ejection, and, when volume is increas-
ing, it represents filling. Pressure-volume loops provide impor-
tant insight into the pathophysiology of various conditions.

DEFINITIONS AND DERIVED VALUES 

End systolic volume (ESV): Volume of LV at end of systole 
which is depicted on the left end of the P-V loop.

End-diastolic volume (EDV): Volume of LV at end of di-
astole which can be determined by looking at the end of 
diastole, i.e., the right-sided end of the P-V loop.

End diastolic pressure: LV pressure at end of diastole. This is 
depicted as the pressure at end of diastole and immediately 
before onset of the isovolumic contraction phase, which is 
marked by a sudden and dramatic increase in LV pressure. 

Cardiovascular Physiology 
Pressure-Volume Loops

Kul Aggarwal

39

• Consider the pressure-volume loop to be a construct 
built around four events in the cardiac cycle: (1) end 
of diastole/beginning of systole, (2) end of isovolu-
mic contraction/start of ejection, (3) end of systole/
beginning of diastole, and (4) end of isovolumic 
 relaxation/start of ventricular filling.

• Therefore, if one can figure out the changes that will 
occur at each of these points for any given patho-
logic condition, it would be possible to understand 
the pressure-volume loop for that condition.

• In patients with chronic systolic dysfunction or valvu-
lar regurgitation, the LV diastolic followed by systolic 
volumes will go up, and once they decompensate the 
diastolic pressure will go up. The volume loop will 
be shifted to the right (more volume) and the dia-
stolic pressure curve will shift up while the systolic 
 pressure may even shift down.

• In patients with pressure overload from aortic steno-
sis, the systolic pressure will go up and the volume 
will go down; in late stages of disease, this may no 
longer be the case.

• In hypovolemia, the pressures and volumes will all 
decrease with reduced pulse pressure.

• In acute cardiac conditions, volumes are unlikely to 
be increased (but could be decreased) while pres-
sures may show marked changes

• In any given condition, attempts to understand the 
any one key change in pressure/volume will lead to 
a better understanding of that change’s influence on 
the rest of the pressure-volume loop.

d PRACTICAL POINTS
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Stroke volume: Amount of blood ejected in one heart beat. 
It  is the difference of end diastolic volume (EDV) and end 
systolic volume (ESV). If EDV = 100 mL and ESV = 30 mL, 
then stroke volume is EDV - ESV= 100 - 30 = 70 mL.

Ejection fraction: Amount of blood ejected in a heartbeat 
expressed as a proportion of total volume. It is the quotient 
of stroke volume divided by EDV or (EDV - ESV)/EDV. 
Using the values of the above example, ejection fraction is 
SV/EDV = 70/100 = 0.7 or 70%.

Compliance: The compliance of the left ventricle is a func-
tion of the change in volume in relation to change in pres-
sure, dV/dP. Ventricular stiffness is the inverse of ventricular 
compliance.

UNDERSTANDING CHANGES IN 
PRESSURE-VOLUME LOOPS DURING 
VARIOUS PATHOLOGIC CONDITIONS

Changes in pressure-volume relationships in various dis-
ease states are complex, and often multiple mechanisms 
and factors are responsible for the resulting changes. In any 
given disease state, the pressure-volume loops may evolve 
in response to decompensation associated with advanced 
disease state or may change in response to therapy or load-
ing conditions. In order to understand and assess changes in 
pressure-volume loops, consideration should be given to the 
following key factors:

 1. Acute or chronic. In acute changes, there is generally 
not enough time for adaptive changes in end-dia-
stolic volume. A typical example is the consideration 
of acute versus chronic aortic regurgitation. In acute 
aortic regurgitation, there is little or no change in 
end-diastolic volume of the LV, while in chronic aor-
tic regurgitation there is chamber enlargement.

 2. Compensated or advanced. As disease processes ad-
vance, there usually is decompensation, which results in 
heart failure and perhaps enlargement of chambers. This 
generally results in increased LV volume and increased 
end-diastolic pressure. An example of this may be hy-
pertension or aortic stenosis, in which the LV chamber 
is usually small and stiff, but in advanced stages, may 
result in dilation of the LV together with pulmonary 
congestion from increased LV end-diastolic pressure.

 3. Principal change. Of all the mechanisms in play, typi-
cally there is one that is predominant and results in 
the most change in the pressure-volume loop.

 4. Intervention. An intervention such as a drug may 
change the pressure-volume loop. An example of this 
could be the administration of a diuretic in conges-
tive heart failure from dilated cardiomyopathy, which 
would result in decreased end-diastolic pressure as 
well as decrease in preload.

NORMAL PRESSURE VOLUME LOOP

A pressure-volume loop is a graphical display of the re-
lationship between LV pressure and volume during a car-
diac cycle. It is displayed in a counterclockwise sequence; 
the various phases are labeled in Figure 39-1. Of note are 
the isovolumic phases, in which volume stays constant 
while pressure changes. In contraction, pressure goes up, 
and in relaxation, pressure goes down. Similarly, ventricular 
ejection occurs when volume is decreasing, and ventricular 
filling occurs when volume is increasing. Point 1 represents 
end of diastole, closure of the mitral valve, and beginning 
of systole; point 2 represents end of isovolumic contrac-
tion and beginning of LV ejection. It also corresponds to 
the opening of the aortic valve. Point 3 is end of systole, 
closure of aortic valve, and beginning of LV diastole with 
the isovolumic relaxation phase. Point 4 marks the begin-
ning of ventricular filling and also marks the opening of 
the mitral valve.

Figure 39-1 shows the pressure-volume loop in a normal 
subject. In subsequent figures, the solid blue loop represents 
normal and the pathologic states will be displayed in other 
colors and in dashed lines.

ABNORMAL PRESSURE-
VOLUME LOOPS

Diastolic Dysfunction

In diastolic dysfunction, the principal change is the stiff-
ness and the decreased compliance of the left ventricle. This 
results in the LV diastolic pressure rising rapidly during the 
later part of diastole, as shown by the red dashed line (B) 
in Figure 39-2. When this condition advances further, it 
may result in reduced filling and therefore reduced stroke 
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volume. The elevated LVEDP may result in dyspnea. The 
elevation in LVEDP may be more marked during tachycar-
dia. Once treated with diuretics and other medications, the 
loop may change to Loop C in Figure 39-2, which shows 
reduced LVEDP and LV volumes. Diastolic dysfunction is 
seen in persons with hypertensive heart disease and in those 
of advanced age, for example.

Systolic Dysfunction

Conditions such as dilated cardiomyopathy may repre-
sent chronic systolic dysfunction. In order to compen-
sate for the decreased contractility, the left ventricle 
dilates and Starling’s principle comes into play in order 
to maintain stroke volume. These changes result in dila-
tation of the left ventricle with increased diastolic vol-
umes. The ejection fraction falls and the red dashed line 
(B) in Figure 39-3 represents some of these changes. 
Principally, the pressure-volume loop shows increased 
end diastolic and end systolic volumes, resulting in shift 
of the whole curve to the right. There is reduced stroke 

volume and the concomitant diastolic dysfunction is rep-
resented by the elevated end diastolic pressure. Systolic 
dysfunction occurs, for example, in idiopathic dilated 
cardiomyopathy, ischemic cardiomyopathy, or alcoholic 
cardiomyopathy.

Volume and Pressure Overload

In a volume overload condition such as from chronic aortic 
regurgitation or mitral regurgitation, there is essentially an 
increase in the LV diastolic volume. This results in a right-
ward shift of the pressure-volume loop. That results in an 
increase in stroke volume and gradually leads to an increase 
in end-systolic volume (Loop B, Figure 39-4). Eventually, it 
may lead to increased end-diastolic pressure. Pressure over-
load, such as may be seen in chronic hypertension or in aor-
tic stenosis, results in increased systolic pressure in the LV in 
the heart’s effort to overcome the increased resistance (Loop 
C, Figure 39-4). This typically results in a small stiff ven-
tricle and leads to decreased end-diastolic volume and in-
creased end-diastolic pressure with decreased stroke  volume. 
Examples of volume overload are conditions of chronic aor-
tic regurgitation and chronic mitral  regurgitation; pressure 
overload is seen in persons with  hypertension and aortic 
stenosis.

Acute Changes in Afterload

An increase in afterload will result in increased systolic 
pressure, increased diastolic pressure and reduced stroke 
volume (Loop B, Figure 39-5). Reduced afterload will re-
sult in reduced diastolic and systolic pressures (Loop C, 
Figure 39-5). Afterload changes refer to changes in periph-
eral vascular resistance. Vasodilators will typically result in 
afterload reduction and vasoconstrictors will result in in-
creases in afterload. Increased afterload occurs, for exam-
ple, during intravenous administration of norepinephrine, 
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Figure 39-2. Diastolic dysfunction shown by increased 
LVEDP (dashed red line).
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Figure 39-3. Systolic dysfunction (chronic) in dilated cardiomy-
opathy showing increased LV volumes, reduced stroke volume, 
and elevated LVEDP.
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Figure 39-4. Pressure-volume loops seen in chronic volume 
and pressure overload conditions.
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vasopressin, or phenylephrine. Decreased afterload occurs 
in administration of hydralazine and ACE inhibitors.

Changes in Preload

Preload refers to the filling volume in diastole. In an acute 
change, increased preload results in increased end-diastolic 
volume and increased stroke volume (Loop B, Figure 39-6), 
while decreased preload results in decreased pressures and vol-
umes (Loop C, Figure 39-6), shifting the curve to the left and 
down as well as reducing stroke volume. Examples of increases 
in preload are those associated with administration of IV fluids; 
decreased preload occurs with blood loss, diarrhea, Valsalva 
maneuver, and administration of nitrates or diuretics.

Inotropic Changes

Inotropy refers to force of contraction of the heart. Increased 
inotropy will result in increased stroke volume. It will also 
typically result in increased systolic pressure and reduced 
end-systolic volume, which reflects greater ventricular ejec-
tion and increased ejection fraction (Loop B, Figure 39-7). 
Decreased inotropic state will result in reduced LV systolic 

pressure, reduced ejection, and stroke volume (Loop C, 
Figure 39-7). Examples of increased inotropy are seen after 
administration of digoxin or dobutamine. Decreased inot-
ropy can occur with beta-blockers or diltiazem.

Key Changes in Pressure Volume 
Loops in Various Conditions

Some key changes are represented in a tabular fashion 
in Table 39-1. Note that in advanced disease states, the 
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Figure 39-6. Preload changes.
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Figure 39-7. Changes in inotropic conditions. Increased 
inotropy seen in green and decreased inotropy in red.

Table 39-1 • Key components of the pressure-
volume loop in various conditions. ESV, end-
systolic volume; EDV, end-diastolic volume; 
SV, stroke volume; EF, ejection fraction; LVEDP, 
LV end-diastolic pressure.

ESV EDV SV EF LVEDP

Increased
preload

0 + + + 0/+

Decreased
preload

0/- - - - - -

Increased
afterload

+ 0 - - 0/+

Decreased
afterload

- 0 + + -

Aortic
insufficiency

+ ++ + + 0/+

Aortic stenosis - - - 0 0/+

Mitral
regurgitation

+ ++ – + +

Mitral stenosis - - -- 0 -

Dilated
cardiomyopathy

+ ++ - -- +

0 = no change
- = mild decrease
-- = marked decrease
+ = mild increase
++ = marked increase

Figure 39-5. Pressure-volume responses in acute afterload 
changes.
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LVEDP tends to rise in most conditions where decom-
pensation exists, with the possible exception of mitral 
stenosis, in which there is a rise in the left atrial pres-
sure causing pulmonary congestion without a rise in the 
LV diastolic pressure due to the gradient across the mi-
tral valve. Interventions may cause shifts in the existing  
pressure-volume loops in accordance with their respective 
mechanisms of action. Examples of such interventions 
are administration of diuretics, which will cause reduced 
LVEDP. Afterload reduction with ACE inhibitors will 

cause decreased LVEDP; decreased LV systolic pressure 
and increased stroke volume; positive inotropes will cause 
increased stroke volume.

Suggested Readings

 1. Guyton AC, Hall JE. Textbook of Medical Physiology. 11th ed. 
Philedelphic. WB Saunders Co.; 2006.

 2. Libby P, Bonorr Ro, Mann DL, Zipes DP, Braunwald E. eds. 
Braunwald’s Heart Discase. 8th ed. Philedelphic. Elsevier 
Saunders.; 2008.
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ST Segment Elevation 
Myocardial Infarction (STEMI)

Melike Bayram, Ernest L. Mazzaferri Jr., and Richard Gumina

40

Reperfusion in STEMI:
• Patients presenting to a non-PCI-capable hospitals, 

should have medical contact-to-needle time less 
than 30 minutes.

• Patients presenting to a PCI-capable hospitals should 
have medical contact-to-balloon time of 90 minutes 
or less.

• For patients presenting to non-PCI-capable hospitals, 
it is appropriate to consider interhospital transfer to 
a PCI-capable hospital if:
0 there is a contraindication to fibrinolysis;

 or
0 PCI can be initiated within 90 minutes of initial pre-

sentation to the receiving hospital or within 60 min-
utes of the time of fibrinolysis with a fibrin-specific 
agent that can be initiated at the receiving hospital;

 or
0 fibrinolysis is administered and is unsuccessful 

(i.e., rescue PCI).

• Initial medical management in STEMI includes oxy-
gen, sublingual or intravenous nitroglycerin (un-
less contraindicated), analgesia and beta-blockade. 
Use of oral beta-blockers is recommended within 
24 hours unless contraindicated whereas intrave-
nous beta-blockade is only recommended in hyper-
tensive patients.

• ASA 325 mg chewable should be given to all patients.

• Thienopyridines (clopidogrel or prasugrel) can be 
used for patients who will undergo primary PCI. 

For patients who have already received fibrinolyt-
ics, clopidogrel is the recommended thienopyridine. 
Prasugrel should not be used in patients with prior 
history of TIA or stroke.

• For patients undergoing primary PCI, abciximab, 
tirofiban, or eptifibatide may be used as the GPIIb/
IIIa inhibitor at the time of PCI. The usefulness of 
these agents as part of a preparatory pharmacologic 
strategy before arrival to the cardiac catheterization 
lab is uncertain.

• For patients undergoing primary PCI, UFH or bivalu-
ridin (in the presence of thienopyridine-loading) can 
be used as the anticoagulant agent. With fibrinolytic 
therapy, UFH, LMWH, or fondaparinux can be used 
as the anticoagulant. Fondaparinux should not be 
used as a sole agent to support PCI because of risk 
of catheter thrombosis. 

• Facilitated PCI with GPIIb/IIIa inhibitors, half-dose or 
full-dose fibrinolytics is not recommended.

• Rescue PCI reduces mortality in high risk patients.

• Patients presenting to non-PCI-capable hospitals 
should be transferred to PCI capable hospitals as 
soon as possible regardless of the initial reperfusion 
strategy.

• In patients presenting with shock, either of PCI or 
surgical revascularization is superior to fibrinolytic 
therapy, showing better survival rates.

• It is reasonable to use drug-eluting stents as an alter-
native to bare-metal stent for primary PCI in STEMI.

d PRACTICAL POINTS



438 SECTION VII /  Interventional Cardiology

ventricular preload and can cause severe hypotension in pa-
tients undergoing right ventricular infarction.

Analgesia

In the acute phase of STEMI, there is increased sympathetic 
activity and pain associated with myocardial injury, which 
may be heightened by apprehension and anxiety. Morphine 
sulfate is the main analgesic recommended in this setting 
secondary to effects on pain and anxiety relief (ACC/AHA 
Practice Guidelines 2004). It causes withdrawal of cate-
cholamines and augmentation of the vagal tone. Morphine 
also has peripheral venous and arterial vasodilatory effect, 
potentially reducing symptoms from pulmonary edema. One 
should exercise caution when prescribing high doses of mor-
phine, given its potential effects on lowering blood pressure 
and enhancing respiratory depression.

Beta-blockade

Use of intravenous (i.v.) beta-blockade within the first few 
hours of infarction has been shown, in the prefibrinolysis 
era, to reduce magnitude of infarction and to reduce mortal-
ity by day one, the latter shown to be a sustained benefit 
in ISIS-1 (International Study of Infarct Survival-1) and 
MIAMI trials (Metoprolol in Acute Myocardial Infarction). 
In the fibrinolytic therapy era, early trials show that early 
use of i.v. beta-blockade (within 6 hours) reduces the rate 
of reinfarction, recurrent ischemia, and mortality (if used 
within 2 hours) (Thrombolysis in Myocardial Infarction 
trial (TIMI)). Subsequent randomized trials, includ-
ing the post hoc analysis GUSTO-1 (Global Utilization 
of Streptokinase and Tissue Plasminogen Activator for 
Occluded Coronary Arteries-1) and a systematic review 
of STEMI trials have challenged the benefit of early use of 
intravenous beta-blockade, showing no mortality benefit. 
Therefore, early use of i.v. beta-blockade in the reperfu-
sion era is controversial. Most recently, COMMIT/CCS-2 
Trial (Clopidogrel and Metoprolol in Myocardial Infarction 
Trial/Second Chinese Cardiac Study-2) studied early use of 
beta-blockade in 45,852 patients within 24 hours of acute 
MI. Patients received up to 3 doses of 5 mg of i.v. metoprolol 
within the first 15 minutes followed by 200 mg of meto-
prolol daily versus placebo. Metoprolol was shown to de-
crease the rate of reinfarction and ventricular fibrillation but 
there were increased episodes of cardiogenic shock in high 
risk patients. The absolute reduction in arrhythmia-related 
deaths was similar to the absolute increase in cardiogenic 
shock-related deaths with no overall mortality difference. 
Patients over 70 years of age, with a presenting heart rate 
>110 bpm, systolic BP <120, or presenting Killip class >1 
were at higher risk for developing cardiogenic shock. Based 
on the results from COMMIT/CCS-2, the most recent 
ACC/AHA Practice Guidelines (2007 Update) give the 
following Class I recommendation: 

PATHOPHYSIOLOGY AND DIAGNOSIS

ST-segment elevation myocardial infarction (STEMI) re-
sults from acute occlusion of a coronary artery, most often 
secondary to the abrupt rupture of a nonobstructive plaque, 
which has a thin fibrous plaque and is rich in macrophages 
and other inflammatory cells. After plaque disruption, there 
is release of substances that promote platelet aggregation 
and attract more inflammatory cells, ultimately leading to 
thrombus formation. Acute occlusion of the infarct artery 
leads to injury current on the ECG (ST-elevation). More 
than 500,000 STEMIs per year are done in the United 
States (ACC/AHA Practice Guidelines 2004).

A 12-lead ECG should be performed as soon as possible 
on patients suspected of having acute coronary syndrome 
(ACS). Mortality is higher if a greater number of ECG 
leads show ST elevation; if there is left bundle branch block 
(LBBB), and/or  by anterior location of the ST elevation. 
The current diagnostic ECG criteria for STEMI are: ≥1-mm 
ST elevation in 2 or more contiguous leads, or LBBB, or 
anterior ST depression suggesting posterior infarction with 
reciprocal changes in opposite leads (ACC/AHA Practice 
Guidelines 2004).

INITIAL MEDICAL MANAGEMENT

Oxygen

Oxygen administration has become a universal practice in 
management of acute MI. Even though some patients may 
need oxygen because of poor arterial oxygen saturation/
secondary pulmonary edema, for patients who have pulse 
oximetry saturation better than 90% it is not clear whether 
oxygen limits myocardial injury or reduces morbidity or 
mortality. For patients whose oxygen saturation is normal at 
baseline, there is no reason to continue supplementation for 
more than 6 hours.

Nitroglycerin

Nitroglycerin administration (sublingual or intravenous) 
causes peripheral arterial and venous vasodilation as well 
as endothelium-independent coronary artery dilatation. 
It reduces preload and afterload, and increases coronary 
blood flow. A pooled analysis of more than 80,000 patients 
in 72 trials suggests a small mortality benefit when oral or 
intravenous form is used in the acute MI setting, reducing 
mortality by 3 to 4 deaths per 1000. However, caution is 
advised when nitroglycerin is used in patients with acute 
MI as it may cause hypotension, and it is not recommended 
if SBP is less than 90 mm Hg or equal to more than 30 mm 
Hg below baseline systolic blood pressure (ACC/AHA 
Practice Guidelines 2004). Also, nitroglycerin reduces left 
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Fibrinolysis versus Primary PCI 

Available data from numerous trials suggest that time saved 
during the early hours (within the first 2 hours) of STEMI 
have greater impact on outcome compared to later, dur-
ing symptomatic presentation. The efficacy of fibrinolytic 
agents in lysing the thrombus diminishes as time passes, 
with greatest efficacy being within the first hour (Am Heart 
J 1999;137:34–8). An overview of 9 trials shows 35-day 
mortality benefit of 18% from fibrinolysis in patients with 
ST elevation compared to control (18 deaths per 1000 pa-
tients). This survival benefit was maintained over 10 years. 
Mortality benefit was greatest when administered within the 
first hour, declining in benefit by 1.6 lives per 1000 people 
per 1 hour delay. Fibrinolytics almost completely lose their 
beneficial effects within 12 hours after symptom onset.

For facilities that can offer primary PCI, the available data 
show that this approach is superior to fibrinolysis (ACC/
AHA Practice Guidelines 2004). However, these data com-
pared fibrinolysis and PCI prior to the advent of most recent 
approaches in both fields. In these trials, the magnitude of 
treatment differences in death, stroke, or nonfatal reinfarc-
tion varied based on whether primary PCI was compared 
to streptokinase or a fibrin-specific lytic as well as the dif-
ferences in the door-to-balloon and door-to-needle times. 
A meta-analysis of 23 trials (7739 patients combined) by 
Keeley et al.1 shows that much of the superiority of primary 
PCI is driven by a reduction in recurrent MI. Recent trials 
make superiority of PCI over fibrinolysis more controversial. 
A meta-analysis shows that if fibrinolytics can be adminis-
tered to the appropriate patients in the prehospital setting, 
time to treatment is reduced by 1 hour and mortality is re-
duced by 17%2. CAPTIM (The Comparison of Angioplasty 
and Prehospital Thrombolysis in Acute Myocardial 
Infarction), SWEDES (Swedish Early Decision) and WEST 
(Which Early ST-Elevation Myocardial Infarction Therapy) 
showed that when fibrinolytic therapy is administered 
within the first 2 hours of symptom onset, it has superior 
outcomes compared to primary PCI; however, it should be 
kept in mind that in these trials, a significant proportion of 
patients randomized to fibrinolytic therapy (20-25%) un-
derwent rescue PCI. In comparison, patients in PRAGUE-2 
(Long Distance Transport for Primary Angioplasty versus 
Immediate Thrombolysis in Acute Myocardial Infarction) 
who were randomized within 3 hours of symptom onset 
did not have any difference in mortality regardless of the 
reperfusion strategy (7.4% with fibrinolysis versus 7.3% if 
transferred for primary PCI), whereas those presenting be-
tween 3-12 hours from symptom onset showed superiority 
of primary PCI. 

The conclusion from these trials is that when primary 
PCI is available with a medical contact-to-balloon time 
<90 minutes, it seems to be superior over fibrinolysis 

“Oral beta-blocker therapy should be initiated in the first 24 
hours for patients who do not have any of the following: 

 1. signs of heart failure,
 2. evidence of a low output state, 
 3. increased risk for cardiogenic shock, or 
 4. other relative contraindications to beta blockade (PR in-

terval greater than 0.24 seconds, second- or third-degree 
heart block, active asthma, or reactive airway disease).” 

A Class IIa recommendation is use of i.v. beta-blockade in 
patients who are hypertensive if they do not have the men-
tioned contraindications (ACC/AHA Practice Guidelines 
2007).

Reperfusion

Time to restoration of blood flow in the obstructed infarct 
artery after symptom onset in STEMI patients is a key de-
terminant of both short-term and long-term outcomes 
regardless of method of reperfusion (fibrinolysis or percuta-
neous coronary intervention (PCI). Mortality increases as 
the time to reperfusion increases (Figure 40-1). A Class I 
indication is that all STEMI patients undergo rapid evalu-
ation for reperfusion therapy and have a reperfusion strat-
egy implemented promptly after contact with the medical 
system (ACC/AHA Practice Guidelines 2004). The goal is 
to recognize STEMI as quickly as possible and decrease the 
medical contact-to-needle time to <30 minutes or medical 
contact-to-balloon time to <90 minutes. Selection of the 
ideal reperfusion strategy varies depending on the clinical 
scenario, patient characteristics, and the capabilities of the 
medical facility. 
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Figure 40-1. Relationship between 30-day mortality and time 
from study enrollment to first balloon inflation (intention to 
treat analysis: patients assigned to angioplasty in whom angio-
plasty was not performed are also shown). PTCA, percutaneous 
transluminal coronary angioplasty. (Reprinted with permission 
from Berger et al. Circulation. 1999;100:14–20.)
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When a STEMI patient arrives at a center without inter-
ventional cardiology facilities, fibrinolysis can usually be 
provided faster than primary PCI. It should be kept in mind 
that as the time delay to primary PCI increases, its benefit 
over fibrinolysis decreases. Compared to a fibrinolytic agent, 
primary PCI may not reduce mortality when a time delay >1 
hour is anticipated compared to immediate administration 
of a fibrinolytic agent (fibrin-specific agent) (Figure 40-2)3. 
On the other hand, invasive strategy is preferred if a skilled 
PCI facility is available with surgical back-up with door-to-
balloon time <90 minutes; if patient is high risk (cardiogenic 
shock and/or Killip class >II); if there is a contraindication 
to fibrinolysis; or if symptom onset is >3 hours previous.

Fibrinolytic Agents

All fibrinolytic agents are direct or indirect plasminogen 
activators. Streptokinase is an indirect activator whereas 
alteplase, reteplase, and tenecteplase are direct activators. 
Direct activators are not antigenic and do not cause allergic 
reactions (unlike streptokinase, they do not cause produc-
tion of neutralizing antibodies). Direct activators are more 
effective in achieving early reperfusion and TIMI-3 flow 
than streptokinase; however, they are more expensive and 
are associated with a slightly higher risk of intracranial hem-
orrhage (ICH). Of the three, tenecteplase is associated with 
fewer mild to moderate systemic bleeding complications with 
similar rates of reperfusion, 30-day mortality and incidence 
of ICH (ASSENT-2). Older age, female sex, black race, prior 
stroke, SBP ≥160 mm Hg, lower weight (<65 kg for females; 
<80 kg for males), INR >4 and choice of fibrinolytic agent 
(tPA is associated with more bleeding than streptokinase) 

(Figure 40-2). For patients who present within the first 2 
hours of symptoms and have access to prehospital adminis-
tration of fibrinolytic agents, this approach is at least nonin-
ferior to primary PCI if not superior (ACC/AHA Practice 
Guidelines 2004). 

However, when estimated mortality with fibrinolysis is high, 
as in cardiogenic shock, existing evidence supports superior-
ity of a primary PCI strategy (low coronary flow decreases 
the efficacy of the fibrinolytic agent on the intracoronary 
thrombus). The SHOCK trial (Should We Emergently 
Revascularize Occluded Coronaries for Cardiogenic Shock?) 
showed that patients with cardiogenic shock had better 
1-year survival with early coronary revascularization com-
pared to medical therapy. Observational data from NRMI 
(Second National Registry of Myocardial Infarction-2) also 
supports superiority of PCI over fibrinolysis for patients with 
Killip class ≥ II (see Table 40-1 for Killip classification).
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Figure 40-2. PCI versus lysis with fibrin-specific agents. RCT, randomized controlled trial; N, number 
of patients; PCI, percutaneous coronary intervention. (Modified from Nallamothu BK et al. Am J Cardiol.
2003;92:824–826.)

Table 40-1 • Killip Classification

Class Definition Mortality

I No CHF 6%

II + S3 and/or basilar rales 17%

III Pulmonary edema 30-40%

IV Cardiogenic shock 60-80%

From Am J Cardiol. 1967;20:457.
Under the current ACC/AHA guidelines, “STEMI patients presenting to a facility 
without the capability for expert intervention with primary PCI within 90 minutes 
of first medical contact should undergo fibrinolysis unless contraindicated (Class I)” 
(see Table 40-2 for contraindications).
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abciximab. In the arm with abciximab and fibrinolytic, a 
reduced dose of heparin was used, unlike the full-dose in the 
fibrinolytic arm. In the arm with abciximab and fibrinolytic, 
a reduced dose of heparin was used, unlike the full-dose in 
the fibrinolytic arm. Both studies showed a lower reinfarc-
tion rate and less refractory ischemia in the abciximab plus 
half-dose fibrinolytic arm; however, the 30-day or 1-year 
mortality was similar in both arms. The biggest caveat was 
that the rate of major bleeding was higher in the combined 
therapy arm, with the exception of ICH, which was simi-
lar in both arms. In the subgroup analysis, those over age 
75 years were at greatest risk for excess bleeding (includ-
ing higher risk of ICH). It was a Class IIb recommendation 
to use abciximab and half-dose reteplase or tenecteplase for 
the prevention of reinfarction and other complications of 
STEMI in selected patients (those with anterior location of 
MI, age less than 75 years, and no risk factors for bleeding) 
even though in the two clinical trials, prevention of rein-
farction did not translate into survival benefit at either 30 
days or 1 year (ACC/AHA Practice Guidelines 2004).

Based on the recent 2009 update to ACC/AHA Practice 
Guidelines, the term “facilitated PCI” is no longer used.

Primary PCI

Primary PCI (PPCI) has been compared to fibrinolysis in 
22 randomized clinical trial. The SHOCK trial compared 
PPCI to fibrinolysis in a specific group of patients with cardio-
genic shock. Review of these trials show that PPCI patients 
experience lower rates of short-term mortality (5% versus 7%, 
p = 0.0002), less nonfatal reinfarction rates (3% versus 7%, p 
= 0.0003) and less hemorrhagic stroke (0.05% versus 1%, p = 
0.0001), but higher risk of major bleeding (7% versus 5%, p = 
0.032), with the greatest mortality benefit in high risk patients. 
In the SHOCK trial, the reduction in 30-day mortality was 9% 
in the PPCI group in comparison to the medical stabilization 
group. In NRMI-II, patients with CHF who underwent PPCI 
had a 33% relative risk reduction compared with 9% in the fi-
brinolytic therapy group. Mortality increases significantly with 
each 15-minute delay in the time between arrival and restora-
tion of TIMI-3 flow. After adjustment of baseline character-
istics, time from symptom onset to balloon inflation predicts 
1-year mortality with RR 1.08 for each 30-minute delay from 
symptom onset to balloon inflation (p = 0.04).

The following are abbreviated STEMI reperfusion recom-
mendations by the ACC/AHA Practice Guidelines (2004), 

 1. Perform primary PCI, if immediately available, in patients 
presenting with STEMI (including posterior MI) or MI with 
LBBB who can undergo PCI of the infarct artery within 12 
hours of symptom onset, if performed in a timely fashion 
(door-to-balloon time 90 minutes) by persons skilled in the 
procedure (individuals who perform more than 75 PCI pro-
cedures per year). The procedure should be supported by ex-

are factors that increase risk of bleeding (Brass LM et al., 
Stroke 2000;31:1802–11). Patients with none or 1 of these 
risk factors have a 0.69% risk of ICH whereas those with 5 or 
more risk factors have 4.1% risk of ICH. 

Fibrinolysis Combined 
with GPIIb/IIIa Inhibitors

GPIIb/IIIa inhibitors alone without fibrinolysis or PCI 
do not achieve TIMI 3 flow and are not recommended 
as a single pharmacological agent for reperfusion (ACC/
AHA Practice Guidelines 2004). However, there have 
been studies looking at use of GPIIb/IIIa agents in com-
bination with fibrinolytic agents and higher TIMI-3 
flow rates have been achieved within 60 to 90 minutes. 
GUSTO-V (Global Utilization of Streptokinase and Tissue 
Plasminogen Activator for Occluded Coronary Arteries-V) 
and ASSENT-3 (Assessment of the Safety and Efficacy of 
a New Thrombolytic Regimen-3) trials compared use of 
full-dose fibrin-specific lytics (reteplase and tenecteplase, 
respectively) to half-dose fibrinolytic in combination with 

Table 40-2 • Advisory Contraindications/Cautions 
to Fibrinolysis in STEMI

Absolute contraindications

Any prior ICH

Known structural cerebral vascular lesion (e.g., AVMs)

Known intracranial neoplasm (primary or metastatic)

Ischemic stroke within 3 months except ischemic stroke 
within 3 hours

Suspected aortic dissection

Active bleeding or bleeding diathesis (excluding menses)

Significant closed head or facial trauma within 3 months

Relative contraindications

History of chronic, severe, poorly controlled hypertension

Severe uncontrolled hypertension on presentation (SBP >
180 mm Hg or DBP > 110 mm Hg) (can be an absolute 
contraindication in low risk patients with MI)

History of ischemic stroke >3 months previous, dementia or 
known intracranial pathology not mentioned under absolute 
contraindications

Traumatic or prolonged (>10 minutes) CPR or major surgery 
(within <3 weeks)

Recent (within 2-4 weeks) internal bleeding

Noncompressible vascular punctures

For streptokinase/anistreplase, prior exposure (more than 5 
previous) or prior allergic reaction to these agents

Pregnancy

Active peptic ulcer

Current use of anticoagulants; the higher the INR, the higher 
the risk of bleeding

ACC /AHA Practice Guidelines 2004.
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Delayed Primary PCI

In the Occluded Artery Trial (OAT) trial, 2166 patients >24 
hours post-MI were randomized to PCI with optimal medical 
therapy versus optimal medical therapy only. There was no 
difference in 4-year event rates (death, MI, or Class IV CHF) 
between the two groups (17.2% PCI versus 15.6% medical 
therapy, p = 0.20). However, it should be kept in mind that pa-
tients with LM or 3-vessel disease, hemodynamic or electrical 
instability, rest or low-threshold angina, and Class III-IV heart 
failure or shock were excluded in this study. 

Primary Stenting

Of the 22 randomized trials that compared primary PCI and 
fibrinolysis, 12 compared primary PCI with stenting and 
fibrinolytic therapy. PCI with primary stenting was shown 
to be associated with lower mortality rates (5.9% versus 
7.7%, p = 0.013), lower reinfarction rates (1.6% versus 
5.1%, p = 0.0001) and hemorrhagic stroke compared to fi-
brinolytic therapy. Primary stenting when compared with 
PTCA in a large meta-analysis was associated with similar 
mortality, reinfarction rates; however. major cardiac events 
were reduced, driven by a reduction in target vessel revascu-
larization with stenting (Figure 40-3)4. 

In terms of comparing BMS (bare-metal stents) and DES 
(drug-eluting stents), there are data from three trials that 
became available since the last update of clinical guidelines. 
PASSION (Paclitaxel-Eluting Versus Uncoated Stents in 
Primary Percutaneous Coronary Intervention) compared 
paclitaxel-eluting stents (n = 309) to BMS (n = 310) 
among patients undergoing PCI for STEMI. Each patient 
received 80-100 mg daily ASA and 300 mg of clopidogrel 
load followed by 75 mg daily. Rate of primary endpoint of 
death, reinfarction, and target vessel revascularization at 1 
year did not differ between the two groups (8.8% for pacli-
taxel versus 12.8% for BMS group, p = 0.12). There was 
no difference between paclitaxel-eluting and bare-metal 
stent groups in rates of cardiac death, MI, TVR, or stent 
thrombosis when analyzed separately. TYPHOON (Trial to 
Assess the Use of the Cypher Stent in Acute Myocardial 
Infarction Treated with Balloon Angioplasty) and SESAMI 
(Sirolimus Stent versus Bare Stent in Acute Myocardial 
Infarction) trials randomized STEMI patients (primary or 
rescue PCI) to sirolimus-eluting stents versus BMS. There 
were 712 patients in the TYPHOON trial and 312 patients 
in the SESAMI trial. Patients in both arms received ASA, 
and 300 mg of clopidogrel load followed by 75 mg daily. 
Patients, unlike those in PASSION study, also underwent 
angiographic follow-up at 8 months (TYPHOON) or at 1 
year (SESAMI). In TYPHOON, primary endpoint of tar-
get vessel revascularization was lower in the sirolimus group 
(7.3% versus 14.3%, p = 0.004) driven by a reduction in 
TVR (5.6% versus 13.4%, p < 0.001) with no difference in 

perienced personnel in an appropriate laboratory environment 
(a laboratory that performs more than 200 PCI procedures 
per year, of which at least 36 are primary PCI for STEMI, 
and [that] has cardiac surgery capability). (Class I)

 2. STEMI patients presenting to a hospital with PCI  capability 
should be treated with primary PCI within 90 minutes of 
first medical contact as a systems goal. (Class I)

 3. STEMI patients presenting to a facility without the capa-
bility for expert, prompt intervention with primary PCI 
within 90 minutes of first medical contact should undergo 
fibrinolytic therapy unless contraindicated. (Class I)

 4. STEMI patients presenting to a hospital without PCI 
capability and who cannot be transferred to a PCI cen-
ter and undergo PCI within 90 minutes of first medical 
contact should be treated with fibrinolytic therapy within 
30 minutes of hospital presentation as a systems goal un-
less fibrinolytic therapy is contraindicated. (Class I)

 5. If the symptom onset is within 3 hours and the expected 
door-to-balloon time minus the expected door-to-needle 
time is within 1 hour, primary PCI is preferred; if greater 
than 1 hour, fibrinolytic therapy is preferred. (Class I)

 6. If symptom duration is greater than 3 hours, primary PCI 
is generally preferred and should be performed as quickly as 
possible (with goal door-to-balloon time less than 90 min). 
(Class I)

 7. Primary PCI should be performed for patients less 
than 75 years old (also reasonable for selected patients 
75 years or older with ST elevation or LBBB who de-
velop shock within 36 hours of MI and are suitable for 
revascularization that can performed within 18 hours of 
shock). Also, primary PCI should be performed in patients 
with severe CHF and/or pulmonary edema (Killip class 3) 
and onset of symptoms within 12 hours. (Class IIa)

 8. It is reasonable to perform primary PCI for patients with 
onset of symptoms within the prior 12 to 24 hours and 
severe CHF and/or hemodynamic or electrical instability 
and/or persistent ischemic symptoms. (Class IIa)

 9. Perform primary PCI in hospitals without on-site cardiac 
surgery, provided that a proven plan for rapid transport to 
cardiac surgery operating room exists in a nearby hospi-
tal with appropriate hemodynamic support capability for 
transfer. (Class IIb)

 10. The benefit of primary PCI for STEMI patients eligible 
for fibrinolysis is not well established when performed by 
an operator who performs fewer than 75 PCI procedures 
per year. (Class IIb) 

 11. PCI should not be performed in a noninfarct artery at 
the time of primary PCI in patients without hemody-
namic compromise or in asymptomatic patients more than 
12 hours after onset of STEMI if they are hemodynami-
cally and electrically stable (Class III) nor at hospitals 
without on-site cardiac surgery capabilities and without a 
proven plan for rapid transport to a cardiac surgery operat-
ing room in a nearby hospital. (Class III)
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Uptill the most recent 2009 ACC/AHA updated guide-
lines, recommendations were based on the results from 17 
trials comparing facilitated PCI with primary PCI alone. Of 
these, ASSENT-4 PCI trial is the largest and randomized 
1667 patients to full-dose tenecteplase and PCI versus pri-
mary PCI. This study was terminated early because of the 
increased in-hospital mortality rate in the facilitated PCI 
group (6% versus 3%, p = 0.01). The combined primary 
endpoint of 90-day event rate (death, shock, or congestive 
heart failure) was higher (18.6% versus 13.4%, p = 0.0045) 
as well as a trend towards higher mortality in the facilitated 
PCI group. It should be kept in mind that, in ASSENT-4 
PCI, patients in the facilitated PCI arm did not receive any 
heparin after the initial bolus nor clopidogrel load. GPIIb/
IIIa was used only as a bailout creating a suboptimal anti-
thrombotic therapy.

Similarly, a review of the 17 trials (including ASSENT-4) 
(Figure 40-4) that compared facilitated PCI with primary 
PCI (9 trials with GPIIb/IIIa inhibitors, 6 trials with fibrin-
olytic therapy, 2 trials with fibrinolytics plus GPIIb/IIIa 

death (2.3% versus 2.2%), recurrent MI (1.1% versus 1.4%), 
or stent thrombosis. Similarly, SESAMI trial showed lower 
rates of primary endpoint of binary restenosis (both clinical 
and angiographic), and lower rates of TVR (target vessel 
revascularization) (4.3% versus 11.2%) and MACE (major 
cardiac events) (6.8% versus 16.8%) in the sirolimus group. 
When results from PASSION are compared to TYPHOON 
and SESAMI, there are several important differences that 
should be noted in addition to the different type of DES 
that was used, including lack of angiographic follow-up in 
PASSION trial. This may have decreased the repeat revas-
cularization rate in PASSION, which was very low in both 
arms, whereas TVR in TYPHOON and SESAMI trials, in 
both DES and BMS arms, was much higher.

Facilitated PCI

Facilitated PCI is a strategy of planned immediate PCI after 
initial treatment with a pharmacologic agent such as GPIIb/
IIIa inhibitor, high-dose heparin, GPIIb/IIIa inhibitor plus 
half-dose fibrinolytic agent, or full-dose fibrinolytic agent. 
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Figure 40-3. Primary stenting versus primary angioplasty. OR and their 95% confidence intervals for primary stenting vs. primary an-
gioplasty for the risk of death, reinfarction, target vessel revascularization (TVR), and major adverse cardiac events (MACE) over a 6- to 
12-month follow-up after ST-elevation myocardial infarction (STEMI). (Modified from Zhu MM et al. Am J Cardiol. 2001;88:297–301.)
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of clopidogrel or ticlodipine was at the discretion of the 
investigator. At arrival to the catheterization laboratory, 
more patients in the facilitated PCI arm with half-dose 
reteplase and abciximab had an open artery (TIMI-3 
flow) (33%) compared with the abciximab facilitated arm 
(14%, p < 0.001) and primary PCI alone group (12%, p 
< 0.001). Resolution of ST segments was also more com-
mon in the combined facilitiated PCI group compared to 
the other two groups. There was no difference in the pri-
mary endpoint of death, heart failure, or resuscitated ven-
tricular fibrillation by 90 days between the three groups 
(9.8% of the combination facilitated PCI arm, 10.5% of 
the abciximab facilitated PCI arm, and 10.7% of primary 
PCI alone arm; p = 0.55). There was no difference in the 
components of the primary endpoint including mortality, 
heart failure, cardiogenic shock, or ventricular fibrillation. 
However, TIMI major or minor bleeding was higher in the 
combination facilitated arm 14.5%, abciximab facilitated 
arm 10.1%, p = 0.008; combination facilitated arm 14.5%,  
primary PCI arm 6.9%, p <0.001. In the FINESSE trial, 
unlike ASSENT-4 where few patients received GPIIb/IIIa 
inhibitors, all patients received abciximab in the catheter-
ization laboratory.

Rescue PCI

If fibrinolysis fails, rescue PCI is reasonable in high risk pa-
tients with cardiogenic shock, severe CHF, pulmonary edema, 
or hemodynamically compromising ventricular tachycardia, 
especially in patients younger than 75 years (Class I by ACC/
AHA Practice Guidelines 2004). Incomplete fibrinolysis or 

inhibitors in the facilitated PCI arm) found that facilitated 
PCI with fibrinolytic therapy was associated with increased 
mortality and bleeding whereas facilitated PCI with GPIIb/
IIIa inhibitors had no difference in efficacy or safety com-
pared with primary PCI.

Based on the recent 2009 update to ACC/AHA Practice 
Guidelines, the term “facilitated PCI” is no longer used. 
Transfer to facilities capable of PCI is recommended for pa-
tients who present to facilities without PCI capabilities if they 
are high risk (Class IIa) or not high risk (Class IIb) regardless 
of the initial therapy they receive, i.e., fibrinolysis. In contrast, 
2007 Guidelines recommended that “facilitated PCI using regi-
mens other than full-dose fibrinolytic therapy might be considered 
as a reperfusion strategy when all of the following are present: a. 
Patients are at high risk, b. PCI is not immediately available within 
90 minutes, and c. Bleeding risk is low (younger age, absence of 
poorly controlled hypertension, normal body weight) (Class IIb). 
A planned reperfusion strategy using full-dose fibrinolytic therapy 
followed by immediate PCI may be harmful (Class III).”

Results from FINESSE trial (Facilitated Intervention with 
Enhanced Reperfusion Speed to Stop Events), a study 
larger than ASSENT-4 PCI, were also incorporated into 
the 2009 guidelines. Patients with STEMI were random-
ized to abciximab with half-dose reteplase (n = 828), ab-
ciximab alone (n = 818), or placebo (n = 706). Patients 
then underwent PCI, and intravenous abciximab 0.125 μg/
kg/min was administered to all patients in the catheteriza-
tion laboratory and continued for 12 hours. All patients 
received ASA and UFH or enoxaparin. Administration 
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Figure 40-4. Meta-analysis: Facilitated PCI vs. primary PCI. (Modified from Keeley E et al. Lancet.
2006;367:579–588.)
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Practice Guidelines 2004). The mortality associated with 
emergent CABG is significantly higher than that of elec-
tive surgery. In the PAMI-2 trial (Primary Angioplasty in 
MI) mortality associated with urgent CABG in STEMI 
patients who were not in cardiogenic shock was 6.4% 
versus 2% among patients undergoing elective surgery. In 
the SHOCK registry, among the 136 patients undergoing 
emergency CABG for cardiogenic shock, mortality was 
27.9% (39.6% for those who underwent CABG within 18 
hours of shock) versus 45.5% in the 268 patients undergo-
ing PTCA. Therefore, urgent CABG should be considered 
for patients with large amount of myocardium who are 
good surgical candidates with coronary anatomy suitable 
for CABG. It is a Class III recommendation (ACC/AHA 
Practice Guidelines 2004) to pursue emergent CABG for 
symptoms of angina in hemodynamically stable patients 
with a small area of myocardium at risk or in those with 
successful epicardial reperfusion but unsuccessful micro-
vascular reperfusion.

ANCILLARY THERAPY

Unfractionated Heparin (UFH) Versus 
Low Molecular Weight Heparin (LMWH)

Enoxaparin is the most studied LMWH and most of the 
studies look at its effects when used in the STEMI pa-
tients as ancillary therapy to fibrinolytic therapy. There 
are no studies directly looking at effects of enoxaparin in 
STEMI patients undergoing primary PCI. Two of the larg-
est trials conducted comparing enoxaparin and UFH are 
ASSENT-3 and, most recently published, EXTRACT–
TIMI-25 (Enoxaparin and Thrombolysis Reperfusion for 
Acute Myocardial Infarction Treatment–Thrombolysis 
in Myocardial Infarction-25). ASSENT-3 involved 
6095 patients whereas EXTRACT TIMI-25 involved 
20,506 patients. In ASSENT-3, patients received tenect-
eplase and either UFH (60 U/kg bolus; initial infusion 
12 U/kgh; duration of treatment equal to 48 hours) or 
enoxaparin (bolus 30 mg; Sc injection 1.0 mg/kg every 
12 hours; duration of treatment equal to duration of 
hospital stay). Both the composite endpoint and each 
component of the composite endpoint (30-day mortal-
ity, in-hospital reinfarction, or in-hospital recurrent 
ischemia) were reduced in the enoxaparin group. The 
risk of noncerebral major bleeding was increased signifi-
cantly only among patients >75 years of age (7.2% in the 
enoxaparin versus 4.1% in the UFH group). Similarly, 
in ASSENT-3 PLUS trial, higher rates of major bleed-
ing (4.0% versus 2.8%, p = 0.18) and ICH (2.2% versus 
1.0%, p = 0.05) were seen in the enoxaparin group than 
UFH group. Almost all cases of ICH were confined to the 
age group older than 75 years. 

failure of the fibrinolytic therapy is defined based on inad-
equate resolution of ST changes on the 12-lead ECG at 90 
minutes post fibrinolysis, since presence or absence of isch-
emic symptoms may be unreliable. Inadequate ST-segment 
resolution is defined as less than 50% reduction in the lead 
showing the greatest ST-segment elevation at presentation. 
A meta-analysis that included these randomized controlled 
trials5 showed that rescue PCI, when compared to medi-
cal therapy, decreased mortality (10.4% versus 7.3%, p = 
0.09), heart failure (17.8% versus 12.7%, p = 0.05), and 
reinfarction rates (10.7% versus 6.1%, p = 0.09) in high risk 
patients (Figure 40-5). There were also increased bleeding 
events (13% increase in absolute risk) with rescue PCI; 
therefore the risks might outweigh the benefit in low risk 
patients (such that asymptomatic, hemodynamically and 
electrically stable patients). 

PCI after Fibrinolysis

For patients who undergo successful fibrinolysis, by ACC/
AHA Practice Guidelines PCI is Class I recommenda-
tion in the setting of recurrent ischemia, recurrent MI, 
or when signs of hemodynamic or electrical instability are 
present. In the absence of these factors, data from older 
studies show that PCI within 48 hrs of fibrinolysis is not 
beneficial and does not improve LV function or survival. 
It may increase rate of complications such as bleeding. 
Some studies even suggest the absence of benefit if PCI is 
done days to weeks after successful fibrinolysis and dem-
onstrated similar LV function and rates of reinfarction 
and mortality. However, these studies were done prior to 
the advent of the new PCI technology, and antiplatelet 
agents and new trials are necessary to clarify the role of 
PCI hours, days, and weeks after successful fibrinolysis. 
Based on DANAMI (Thrombolytic Therapy versus Acute 
Coronary Angioplasty in Acute Myocardial Infarction 
trial), patients with spontaneous or inducible angina 
within 12 hours of fibrinolysis were randomized to PCI or 
medical therapy. In this study, PCI was shown to reduce 
rates of unstable angina and nonfatal MI compared to the 
medical therapy group.

Acute Surgical Revascularization

Acute surgical revascularization should be considered 
for patients who have significant area of myocardium at 
risk (left main (LM) or multivessel disease) and coronary 
anatomy amenable for surgical revascularization. espe-
cially if they fail or are not candidates for PCI or fibrin-
olysis. For patients who are younger than 75 years and 
develop cardiogenic shock within 36 hours of STEMI, 
CABG is Class I indication if they have severe multivessel 
or LM disease that is suitable for surgical revascularization 
within 18 hours of developing shock (Class IIa for those 
older than 75 years if they are in good shape) (ACC/AHA 
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Figure 40-5. Efficacy endpoints for rescue PCI vs. conservative therapy CI indicates confidence interval; MERLIN, Middlesbrough 
Early Revascularization to Limit Infarction trial; NNT, number needed to treat; PCI, percutaneous coronary intervention; REACT, Rescue 
Angioplasty versus Conservative Treatment or Repeat Thrombolysis trial; RESCUE, Randomized Comparison of Rescue Angioplasty 
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risk; and TAMI, Thrombolysis and Angioplasty in Myocardial Infarction study. (Reprinted with permission from Wijeysundera HC et al.
J Am Coll Cardiol. 2007;49:422–430.)
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There was no significant difference between arms in severe 
bleeding. Fondaparinux was associated with significantly 
higher rates of catheter thrombosis and coronary complica-
tions in patient s who underwent PCI (n = 22 versus n = 0, 
p < 0. 001; n = 270 versus n= 225, p = 0.04, respectively). 
Therefore, use of fondaparinux as the sole antithrombin 
agent during PCI for STEMI patients is not recommended.

Based on the 2007 ACC/AHA Practice Guideline update, 
heparin (60 U/kg bolus then 12 U/kgh initial drip rate with 
goal PTT 1.5-2 times control) for 48 hours (after 48 hours, 
risk of HIT increases and only recommended in patients 
who have another indication for continuation of heparin), 
enoxaparin (30 mg of i.v. bolus then 1 mg/kg sc 15 minutes 
later to be continued every 12 hours; for those >75 years 
old, no bolus and reduced dose of 0.75 mg/kg sc injection 
every 12 hours; for GFR <30 mLh, no bolus and reduced 
dose at 1 mg/kg sc injection every 12 hours) up to 8 days or 
fondaparinux (2.5 mg i.v. once, then 2.5 mg sc injections 
daily up to 8 days) are recommended for STEMI patients 
undergoing thrombolytic therapy for reperfusion (Class I, 
ACC/AHA Practice Guidelines).

Fondaprinux is not recommended as the sole anticoagulant 
agent during PCI for the reason mentioned above. For prior 
treatment with enoxaparin, if the last subcutaneous dose 
was administered within the prior 8 hours, no additional 
enoxaparin should be given; if the last subcutaneous dose 
was administered at least 8 to 12 hours earlier, an intrave-
nous dose of 0.3 mg per kg of enoxaparin should be given 
(Class I by ACC/AHA Practice Guidelines).

EXTRACT–TIMI 25 compared UFH and enoxaparin 
in STEMI patients receiving thrombolytic therapy 
(80% fibrin-specific, 20 % streptokinase). Patients were 
randomized to enoxaparin (n = 10,256) or weight-based 
UFH (n = 10,223) for at least 48 hours. Enoxaparin dose 
was 30 mg intravenous (i.v.) followed by subcutaneous 
(sc) injection of 1.0 mg/kg every 12 hours in patients age 
<75 years; in patients age >75 years, i.v. bolus was not 
administered, and the sc injection was 0.75 mg/kg every 
12 hours. UFH dose was i.v. bolus of 60 U/kg (maximum 
4000 U) followed by 12 U/kg/h infusion (initial maximum 
1000 U/h). Mean duration of treatment was 48 hours for 
UFH and 7 days for enoxaparin. The primary endpoint 
of death or MI at 30 days was lower in the enoxaparin 
group (11.7% versus 14.5%, RR 0.81% p < 0.001) a 
finding that was evident in 48 hours (5.3% versus 6.1%, 
p = 0.002) (Figure 40-6). TIMI major and minor bleeding 
were higher in the enoxaparin group (2.1% versus 1.6%, 
p < 0.001; 2.6% versus 1.8%, p < 0.001, respectively). 
Rate of intracranial bleeding was similar in both groups 
(0.8% versus 0.7%, p = 0.14).

Another LMWH, fondaparinux, has been studied in STEMI 
patients, in the OASIS-6 (Sixth Organization to Assess 
Strategies in Acute Ischemic Syndromes) trial which in-
cluded 12,092 patients and compared fondaparinux to pla-
cebo (stratum I) or UFH (stratum II). 31% of the patients 
underwent PCI, 45% underwent thrombolytic therapy (73% 
with streptokinase), and 24% did not undergo any reperfu-
sion therapy. Primary endpoint of death or MI was lower in 
the fondaparinux arm compared to placebo but not to UFH. 
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mortality by 2.4% (RRR 23%) when used alone and by 5.2% 
(RRR 42%) when combined with fibrinolytic agents (strepto-
kinase). ASA has also been shown to reduce coronary reocclu-
sion and recurrent ischemic events when used with alteplase. 
Aspirin should be continued indefinitely after the resolution 
of the acute event (ACC/AHA 2007 Guideline Update).

Thienopyridines

Based on the 2007 update to ACC/AHA Practice Guidelines, 
Class I recommendation is administration of 75 mg of clopi-
dogrel to patients with STEMI whether or not they undergo 
reperfusion with fibrinolytic therapy. Class IIa recommenda-
tion is to load patients under 75 years of age with 300 mg of 
clopidogrel. These recommendations are based on two trials 
published since the 2004 Guidelines, namely, COMMIT–
CCS-2 and CLARITY–TIMI 28 (Clopidogrel as Adjunctive 
Reperfusion Therapy–Thrombolysis in Myocardial 
Infarction-28). COMMIT–CCS-2 included 45,852 patients 
within 24 hours of STEMI from 1250 hospitals in China, and 
the researchers randomized patients to 75 mg of clopidogrel 
or placebo in addition to 162 mg of ASA. Patients underwent 
reperfusion with fibrinolysis (mostly with urokinase) or did 
not undergo reperfusion. The mean duration of treatment 
with clopidogrel was 14.9 days. Composite endpoint (death, 
MI, or stroke) was reduced in both groups (with or without 
fibrinolysis) with clopidogrel (10.1% in placebo to 9.2% in 
clopidogrel group, p = 0.002) (Figure 40-7). Bleeding risk 
was not increased with clopidogrel use. 

CLARITY–TIMI 28 studied 3491 patients receiving fibrin-
olytic therapy within 12 hours of STEMI symptom onset. 
Patients were pretreated with 300 mg of loading dose, then 75 
mg of clopidogrel versus placebo. The primary endpoint (in-
farct artery occlusion, recurrent MI, or death) was reduced in 
the treatment group (21.7% in placebo group versus 15.0% 
in clopidogrel group, p < 0.001). The benefit was mostly sec-
ondary to a reduction in the rate of occluded artery. The 30-
day endpoint (cardiovascular death, MI, or stroke) was also 
decreased in the group who underwent PCI. Patients who 
were pretreated with clopidogrel had a lower 30-day event 
rate (6.2% versus 3.6%, p = 0.008) without any increased risk 
in bleeding (Figure 40-8). The duration of treatment is not 
as clearcut as for the non-STEMI ACS patients. However, it 
is recommended that it is reasonable to continue clopidogrel 
for 1 year after STEMI regardless of presence of, or type of, 
reperfusion strategy (this recommendation is based on stud-
ies for unstable angina and NSTEMI).

2009 updated STEMI Guidelines also incorporated use of 
prasugrel (60 mg loading dose and then 10 mg daily) as a 
Class I recommendation to be used for STEMI patients for 
whom PCI is planned as an alternative to clopidogrel. This 
recommendation is based on the TRITON–TIMI-38 study 

Direct Antithrombins

Based on the ACC/AHA Practice Guidelines 2004, biva-
lirudin is the only direct antithrombin agent that has been 
approved (Class IIa) for use in STEMI patients with hepa-
rin-induced thrombocytopenia undergoing fibrinolysis (with 
streptokinase). A meta-analysis (Lancet. 2002; 359:294–302) 
of 35,000 patients from 11 different trials showed 25% re-
duction in MI in patients with STEMI treated with hirudin 
or bivalirudin, but there was less evident efficacy with uni-
valent thrombin inhibitors (argotroban, efegatran, and in-
ogatran). The major bleeding was reduced with bivalirudin 
compared to heparin (4.2% versus 9.0%; OR 0.44 p = sig-
nificant); it was increased with hirudin and was similar with 
univalent antithrombin agents. HERO-2 (Hirulog Early 
Reperfusion trial) involved 17,073 patients with STEMI 
presenting within 6 hours of chest pain and compared biva-
lirudin to UFH in conjunction with fibrinolysis (with strep-
tokinase). Bivaluridin did not reduce mortality compared to 
UFH (10.8 versus 10.9), but it significantly reduced rate of 
myocardial infarction within 96 hours (1.6% versus 2.3%, 
p = 0.005). However, there was a trend towards increased 
major and minor bleeding in the bivalirudin arm. 

Most recently, HORIZONS-AMI evaluated 3602 patients 
undergoing PCI for acute STEMI and randomized patients 
to bivalirudin versus heparin plus GPIIb/IIIa inhibitor. 
Periprocedure, all patients received 324 mg of ASA, and 
300 mg or 600 mg of clopidogrel. GPIIb/IIIa inhibitors were 
used in 7.2% of the patients in the bivalirudin arm as bail-
out. 66% of the patients in the study had received heparin 
prior to randomization. Bivalirudin reduced the composite 
endpoint (death, MI, target vessel revascularization, stroke, 
or major bleeding) at 30 days compared with heparin plus 
GP IIb/IIIa inhibitors. This finding was driven by a reduc-
tion in major bleeding, with no difference in MACE. Use 
of bivalirudin was associated with an increase in early (<24 
hours) stent thrombosis. However, there was no difference 
between study arms by 30 days. 2009 Update to ACC/AHA 
Guidelines, recommend use of bivaluridin in STEMI as Class 
I recommendation for patients proceeding to PCI and who 
have been treated with ASA and a thienopyridine with or 
without prior treatment with UFH. 

ANTIPLATELET THERAPY

Aspirin

Aspirin 162 mg-325 mg should be given promptly to patient 
patients having STEMI, ideally in a chewable version to pro-
vide rapid buccal absorption (more rapid absorption occurs 
when aspirin is chewed compared to enteric-coated version) 
(ACC/AHA Practice Guidelines). Aspirin reduces 35-day 
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STEMI since more data became available that studied 
the use of this medication in the acute MI setting. It was 
Class IIa recommendation to start abciximab (Class IIb 
for tirofiban and eptifibatide) as early as possible prior to 
PCI for patients with STEMI. Based on new data from tri-
als such as ON-TIMI 2 (Ongoing Tirofiban in Myocardial 
Infarction Evaluation Trial) and HORIZONS-AMI, 
updated 2009 Guidelines put equal weight on use of 
abciximab, eptifibatide, and tirofiban. It is a Class IIa 
recommendation to use any of the three agents in the set-
ting of STEMI to be started at the time of primary PCI. 
These more recent trial used thienopyridines in addition 
to GPIIb/IIIa use.

In relation to the urgency of initiation of GPIIb/IIIa, there 
are several trials now that have shown us that early use of 
GPIIb/IIIa inhibitors may improve constitution of TIMI-3 
flow, post-PCI myocardial blush grade, ST-segment reso-
lution, and reduce post-PCI cardiac enzyme elevation. 
However, these have not been shown to improve long-term 
rate of major cardiac events. Therefore, their early use is still 
under debate.

(a Trial to Assess Improvement in Therapeutic Outcomes by 
Optimizing Platelet Inhibition with Prasugrel (TRITON)–
Thrombolysis in Myocardial Infarction (TIMI)-38), which 
enrolled 13,608 patients with moderate to high risk PCI, 
3534 of whom had STEMI, to receive prasugrel or clopi-
dogrel for an average of 14.5 months. Prasugrel was as-
sociated with a significant reduction (2.2% absolute risk 
reduction and 19% relative risk reduction) in the composite 
endpoint of cardiovascular death, nonfatal MI, or nonfatal 
stroke during the follow-up period. However, prasugrel was 
also associated with increased rate of bleeding when used 
in those with prior history of TIA or stroke, and a tendency 
towards increased bleeding in patients over age 75 and in 
patients with body weight of less than 60 kg. It should be 
avoided in patients with prior history of TIA or stroke and 
should be used very cautiously if not avoided in those over 
age 75 and/or with body weight less than 60kg.

GPIIb/IIIa Inhibitors

The 2004 ACC/AHA Guidelines favored use of abcix-
imab over other GPIIb/IIIa inhibitors in the setting of 
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PTCA and CABG in Stable 
Coronary Artery Disease
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• Revascularization should be thought of as supple-
menting, not replacing, a maximal medical program 
for stable coronary disease patients. 

• Only a small proportion of coronary patients will sus-
tain a decrease in morbidity and/or mortality follow-
ing revascularization. 

• In most percutaneous coronary intervention (PCI) 
studies, major adverse cardiac event (MACE) is de-
fined as death, MI, CVA, or urgent revascularization. 

• MACE for elective PCI is 1/1000 for MI, 1/1000 for 
CVA, and 1/1000 for stroke. The rate of local vascular 
problems is approximately 1/100 PCI with this falling 
somewhat with the use of small-diameter catheters 
currently.

• For studies that include elective revascularization as a 
component of a combined end point, there will obvi-
ously be increased revascularization for PCI, which is 
directed toward the culprit lesion only, versus CABG 
that is applied to all lesions amenable to bypass. 

• ACE or ARB is recommended for patients with LVEF 
<40%, CHF, hypertension, or diabetes.

• Beta blockers are effective antianginal agents and 
should be given to symptomatic chronic stable an-
gina patients or those with a history of AMI or CHF. 

• Beta blockers do not improve mortality in the ab-
sence of reduced LVEF, CHF (metoprolol succinate, 
carvedilol), or prior MI. 

• Beta 1 blocking agents are preferred for patients with 
bronchospasm or peripheral artery disease.

• Beta blockers should be avoided in patients with va-
sospastic (Prinzmetal’s) or cocaine angina.

• The LDL goal for patients with stable coronary dis-
ease is now at 70 mg/dL, with the possibility that 
even lower levels might provide additional benefit. 

• Strict glycemic control (hgb A1c 6.5) improved risk 
of renal (microvascular) complications but not that 
of macrovascular (coronary, peripheral vascular, or 
cerbrovascular) events. 

• Post MI chronic stable angina patients with LVEF 
<40%, diabetes, or CHF, who are taking beta blockers 
and ACE, should be treated with aldosterone inhibitor. 

• The Duke Treadmill Score, using minutes of exercise, 
degree of ST depression, and presence/character 
of chest pain, separates patients into low mortality 
(<1%/yr) and high mortality (>3%/yr) groups.

• Except for patients with large territory at risk (e.g., 
LMCA stenosis, 3-vessel CAD, especially with LV dys-
function, and proximal LAD involvement), PCI and 
CABG will have equal mortality at 10-15 yr.

• Late stent thrombosis is rare (1/1000 per year) but 
has a high mortality. It was associated with prema-
ture discontinuation of ASA or clopidogrel in almost 
half the cases.

• PCI is unfavorable in degenerated venous bypass 
grafts, small vessels, heavily calcified vessels, chronic 
total occlusions, lesions in a tortuous segment, and 
ostial bifurcation lesions.

d PRACTICAL POINTS
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INTRODUCTION: WHEN SHOULD 
REVASCULARIZATION BE PERFORMED?

Revascularization of patients with chronic stable angina is 
performed to accomplish two goals:

 1. improvement of symptoms
 2. improvement in morbidity and mortality. 

Coronary revascularization by either PCI (percutaneous cor-
onary intervention) or CABG (coronary artery bypass graft-
ing) is not a replacement for maximal medical therapy: Any 
patient with established coronary artery disease or with a 
high risk coronary profile should be treated with those agents 
known to provide symptom relief and to decrease morbidity 
and mortality. Almost all patients can expect improvement 
in symptoms following revascularization, but only a small 
proportion can expect a decrease in morbidity and mortality. 
Thus, it becomes very important to ensure that a maximal 
medical regimen has failed prior to subjecting patients to the 
increased risk of morbidity etc of PCI or CABG. 

For elective CABG, in patients with preserved LV  function, 
the early mortality is now 1-2%, with major  morbidity (MI, 
CVA, prolonged intubation, etc.) approximately 3-4%.

For elective PCI, results are often reported as MACE (major 
adverse cardiovascular events), which is defined to be death, 
MI, stroke, or urgent revascularization occurring within 30 
days of intervention. The rate of death, MI, and stroke is 
approximately 1/1000 for each event. Local vascular prob-
lems (large or retroperitoneal hematoma requiring interven-
tion or transfusion, occlusion at puncture site, etc.) occur 
in approximately 1% of patients. As expected, the need for 
revascularization following successful PCI is much higher 
than it is for CABG since PCI is generally directed toward 
the culprit lesion producing the symptoms while CABG is 
performed on all lesions amenable to bypass. 

MEDICAL THERAPY

Medical therapy is the mainstay therapy for the majority of 
chronic stable angina patients.

“AA BCDE SS”

Aspirin—post-MI, all males >50 years, transient isch-
emic attack (TIA)

Ace inhibitor—s/p MI with LVEF <40%, hyperten-
sion (HTN), diabetes mellitus (DM), CHF 

Beta blocker—post-AWMI, ventricular or atrial 
 ectopy, AF

Cholesterol control with statins to LDL in the 70s
Diet, diabetic control—prudent coronary diet, dia-

betic control that avoids extremes of blood sugar
Exercise—regular program, minimum 20-30 minutes 

of endurance exercise three or four times weekly.

Spironolactone—post MI on ACE, beta blocker (BB) 
with DM or CHF and LVEF<40, without renal dis-
ease or increased K

Smoking—cessation

Antiplatelet Therapy, Aspirin, Clopidogrel

The 2007 ACC/AHA Update on Treatment of Chronic 
Stable Angina recommends aspirin for all patients with 
multiple risk factors, or with known coronary artery disease. 
Clopidogrel may be used in patients intolerant of aspirin. 
Ticlopidine is not as well tolerated as clopidogrel but may 
be used for patients unable to take clopidogrel. Proton pump 
inhibitors are given for patients with increased risk of GI 
bleeding. PPI, but not raditidine (Zantac), had been sus-
pected of interfering with the effectiveness of clopidogrel 
resulting in an FDA alert, but this has not been confirmed 
by subsequent investigations. At the time this was written 
(2010), this matter had not been fully resolved.

ACE Inhibitor or ARB

The 2007 ACC/AHA Update on Treatment of Chronic 
Stable Angina recommends ACEI treatment for patients 
with acute MI, LVEF <40%, hypertension, diabetes mellitus, 
or chronic kidney disease. ARBs may be substituted for pa-
tients in whom the ACE inhibitors are not well tolerated. 

Beta-Blocker

2007 ACC/AHA Update on Treatment of Chronic Stable 
Angina recommends beta-blockade for chronic stable angina 
patients who have had an ACS (acute coronary syndrome) 
or CHF. Beta-1-blocking agents are preferred especially in 
patients with peripheral vascular disease or bronchospasm. 

All beta-blockers seem to be equivalent at similar levels of 
beta-blockade although the side effect profile; cost and dura-
tion of action will vary among different agents. For patients 
with chronic stable angina, beta-blockers have not been 
shown to improve morbidity or mortality in the absence of 
prior myocardial infarction. 

Beta-blockers should be avoided in Prizmetal’s (vasospastic) 
or cocaine-related angina since the beta-blockade results in 
unopposed alpha effect, which may increase the tendency 
toward vasospasm. In general, for these patients, calcium 
channel blockers are preferred. 

Cholesterol Control

There are several studies documenting the improvement in 
morbidity and mortality accompanying the use of HMG-
CoA reductase inhibitors (statins) to improve lipid levels. 
Over the years, the LDL goal for patients with known coro-
nary disease has decreased progressively from 100 mg/dL to 
<70 mg/dL, although this appears to be a moving target. The 
LDL of newborns and of those living on a largely vegetarian 
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diet is in the 30-40mg/dL range, and the incidence of pre-
mature atherosclerosis is extremely low in populations with 
a largely vegetarian diet. 

Since the protection from instituting intensive statin therapy 
occurs before there is a significant change in lipid pattern, 
an important part of the protective effect is related to the 
pleotropic—that is, nonlipid—effects of this class of drugs, 
such as plaque stabilization and decreased inflammation. 

Diet, Diabetic Control 

It is well established diabetic patients should avoid blood 
sugar level extremes. An important issue is the possible ben-
efit of more rigid glucose control as compared to ordinary di-
abetic management for patients with type II diabetes. Three 
large multicenter studies (ADVANCE, ACCORD, VA), 
in which hgb A1c levels of 6.5 were compared with levels 
of 7.5, noted improvement in microvascular events such as 
nephropathy, but no improvement was seen in macrovascu-
lar (cardiovascular) events. There was also a trend toward 
increased mortality in the strict glucose control groups—
perhaps related to more frequent episodes of hypoglycemia. 

Exercise

Regular exercise results in increased muscular efficiency, 
resulting in a decrease in the amount of myocardial oxygen 
requirement for a given amount of physical work. Regular 
exercise is a necessary part of achieving significant weight 
loss, with its accompaniment of improved blood pressure, 
lipid pattern, and diabetic control, potentially producing 
a decrease in morbidity and mortality. Exercise plus an ag-
gressive medical regimen is at least equivalent to PCI and 
may even be superior with regard to symptoms, morbidity, 
and possibly mortality. Unfortunately this requires a level 
of compliance with a vigorous regular exercise program and 
a rigid diet that is difficult to achieve in Western societies.

Spironolactone

The ACC/AHA 2007 guidelines for treating chronic stable 
angina recommend aldosterone inhibitors for post MI patients 
taking therapeutic doses of ACE or ARB and beta-blocker, 
with an LVEF <40% and either diabetes mellitus or CHF. 

STRATIFYING PATIENTS INTO HIGH 
AND LOW RISK CATEGORIES

Beyond achieving good control of ischemic symptoms it is 
important to identify those patients in whom revasculariza-
tion is associated with an improvement in mortality. This 
involves stratification of chronic stable angina patients into 
high risk and low risk categories:

High risk•  (mortality >3%/year) DEFILE – Duke EF 
Ischemia LargE

The acronym derives from the criteria of:
Duke treadmill score ≤11
LVEF ≤ 35%
LargE area of ischemia on stress testing or combina-

tion of fixed with substantial ischemic territory 
(stress-induced LV dilatation, hypotension, pro-
longed ST depression during recovery).

Low risk•  (mortality < 1%/year)
Duke treadmill score ≥ 5
Small or no ischemic territory with stress (but risk 

will be high if LVEF ≤ 35% or Duke Treadmill risk 
score is high). 

For patients with chronic stable angina, no studies show a 
decrease in morbidity or mortality by PTCA or stent place-
ment as opposed to CABG. There is, however, a decrease 
in NTG use and an improvement in symptoms, which is 
confirmed by an objective improvement in the exercise tol-
erance test. PCI for chronic stable angina is performed for 
symptom control alone, not for decreasing either morbidity 
or mortality, and this is true regardless of the patient having 
high risk or low risk features. 

There are few reasons for adding revascularization to a maxi-
mal medical program

 1. Clinical high risk: The clinical status, and/or anatomy 
are more safely treated by CABG. PCI for these con-
ditions will improve symptomatic status but will not 
decrease morbidity or mortality. 

    Left main coronary stenosis >50% 
   Multivessel coronary disease in diabetic patients 
   2-vessel coronary disease including proximal LAD 

  involvement and decreased LVEF
 2. Failed maximal Rx: A maximally tolerated medi-

cal regimen has not controlled symptoms well. In 
this case, the intervention is performed solely for 
improvement in symptoms. Unless patients are in-
cluded from the high risk groups mentioned above, 
major morbidity (MI, CVA) and mortality of pa-
tients already on a maximal medical program is not 
improved by added revascularization through either 
PCI or CABG.

 3. Patient preference: Some patients may elect revas-
cularization for personal reasons of not wanting to 
deal with the side effects of the antianginal medica-
tions.

The rapid advancement of techniques in both PCI (intro-
duction of short term and long term highly effective anti-
platelet regimens, bare-metal tents (BMS) and drug-eluting 
stents (DES)) and CABG (increased use of LIMA, better 
myocardial protection during cardiopulmonary bypass, 
minimal access bypass, off pump bypass), as well as more 
vigorously applied and widely utilized medical regimens to 
control lipids, blood pressure, smoking, and heart failure, 
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have made randomized studies completed only recently no 
longer fully applicable to currently applied therapy.

Further difficulty in applying studies to current therapy in-
volves the use of troponin levels to define myocardial cell 
death. Increased sensitivity of troponin assays to myocardial 
ischemia/death have led to many more patients being classi-
fied as having sustained some degree of cell death (and thus 
infarction) who would not have received this diagnosis in 
the pre-troponin era. 

This review will utilize the meta-analysis or the latest large 
randomized studies of revascularization for chronic stable an-
gina. Class I (strategy supported by published large random-
ized investigations) and Class III (strategy not supported by 
published investigations) will be emphasized (Table 41-1, 
Table 41-2).

Class I indication for PCI

 A. LV: normal 
 B. CAD: 1-vessel, 2-,3-vessel without proximal LAD
 C. Clinical: without high risk criteria on noninvasive 

testing; without treated diabetes mellitus 

Class I indication for either PCI or CABG

 A. LVEF: mild to moderate decrease 
 B. CAD: 1- or 2-vessel without proximal LAD
 C. Clinical: high risk criteria on noninvasive testing

Class I indication for CABG 

 A. LMCA: Any patient with significant left main 
coronary disease

 B. LVEF: abnormal plus  
 C. CAD: 3-vessel or left main equivalent disease (>70% 

proximal LAD and circumflex disease)

CABG VS. PCI FOR 
CHRONIC STABLE ANGINA

For the hard endpoint of mortality, meta-analysis of several 
studies has consistently shown no difference in mortality 
at 5 years for patients with good LV function and the ab-
sence of large territories in jeopardy (left main disease, 2- or 
3-vessel disease including proximal LAD), but repeat in-
tervention is performed much more often in those patients 
receiving PCI. 

The most important of these studies is the BARI study 
(Bypass Angioplasty Revascularization Investigation), 
which compared balloon angioplasty (without stent 
placement) and bypass surgery in patients with multives-
sel coronary disease having an anatomy that was suitable 
for either treatment. Except for diabetics treated with a 
LIMA conduit, mortality was the same following both 
treatments, and 10-year follow-up continues to show no 
significant difference in mortality or the presence of an-
gina between CABG and PCI (J Am Coll Cardiol. 2007). 
Registry data and meta-analysis of several studies confirm 
the similar survival in both PCI and CABG patients out 
to 15 plus years post intervention, in the absence of his 
risk characteristics. 

Table 41-1 • Summary of Class I Indications for PCI and/or CABG

LV CAD#-vessel
LAD Prox 
Involved Clinical PCI CABG

Survival Benefit 
Established

LMCA + yes

3 + yes

abn 2 yes High risk testing + yes

nl 2, 3 yes Not diabetic + + no

1, 2 no High risk testing + + no

1, 2 no VT or VF + no

nl, normal; abn, abnormal; CAD, coronary artery disease; LAD, left anterior descending artery; PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft surgery

Table 41-2 • Summary of Class III Indications (CABG or PCI Not Recommended)

LV CAD#-vessel LAD Prox Involved Clinical PCI CABG
Survival Benefit 
Established

nl 1, 2 no sx controlled no no no

nl 1 yes sx controlled no no no
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Isolated Proximal LAD Disease 
(so Called “Widow Maker Lesion”)

Although this lesion is widely revascularized by either drug-
eluting stent or minimally invasive LIMA bypass with a very 
low morbidity and mortality, there are no studies that con-
firm improvement in mortality with either strategy when 
compared to optimal medical therapy. 

Initially the cost of PCI was considerably lower than that 
of CABG, but this differential narrowed considerably to 
an equal cost at 5 years for patients with 3-vessel disease 
and still, about 5% lower in the PCI group without 3-vessel 
disease. 

Restenosis is related to myocyte proliferation in response to 
the balloon-induced injury at the angioplasty site. Clinical 
restenosis for balloon angioplasty (PTCA) averaged 30% 
at about 6 months, reduced by half to 15% by the introduc-
tion of bare-metal stents and further reduced again by half 
to approximately 6-7% by the introduction of drug-eluting 
stents. Stent thrombosis and late stent thrombosis have 
been well controlled by current regimen that includes long 
term aspirin and clopidogrel, although late stent throm-
bosis has been reported out to 3 years. In about half the 
patients, antiplatelet treatment was discontinued shortly 
before stent thrombosis ensued. Late stent thrombosis was 
associated with a significant mortality but was fortunately 
infrequent (3/1000 cases at 3 years follow-up). Current 
recommendations are to continue aspirin indefinitely and 
clopidogrel for at least one year, longer if tolerated in pa-
tients receiving DES. 

The picture is somewhat clouded by the report of the 
New York State Registry Data (Hannan 2008) covering 
the years from 1997 through 2000 in which patients were 
treated often with BMS and LIMA (left internal mammary 
artery) implantation. As for all registry data, the choice 
of therapy was at the discretion of the treating physician. 
The analysis attempted to make the risk profiles compa-
rable in the PCI and CABG patients. After risk adjust-
ment, comparison of survival at approximately 5 years was 
as follows:

Summary

If proximal LAD is involved, CABG resulted in a better 
survival than PCI. PCI was superior to CABG only in non-
LAD one vessel disease, i.e., isolated right or circumflex 
artery disease. PCI = CABG in 1- or 2-vessel disease not 
involving proximal LAD, or 2-vessel non-LAD disease

A subsequent analysis by the same group looked at matched 
patients in the registry undergoing CABG or PCI with 
drug-eluting stents. In this analysis, with an 18-month 
follow-up, CABG was superior to PCI for survival (94.0 
versus 92.7%), and for the combined endpoint of survival 
or MI (92.1 versus 89.7%) for patients with 2-vessel coro-
nary disease. For patients with 3-vessel coronary disease, 
there was a similar benefit to CABG over PCI at 18 months 
for death (96.0 versus 94.6%) or for combined endpoint of 
death/MI (94.5 versus 92.5%). This study carries all of the 
disadvantages of registry data and has a short follow-up but 
suggests there may be an advantage of CABG over PCI for 
all patients with multivessel coronary disease. Until more 
data are available, proximal LAD involvement, multives-
sel disease, markedly depressed LV function, and the pres-
ence of treated diabetes mellitus remain prime candidates 
for CABG. 

Overall, recurrent angina and repeat revascularization is 
much more frequent in PCI compared to CABG. However, 
in the absence of critical left main coronary disease, diabe-
tes, and significant LV dysfunction, both CABG and PCI 
have similar rates of morbidity and mortality. 

For chronic stable angina, PCI does not decrease morbid-
ity or mortality while CABG is known to accomplish this 
result in selected patients, as shown in the table above. For 
all patients the likelihood of needing repeat procedures to 
manage recurrence of symptoms is much higher for PCI as 
compared to CABG, but this difference narrows consid-
erably as the follow up analysis extends to 5-10 years by 
which time an increasing number of CABG patients will 
have recurrent symptoms due to graft closure

PCI FOR CHRONIC STABLE ANGINA

One of the benefits of CABG over PCI for chronic stable 
angina is the likelihood that all vessels with significant 
disease will be bypassed at time of initial CABG, while 
PCI is typically carried out on the culprit lesion alone. 
PCI patients are more likely to have recurrent symptoms 
and require revascularization of the original treated site 
(TLR, target lesion revascularization), other disease in 
the same artery (TVR, target vessel revascularization) 
as well as advancement of disease in nontreated arteries 
(nontarget vessel revascularization). The introduction of 

Non-LAD single vessel disease PCI superior to CABG
1-vessel disease not involving PCI = CABG

proximal LAD 
2-vessel disease not involving PCI = CABG

LAD
3-vessel disease not involving ABG superior to PCI

proximal LAD
1-, 2-, or 3-vessel disease CABG superior to PCI

involving proximal LAD



456 SECTION VII /  Interventional Cardiology

bare-metal stents and drug-eluting stents has resulted in 
a dramatic decrease in the target lesion revascularization 
rate. (Valgimigli 2007) 

The factors that result in progressive disease in target and 
nontarget vessel are the usual coronary disease risk factors 
that have not been well controlled—smoking, hyperten-
sion, diabetes, and lipid abnormality.

Lesion factors that are unfavorable for a good immediate 
result by PCI are:

 1. lesions in diffusely degenerated saphenous vein grafts
 2. lesions in vessels under 2 mm in diameter
 3. heavily calcified lesions
 4. diffusely diseased vessels
 5. ostial bifurcation lesions
 6. lesions in a segment with increased tortuosity
 7. chronic total occlusions

In addition, there are factors that result in increased rest-
enosis rate at the treated site. There are:

 1. increased length of lesion
 2. decreased diameter of lesion
 3. increased length of stented segment
 4. increased number of overlapping stents
 5. treatment of bifurcation lesions
 6. presence of diabetes under treatment
 7. in the presence of nonjeopardized collateral vessels to 

the ischemic territory

PREOPERATIVE TREATMENT 
OF CHRONIC STABLE ANGINA 

Preoperative management of chronic stable angina pa-
tients undergoing CABG has undergone some significant 
changes. 

Aspirin, clopidogrel: Because of the risk of increased peri-
operative bleeding, until recently discontinuation of aspirin 
and/or clopidogrel was generally advised for 8-10 days prior 
to the scheduled operative date.

Medical therapy to reduce CABG perioperative complica-
tions (AHA/ACC guidelines)

ASA• 
antibiotics to reduce perioperative infections• 
beta-blockers• 
tight glycemic control • 
statins.• 

Aspirin: Preoperatively and postoperatively, ASA should be 
given not only in high risk patients, but also in all elective 

patients. This therapy results in improved graft patency at 
1-year post CABG as well as decreased mortality. While this 
therapy brings an increase in bleeding, the benefit outweighs 
the risk in studies that have excluded patients at high risk 
of bleeding. 

Beta-blockers—meta-analysis of various studies have con-
firmed the utility of preoperative beta-blockers in reducing 
the incidence of atrial fibrillation (AF) by 30-60%, and re-
ducing mortality at 30 days by 30%, except for patients with 
severe LV dysfunction (EF < 30%), for whom there was no 
benefit. 

Aggressive glycemic control: For both diabetic and non-
diabetic patients, continuous intravenous insulin use 
to maintain a glucose level between 100 and 140 mg% 
will decrease morbidity (including, post-op ischemia and 
wound infection) and will decrease mortality. (Note that 
the improvement in morbidity noted in the preoperative 
period for diabetic patients with strict glucose control has 
not been duplicated for the outpatient treatment of dia-
betic patients with chronic stable angina. Strict diabetic 
control has not reduced morbidity or mortality and there is 
a suggestion that there might actually be a slight increase 
in mortality related to strict control of blood sugars, which 
is presumed to be related to increased likelihood of episodic 
hypoglycemia.) 

Statin therapy—a meta-analysis of over 30,000 patients has 
compared the outcome post CABG of patients who had re-
ceived statin therapy with those without statins. Patients 
on statins had a 35% decrease in all-cause mortality, a 15% 
decrease in AF, and a 25% decrease in stroke.
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• Although ST-segment elevation myocardial infarc-
tions (STEMI) carries the highest risk of early death, 
according to Savonitto et al. (2005), ST-depression 
on the presenting ECG portends the highest risk of 
death at 6 months, with the degree of ST depression 
showing a strong relationship to outcome. 

• UA/NSTEMI most commonly arises from the dis-
ruption or erosion of an atherosclerotic plaque and 
subsequent prothrombotic cascade in the coronary 
artery which ultimately leads to a supply and demand 
imbalance in the myocardium. The causes that lead 
to this imbalance are not mutually exclusive, often 
involving two or more of the following underlying 
mechanisms (Braunwauld 1998):
0 Thrombus or thromboembolism, usually arising 

on a disrupted or eroded atherosclerotic plaque 
(occlusive with collaterals or subtotal occlusion or 
distal microvascular thromboembolism).

0 Progressive mechanical obstruction to coronary flow
0 Secondary UA/NSTEMI 
0 Non-plaque-associated thromboembolism
0 Dynamic obstruction (coronary vasospasm or 

vasoconstriction)
0 Coronary artery dissection or inflammation.

• Multiple prognostic factors integrated in a simulta-
neous fashion using algorithms such as the TIMI 
risk score, PURSUIT risk score, and GRACE risk 

model optimize early risk stratification for death 
and ischemic events in patients presenting with UA/
NSTEMI.

• The optimal strategy to care for the UA/NSTEMI 
includes a combination of antiischemic therapy, 
antianginal therapy, antithrombotic therapy, ongo-
ing risk stratification and consideration of invasive 
procedures.

• Morphine sulfate is potentially beneficial in UA/
NSTEMI patients as it has potent analgesic and anxi-
olytic effects; however, there are no randomized trials 
to suggest a defined contribution to outcomes in this 
patient population. Caution should also be advised 
that in observational studies of UA/NSTEMI patients 
this agent has been associated with a higher mortal-
ity and has the potential to mask the need for more 
urgent revascularization in patients with occluded 
vessels that do not show ST-elevation on serial stan-
dard 12-lead ECGs.

• The aggregate of the data suggests that early beta-
blockade in ACS patients may pose a substantial 
 hazard, and the risk versus benefit must be weighed 
in each individual.

• Several randomized, placebo-controlled trials evalu-
ated the efficacy of heparin in UA/NSTEMI, and two 
meta-analyses have shown the combination of hepa-
rin and ASA reduce the short term risk of death or MI 
significantly (up to 56%).

d PRACTICAL POINTS

(continued)
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INTRODUCTION

A subset of acute coronary syndrome (ACS), unstable angina 
(UA) and non-ST-segment elevated myocardial infarction 
(NSTEMI) constitute a clinical syndrome that is most often 
caused by atherosclerotic coronary artery disease (CAD). 
These closely related syndromes are potentially life-threat-
ening and according to the American Heart Association ac-
counted for approximately 1,565,000 hospital admissions in 
2004, the majority being NSTEMI (896,000). In the United 
States alone, in 2003, there were almost 4,500,000 visits to 
emergency departments for the primary diagnosis of cardio-
vascular disease (CVD). Although ST-segment elevation 
myocardial infarction (STEMI) carries the highest risk of 
early death, according to Savonitto et al. ST-depression on 
the presenting ECG portends the highest risk of death at 6 
months, with the degree of ST depression showing a strong 
relationship to outcome. 

PATHOPHYSIOLOGY

The clinical presentation and pathogenesis of UA and 
NSTEMI are similar, but differ primarily in whether the isch-
emia is severe enough to cause enough myocardial damage 
to cause the release of cardiac biomarkers, most commonly 
troponin I (TnI), troponin T (TnT), or creatine kinase MB 
(CK-MB). UA/NSTEMI most commonly arises from the 
disruption or erosion of an atherosclerotic plaque and subse-
quent prothrombotic cascade in the coronary artery, which 
ultimately leads to a supply and demand imbalance in the 
myocardium. The causes which lead to this imbalance are 
not mutually exclusive, often involving two or more of the 
following underlying mechanisms (Braunwauld, 1998):

Thrombus or thromboembolism, usually arising on a • 
disrupted or eroded atherosclerotic plaque (occlusive 
with collaterals or subtotal occlusion or distal micro-
vascular thromboembolism)
Progressive mechanical obstruction to coronary flow• 
Secondary UA/NSTEMI • 
Non-plaque–associated thromboembolism• 
Dynamic obstruction (coronary vasospasm or vaso-• 
constriction)
Coronary artery dissection or inflammation.• 

Patients with UA/NSTEMI present with a clinical syndrome 
defined by chest discomfort (or anginal equivalent), elec-
trocardiographic (ECG) ST-segment depression or T-wave 
inversion, and/or positive biomarkers of necrosis in the ab-
sence of ST-segment elevation. The rapid risk stratification 
for this continuum of patients is imperative for decisive tri-
age and management.

EVALUATION AND MANAGEMENT

Early Risk Stratification

The initial evaluation of patients with suspected ACS can 
have substantial clinical consequences. Although the first 
triage decision is made by the patient’s willingness or un-
willingness to approach the health care system, health care 
professionals must make a rapid clinical determination of 
the likelihood of obstructive CAD in patients with symp-
toms suggestive of ACS.

Initial assessment should focus on the history, physical find-
ings, ECG findings, and cardiac biomarkers. If initial ECG 

• The current evidence base and expert opinion sug-
gest that for UA/NSTEMI patients in whom an initial 
invasive strategy is selected, either an intravenous 
GP IIb/IIIa inhibitor or clopidogrel should be added 
to ASA and anticoagulant therapy before diagnostic 
angiography (upstream) for lower risk, troponin-
 negative patients, and that both should be given 
before angiography for high risk, troponin-positive 
patients (Class I recommendations).

• Overall, higher risk patients with elevated cardiac 
biomarker levels at baseline benefited more from 
routine intervention, with no significant benefit ob-
served in lower risk patients with negative baseline 
marker levels.

• The decision to proceed from diagnostic angiog-
raphy to revascularization is dependent upon mul-
tiple variables, including complexity of the coronary 
anatomy, amount of myocardium at risk, patient 
comorbidities, left ventricular function, and life ex-
pectancy. In general, the goal of revascularization is 
improvement in survival and a reduction in the risk 
of myocardial infarction and symptoms of coronary 
disease. However, the optimal means of providing 
revascularization, PCI, or bypass surgery for patients 
with UA/NSTEMI remains controversial, as a great 
deal of the evidence is outdated.

d PRACTICAL POINTS (continued)
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is nondiagnostic, however, suspicion will remain high, so 
serial ECGs should be performed in 15–30-minute inter-
vals to evaluate for ST-segment abnormalities ( ACC/AHA 
2007). Serial cardiac biomarkers, preferably including tro-
ponins, should be followed at 6-8-hour intervals for three 
sets, or until the enzymes have peaked, to allow an estimate 
of infarct size.

Multiple prognostic factors integrated in a simultane-
ous fashion using algorithms such as the TIMI risk score, 
PURSUIT risk score, and GRACE risk model optimize 
early risk stratification for death and ischemic events in 
patients presenting with UA/NSTEMI. An analysis by 
Giugliano et al. (2005) compared risk scores and con-
cluded that all three demonstrated good predictive accu-
racy for death and MI at 1-year, thus identifying patients 
who might be likely to benefit from more aggressive ther-
apy and possibly early revascularization. The more widely 
applied TIMI risk score (Antman EA et al. 2000) is de-
termined by the sum of the presence of seven variables 
at admission age of 65 years or older (see Figure 42-1, 
Table 42-1). As the TIMI risk score increases, the 14-day 
composite endpoint of all-cause mortality, new or recur-
rent MI, or severe recurrent ischemia prompting urgent 
revascularization also increases. 

Although only incorporated into the GRACE risk model, 
renal insufficiency is also recognized as a high risk variable 
in patients with UA/NSTEMI. Mild to moderate renal dys-
function is associated with moderately increased short and 
long term risks, and severe renal dysfunction is associated 
with severely increased short and long term mortality risks 
(Das 2006) (see Figure 42-2, Table 42-2). Further risk 
 assessment can be generated by the quantitative troponin 
assessment. While troponin should not be used as the sole 

marker of definitive risk, a quantitative relationship exists 
between the amount of elevation of troponin and the risk of 
death (Figure 42-3). Thus, among patients presenting with 
UA/NSTEMI, those with positive troponins may warrant 
more aggressive therapy. Finally, a newer biomarker of con-
siderable interest is B-type natriuretic peptide (BNP). A re-
view of studies in ACS patients by Galvani (2004) showed 
that when this cardiac neurohormone is measured at first 
patient contact or during the index hospitalization, increas-
ing levels are a strong predictor of both short and long term 
mortality increase.

Immediate Management

Patients with symptoms suggestive of UA/NSTEMI who 
have positive cardiac biomarkers or ECG ST-segment ab-
normalities and who are hemodynamically stable require 
hospital admission for continuous monitoring and man-
agement with either a conservative or invasive strategy. 
The optimal strategy to care for the UA/NSTEMI patient 
includes a combination of antiischemic therapy, antiangi-
nal therapy, antithrombotic therapy, ongoing risk stratifi-
cation, and consideration of invasive procedures (ACC/
AHA 2007).

Early Antiischemic and Antianginal Therapy

Oxygen.
In the absence of signs of respiratory distress or hypox-
emia, there are no data to suggest that supplemental 
oxygen improves outcomes in ACS patients; however, 
 supplemental oxygen should be administered to pa-
tients with UA/NSTEMI with an arterial saturation less 
than 90%, respiratory distress, or other high risk features 
for hypoxemia (Class I, Level of evidence B) (ACC/
AHA 2007).

Nitrates
Nitroglycerin is an endothelium-independent vasodilator 
and reduces myocardial oxygen demand while enhanc-
ing myocardial oxygen delivery. Sublingual nitroglycerin 
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Figure 42-1. All-cause mortality, new or recurrent MI, or severe 
recurrent ischemia requiring urgent revascularization through 
14 days after randomization, %. (Adapted from EM Antman 
et al. JAMA. 284(7); 2000.)

Table 42-1 • TIMI Risk Score Variables
TIMI Risk Score Variables Score

Age ≥65 1

≥3 risk factors for CAD 1

Prior coronary stenosis of ≥50% 1

ST-segment deviation on ECG presentation 1

≥ anginal events in prior 24 hours 1

Use of aspirin in prior 7 days 1

Elevated serum cardiac biomarkers 1

Adapted from EM Antman et al. JAMA. 284(7); 2000.
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tablets should be given to patients presenting with ischemic 
type chest pain, followed by intravenous nitroglycerin for 
continued symptoms. Caution is advised with nitroglyc-
erin in certain patient populations such as those with sus-
pected right ventricular infarction and those with baseline 
hypotension.

Morphine
Morphine sulfate is potentially beneficial in UA/NSTEMI 
patients as it has potent analgesic and anxiolytic effects; 

however, there are no randomized trials to suggest a de-
fined contribution to outcomes in this patient population. 
Caution should also be advised that in observational stud-
ies of UA/NSTEMI patients this agent has been associated 
with a higher mortality and has the potential to mask the 
need for more urgent revascularization in patients with an 
occluded coronary artery who do not show ST-elevation on 
serial standard 12-lead ECGs (Eur Heart J. 1991).

Beta-blockers
Beta-blockers inhibit beta-1-adrenergic receptors in the 
myocardium, which results in a decrease in cardiac work 
and myocardial oxygen demand. Although most of the data 
are extrapolated from STEMI trials, traditionally, oral and 
intravenous (i.v.) beta-blockade has been recommended for 
patients with UA/NSTEMI who do not have a contraindi-
cation (ACC/AHA 2007). It is noteworthy that the benefit 
of routine early use has been challenged by several recent 
studies and retrospective reviews. The COMMIT study 
(N = 45,852, 93% STEMI, 7% NSTEMI) randomly allo-
cated metoprolol, up to 15 mg i.v., then 200 mg oral, or 
matching placebo, and overall a modest reduction in rein-
farction and ventricular fibrillation was counterbalanced by 
an increase in cardiogenic shock, which primarily occurred 
in those who were hemodynamically compromised, at high 
risk for developing shock, or in heart failure. There was no 
reduction in the composite of death, reinfarction, or cardiac 
arrest, nor was there a reduction of death alone for up to 28 
days in hospital. Thus, the aggregate of the data suggests 
that early beta-blockade in ACS patients may pose a sub-
stantial hazard and the risk versus benefit must be weighed 
in each individual. For patients with contraindications to 
beta-blockers, meta-analyses combining UA/NSTEMI stud-
ies of all CCBs have suggested no overall benefit; however, 
those utilizing verapamil alone have reported favorable 

Table 42-2 • GRACE Risk Score Variables

GRACE Risk Score Variables Score (Points)

Age
≤39:0 pts; 40–49: 18; 50–59: 36; 60–69: 
55; 70–79: 73; 80–89: 91; ≥90: 100

0 to 100

History of congestive heart failure 24

History of myocardial infarction 12

Resting heart rate (bpm) 
≤49.9: 0 pts; 50–69.9: 3; 70–89.9: 9; 90–109.9: 
14; 110–149.9: 23; 150–199.9: 35; ≥200: 43

0 to 43

Systolic blood pressure 
≤79.9: 24 pts; 80–99.9: 22; 100–119.9: 18;
120–139.9: 14; 140–159.9: 10; 160–199.9: 4; 
≥200: 0

0 to 24

ST-segment depression 11

Initial serum creatinine 
0–0.39: 1 pt; 0.4–0.79: 3; 0.8–1.19: 5; 1.2–1.59: 
7; 1.6–1.99: 9; 2–3.99: 15; ≥4: 20)

1 to 20

Elevated Cardiac Enzymes 15

No In-Hospital Percutaneous Coronary 
Intervention

14

Adapted from KA Eagle et al. JAMA. 291; 2004. 

Figure 42-2. GRACE risk score predicted all-cause mortality from hospital discharge to six months. 
(Adapted from KA Eagle et al. JAMA. 291; 2004.)
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effects on outcomes, although in varied patient populations 
(ACC/AHA 2007).

Intra-Aortic Balloon Pump 
(IABP) Counterpulsation
An IABP may be useful in patients with refractory isch-
emia despite maximal medical management or in those 
with hemodynamic instability until coronary angiography 
and revascularization can be completed. Although there is a 
high rate of successful placement and a low risk of complica-
tion, there are no randomized data proving efficacy in this 
patient population (ACC/AHA 2007).

Antithrombotic Therapy

Based on the pathophysiology of ACS, a combination of 
antiplatelet therapy and anticoagulant therapy provides the 
cornerstone of therapy, with more aggressive therapy tai-
lored towards higher risk patients. 

Antiplatelet Therapy: Aspirin, 
Clopidogrel, Ticlidopine

Aspirin
Aspirin (ASA) diminishes platelet aggregation by irrevers-
ibly inhibiting the cyclooxygenase-1 and 2 (COX-1 and 2) 
enzymes, which result in decreased formation of prosta-
glandin precursors. A marked benefit of ASA compared to 
placebo in UA/NSTEMI trials has been consistently docu-
mented irrespective of differences in study design. Based 
on prior randomized trial protocols, initial dose should be 
between 162 mg and 325 mg of the more rapidly absorbed 
non–enteric-coated ASA, and it should be administered as 
soon as the diagnosis of ACS is made or suspected (ACC/
AHA 2007). 

Thienopyridines
Ticlopidine, clopidogrel and prasugrel are adenosine 
diphosphate receptor (PY212) antagonists with a unique 

antiplatelet mechanism that, when given in combination 
with aspirin, has become a cornerstone of treatment for 
preventing thrombotic complications of ACS patients. 
The adverse side effects of ticlopidine (gastrointestinal 
problems, neutropenia in 2.4%, severe neutropenia in 
0.8%, and rarely thrombotic thrombocytopenia purpura) 
limit its clinical use; however, it has been shown to be 
beneficial in the ACS patient population (ACC/AHA 
2007). Clopidogrel is the most widely studied thienopyri-
dine in ACS patients, and its efficacy has been estab-
lished in several randomized trials, including CURE and 
PCI-CURE in both the revascularized and nonrevascular-
ized cohorts. For patients admitted with UA/NSTEMI in 
whom an initial invasive strategy is selected, antiplatelet 
therapy with either clopidogrel or an intravenous GP IIb/
IIIa inhibitor should be used in addition to aspirin (ACC/
AHA 2007). 

Anticoagulant Therapy: Unfractionated 
Heparin, Low Molecular Weight Heparin, 
Direct Thrombin Inhibitors, Glycoprotein 
IIb/IIIa Inhibitors

Unfractionated Heparin (UFH)
UFH, a naturally occurring polysaccharide with molecular 
chains of varying lengths, prevents thrombus formation, 
but not thrombolysis, by accelerating the action of circu-
lating antithrombin, a proteolytic enzyme that inactivates 
Factor IIa (thrombin), Factor IXa, and Factor Xa of the clot-
ting cascade. Several randomized, placebo-controlled trials 
evaluated the efficacy of heparin in UA/NSTEMI and two 
meta-analyses have shown the combination of heparin and 
ASA reduce the short term risk of death or MI significantly 
(up to 56%) (ACC/AHA 2007).

Low Molecular Weight Heparin (LMWH)
LMWH has similar anticoagulant effects; however, it a 
synthetic short chain polysaccharide, has less of an effect 
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Figure 42-3. Troponin I levels predict the risk of mortality in acute coronary syndrome. (Adapted from 
EM Antman et al. N Engl J Med. 335; 1996.)
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on thrombin compared to heparin while maintaining the 
same effect on Factor Xa, and is given subcutaneously 
once (or twice) daily with no need for monitoring coagu-
lation parameters. There have been multiple randomized 
trials comparing LMWH and UFH; however, trial results 
have been variable, as heterogeneous clinical design and 
patient populations make a direct comparison difficult. 
Currently, for patients with UA/NSTEMI undergoing 
initial conservative therapy or early invasive strategy, 
LMWH or UFH is recommended as potential initial 
 strategy (ACC/AHA 2007).

Direct Thrombin Inhibitors (DTIs)
DTIs are a class of anticoagulant that binds directly to 
thrombin and inhibits clot-bound thrombin. There are 
several DTIs; however, the most extensively studied in 
ACS are hirudin and bivalirudin. Early trials with hirudin 
had mixed results, and currently the U.S. Food and Drug 
Administration advocates its use only for the anticoagula-
tion in patients with heparin-induced thrombocytopenia or 
for the prophylaxis of deep venous thrombosis (DVT) in 
patients undergoing hip replacement surgery. Bivalirudin is 
a synthetic analog of hirudin that binds reversibly to throm-
bin and has shown significant promise in UA/NSTEMI 
patients in REPLACE-2 and ACUITY, mostly driven by 
lower bleeding rates in the bivalirudin groups when com-
pared to heparin + GP IIb/IIIa. Currently, for patients with 
UA/NSTEMI undergoing early invasive strategy, biva-
lirudin may be used in lieu heparin/glycoprotein IIb/IIIa, 
however, with a lesser level of evidence of recommendation 
(ACC/AHA 2007).

Glycoprotein (Gp) IIb/IIIa Inhibitors
GpIIb/IIIIa inhibitors bind the GpIIb/IIIa receptor on 
the platelet surface to block the final pathway for plate-
let aggregation. The efficacy of GpIIb/IIIa antagonists in 
prevention of the complications associated with percuta-
neous interventions has been documented in numerous 
trials, many composed largely of patients with UA. Two 
of the GpIIb/IIIa antagonists, tirofiban and eptifibatide, 
have been proven beneficial for UA/NSTEMI patients 
who undergo revascularization as well as those who are not 
revascularized (PURSUIT and PRISM-PLUS trials, respec-
tively). Abciximab has been primarily studied in PCI trials; 
however, there are suitable data to support its use for treat-
ment of UA/NSTEMI and as an adjunct for percutaneous 
intervention based on the CAPTURE trial. Interestingly, 
GUSTO-IV ACS showed no benefit to abciximab in the 
management of patients with UA/NSTEMI in whom an 
early invasive strategy was not planned. A meta-analysis 
of GP IIb/IIIa antagonists of all six large, randomized, pla-
cebo-controlled trials suggest that GP IIb/IIIa inhibitors 
are of substantial benefit in patients with UA/NSTEMI 
who undergo PCI, are of modest benefit in patients who 

are not routinely scheduled to undergo revascularization 
(but who may do so), and are of questionable benefit in 
patients who do not undergo revascularization. The cur-
rent evidence base and expert opinion suggest that for UA/
NSTEMI patients in whom an initial invasive strategy is se-
lected, either an intravenous GP IIb/IIIa inhibitor or clopi-
dogrel, should be added to ASA and anticoagulant therapy 
before diagnostic angiography (upstream) for lower risk, 
troponin-negative patients and that both should be given 
before angiography for high risk, troponin-positive patients 
(Class I recommendations) (ACC/AHA 2007). For UA/
NSTEMI patients in whom an initial conservative (i.e., 
noninvasive) strategy is selected, the evidence for benefit 
is less; for this strategy, the addition of eptifibatide or tiro-
fiban to anticoagulant and oral antiplatelet therapy may be 
reasonable for high risk UA/NSTEMI patients (Class IIb 
recommendation). 

EARLY INVASIVE VERSUS INITIAL 
CONSERVATIVE THERAPY

Definitions

Initial aggressive medical therapy is the standard of care 
in all ACS patients upon admission to the hospital or en-
trance to the Emergency Department; however, two di-
vergent pathways have emerged for further management: 
the “early invasive strategy” and the “initial conservative 
strategy.” 

The early invasive strategy often referred to as the “invasive 
strategy,” triages patients to undergo a cardiac catheteriza-
tion without first having a noninvasive stress test or with-
out failing medical treatment. Although these patients are 
treated with analgesia, antiischemic therapy, and antiplate-
let therapy, they will often undergo coronary angiography 
within 24 hours of admission. This group of patients can 
be further subdivided into two groups: One group that 
proceeds directly to angiography due to continued pain or 
hemodynamic instability despite aggressive medical man-
agement; the other group proceeds to angiography at the 
discretion of the physician due to a perceived risk for an 
adverse outcome. 

The initial conservative strategy, often referred to as “ selective 
invasive management,” triages patients to medical manage-
ment first, then follows with some form of noninvasive risk 
stratification (i.e., stress test or coronary CT-angiography). 
An invasive evaluation is pursued only in patients who 
fail medical therapy (refractory angina, angina at rest, or 
newly developed hemodynamic or electrical instability) 
or in whom objective evidence of ischemia is identified 
(i.e.,  dynamic ECG changes or high risk stress test) (ACC/
AHA 2007).
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Clinical Decision-Making Strategies

Determining the appropriate pathway for the individual 
ACS patient can be a difficult charge; however, risk assess-
ment for potential adverse outcome compared to the risk of 
an invasive procedure is of principal importance. Although 
most physicians rely upon clinical intuition to make this 
decision, there are several validated risk stratification tools 
(TIMI, PURSUIT, GRACE) that may be helpful in the 
decision-making process. A meta-analysis of 7 trials (N = 
9212 patients) demonstrated favorable long term outcomes 
for the early invasive strategy, identifying an impressive 18% 
relative reduction in death or MI, including a significant re-
duction in MI alone. There was also a significant decrease 
in severe angina after discharge and fewer readmissions 
with the early invasive strategy. To offset the advantages 
of the early invasive strategy, during initial hospitalization 
it was associated with a significantly higher early mortal-
ity (1.1 versus 1.8% for conservative versus early invasive, 
respectively; P = 0.007) and the composite of death or MI 
(3.8versus 5.2%; P = 0.002). Overall, higher risk patients 
with elevated cardiac biomarker levels at baseline benefited 
more from routine intervention, with no significant ben-
efit observed in lower risk patients with negative baseline 
marker levels (ACC/AHA 2007).

Although there are select trials such as ICTUS (Invasive 
versus Conservative Treatment in Unstable Coronary 
Syndromes), which suggest that conservative strategy may 
be reasonable in ACS management, a significant number of 
the conservatively managed patients ultimately underwent 
invasive angiography and revascularization (up to 47%). 
Nevertheless, a meta-analysis of contemporary randomized 
trials in UA/NSTEMI, including ICTUS, currently support 
a conclusion of long term mortality and morbidity benefits 
of an early invasive compared with an initial conservative 
strategy. 

CORONARY REVASCULARIZATION

Coronary angiography is helpful to further risk-stratify pa-
tients presenting with UA/NSTEMI and for identifying 
those patients who may most benefit from revasculariza-
tion. The decision to proceed from diagnostic angiography 
to revascularization is dependent upon multiple variables, 
including complexity of the coronary anatomy, amount of 
myocardium at risk, patient comorbidities, left ventricular 
function, and life expectancy. In general, the goal of revas-
cularization is improvement in survival and a reduction in 
the risk of myocardial infarction and symptoms of coronary 
disease. However, the optimal means of providing revas-
cularization, PCI, or bypass surgery for patients with UA/
NSTEMI remains controversial, as a great deal of the evi-
dence is outdated. 

Predictably, the decision-making process regarding 
revascularization is at times very complex; however, it 
is noteworthy that the indications for coronary revascu-
larization in patients with UA/NSTEMI are similar to 
those for patients with chronic stable angina. Although 
based on somewhat antiquated data, high risk patients 
with LV systolic dysfunction, patients with diabetes mel-
litus, and those with 2-vessel disease with severe proximal 
LAD involvement or severe 3-vessel or left main disease 
should be considered for CABG (ACC/AHA 2007). The 
contemporary Synergy between Percutaneous Coronary 
Intervention with Taxus and Cardiac Surgery (SYNTAX) 
trial randomly assigned 1800 patients with 3-vessel or left 
main coronary artery disease to undergo CABG or PCI 
(drug-eluting stents) in a noninferiority design with a 
combined primary endpoint of major adverse cardiac or 
cerebrovascular event during a 12-month period after ran-
domization. At 12 months the rate of repeat revasculariza-
tion was higher in the PCI group (13.5 versus 5.9%, p < 
0.001); however, the rates of death and MI were similar 
and the risk of stroke was significantly higher with CABG 
(2.2 versus 0.6%, p = 0.003). It is important to realize 
that CVA in this trial was defined as focal, central neu-
rological deficit lasting >72 hours, which resulted in irre-
versible brain damage or body impairment. Furthermore, 
clinical outcomes correlated with SYNTAX scores, which 
is a relatively complex scoring system designed to charac-
terize the coronary vasculature with respect to the num-
ber of lesions and their functional impact, location, and 
complexity. Higher SYNTAX scores, indicative of more 
complex disease, are hypothesized to represent a bigger 
therapeutic challenge and to have potentially worse prog-
nosis. Of importance, patients with low or intermediate 
SYNTAX scores in the CABG group and the PCI group 
had similar rates of MACE/cerebrovascular events at 
12 months, while the group with high SYNTAX scores 
fared better with CABG. The Future Revascularization 
Evaluation in Patients with Diabetes Mellitus—Optimal 
Management of Multivessel Disease (FREEDOM) trial is 
currently enrolling and designed to compare PCI versus 
CABG in patients with multivessel disease who have dia-
betes mellitus. The primary endpoint will not include re-
peat revascularization but will be a composite of all-cause 
mortality, non-fatal myocardial infarction, and stroke. 

The indications and justifications for revascularization are 
presented in greater detail elsewhere; however, Tables 42-3 
and 42-4 cover the Class I and Class III indications for 
revascularizations. (See ACC/AHA Guidelines for the 
Management of Patients with Chronic Stable Angina, ACC/
AHA Guidelines for Coronary Artery Bypass Graft Surgery, 
2005 ACC/AHA/SCAI Guidelines Update for Percutaneous 
Coronary Intervention, and ACC/AHA 2007 Guidelines for 
the Management of Patients with UA/NSTEMI.) 
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Table 42-3 • ACC/AHA 2007 Class I Recommendations for Coronary Revascularization with PCI and CABG 
in Patients with UA/NSTEMI

PCI Class LOE CABG Class LOE

Percutaneous coronary intervention 
(or CABG) is recommended for UA/NSTEMI 
patients with multivessel coronary disease 
with suitable coronary anatomy, with normal 
LV function, and without diabetes mellitus

I A SAME

Percutaneous coronary intervention 
(or CABG) is recommended for UA/NSTEMI 
patients with 1- or 2-vessel CAD with or 
without significant proximal left anterior 
descending CAD but with a large area of 
viable myocardium and high risk criteria on 
noninvasive testing

I B SAME

CABG surgery is recommended for UA/NSTEMI patients 
with significant left main CAD (>50% stenosis)

I A

CABG surgery is recommended for UA/NSTEMI patients 
with 3-vessel disease; the survival benefit is greater in 
patients with abnormal LV function (LVEF <0.50)

I A

CABG surgery is recommended for UA/NSTEMI patients 
with 2-vessel disease with significant proximal left 
anterior descending CAD and either abnormal LV function 
(LVEF <0.50) or ischemia on noninvasive testing 

I A

CABG surgery is recommended for UA/NSTEMI patients 
in whom percutaneous revascularization is not optimal or 
possible and who have ongoing ischemia not responsive 
to maximal nonsurgical therapy. (Level of evidence: B)

I B

CABG surgery (or PCI) is recommended for UA/
NSTEMI patients with 1- or 2-vessel CAD with or without 
significant proximal left anterior descending CAD but with 
a large area of viable myocardium and high-risk criteria on 
noninvasive testing. (Level of evidence: B)

I B

Adapted from JL Anderson JL et al. J Am Coll Cardiol. 50(7); 2007.

Table 42-4 • ACC/AHA 2007 Class III Recommendations for Coronary Revascularization with PCI and CABG 
in Patients with UA/NSTEMI 

PCI Class LOE CABG Class LOE

Percutaneous coronary intervention (or CABG) is not recommended 
for patients with 1- or 2-vessel CAD without significant proximal left 
anterior descending CAD with no current symptoms or symptoms 
that are unlikely to be due to myocardial ischemia and who have no 
ischemia on noninvasive testing

III C SAME III C

In the absence of high-risk features associated with UA/NSTEMI, 
PCI is not recommended for patients with UA/NSTEMI who have 
single-vessel or multivessel CAD and no trial of medical therapy, or 
who have 1 or more of the following:
a. Only a small area of myocardium at risk
b. All lesions or the culprit lesion to be dilated with morphology 
that convey a low likelihood of success 
c. A high risk of procedure-related morbidity or mortality
d. Insignificant disease (<50% coronary stenosis)
e. Significant left main CAD and candidacy for CABG.

III

C
C

C
C
B

CABG surgery (or PCI) is not 
recommended for patients 
with 1- or 2-vessel CAD without 
significant proximal left anterior 
descending CAD with no current 
symptoms or symptoms that are 
unlikely to be due to myocardial 
ischemia and who have no 
ischemia on noninvasive testing. 

III C

A PCI strategy in stable patients with persistently occluded infarct-
related coronary arteries after NSTEMI is not indicated

III B

Adapted from JL Anderson JL et al. J Am Coll Cardiol. 50(7); 2007.
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Contrast-Induced Acute 
Kidney Injury

Peter A. McCullough

43

• Contrast-induced AKI is a common and potentially 
serious complication following the administration 
of contrast media in patients at risk for acute renal 
injury. 

• The risk of contrast-induced AKI is elevated and of 
clinical importance in patients with chronic kidney 
disease (particularly when diabetes is also present), 
recognized by an estimated glomerular filtration rate 
<60 mL/min/1.73 m2.

• When serum creatinine or estimated glomerular fil-
tration rate is unavailable, a survey may be used to 
identify patients at higher risk for contrast-induced 
AKI than the general population for outpatient radiol-
ogy procedures.

• In the setting of emergency procedures, where the 
benefit of very early imaging outweighs the risk of 
waiting, the procedure can be performed without 
knowledge of serum creatinine or eGFR.

• The presence of multiple contrast-induced AKI risk 
factors in the same patient or high-risk clinical sce-
narios can create a very high risk (~50%) for contrast-
induced AKI and (~15%) acute renal failure requiring 
dialysis after contrast exposure. 

• Current evidence suggests that for intra-arterial 
administration in high-risk patients with chronic 
kidney disease, nonionic, iso-osmolar contrast or 

low-osmolar contrast agents are appropriate.  Very 
high risk patients with significantly reduced eGFR 
and diabetes in high-risk scenarios should be con-
sidered for iso-osmolar contrast.

• Higher contrast volumes (>100 mL) are associated 
with higher rates of contrast-induced AKI in patients 
at risk. However, even small (~30 mL) volumes of io-
dinated contrast in very high risk patients can cause 
contrast-induced AKI and acute renal failure requir-
ing dialysis, suggesting the absence of a threshold 
effect.

• Intra-arterial administration of iodinated contrast ap-
pears to pose a greater risk of contrast-induced AKI 
above that with intravenous administration. 

• Adequate intravenous volume expansion with iso-
tonic crystalloid (1.0–1.5 mL/kg/h) for 3–12 hours 
before the procedure and continued for 6–24 hours 
afterwards can lessen the probability of volume de-
pletion, contributing to contrast-induced AKI. 

• No adjunctive medical or mechanical treatment has 
been proven to be efficacious in reducing the risk of 
AKI after exposure to iodinated contrast. Prophylactic 
pre- and post-procedure hemofiltration can be con-
sidered in patients who are nearing dialysis and are 
faced with an intravascular intervention with iodi-
nated contrast.

d PRACTICAL POINTS
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CHANGE IN DEFINITION

Contrast-induced acute kidney injury (AKI), previously 
known as contrast-induced nephropathy (CIN), is an im-
portant complication in the catheterization laboratory.1-3 
The most commonly used definition in clinical trials was a 
rise in serum Cr of 0.5 mg/dL or a 25% increase from base-
line value, assessed at 48 hours after a procedure. In 2007, 
the Acute Kidney Injury Network proposed the definition 
be a rise in serum Cr ≥0.3 mg/dL with oliguria, which is 
compatible with previous definitions and is a new standard 
followed.

CONSENSUS ON CONTRAST-
INDUCED ACUTE KIDNEY INJURY 
AS A COMPLICATION

Table 43-1 gives the basic consensus statements on con-
trast-induced AKI agreed upon by multidisciplinary panels.4 
Fortunately, the frequency of contrast-induced AKI has de-
creased over the past decade from a general incidence of 
~15% to ~7% of patients.5

PATHOPHYSIOLOGY

Chronic kidney disease (CKD) is both necessary and suf-
ficient for the development of contrast-induced AKI. 
In  patients with CKD, identified by an eGFR <60 mL/
min/1.73 m2 (which roughly corresponds in the elderly to 
a serum Cr >1.0 mg/dL in a woman and >1.3 mg/dL in 
a man), there is a considerable loss of nephron units and 
the residual renal function is vulnerable to declines with 
renal insults (iodinated contrast, cardiopulmonary bypass, 
renal-toxic medications, atheroembolism, etc.). Thus, the 
pathophysiology of contrast-induced AKI assumes baseline-
reduced nephron number, with superimposed acute vasocon-
striction caused by the release of adenosine, endothelin, and 
other renal vasoconstrictors triggered by iodinated contrast 
(Figure 43-1). After a very brief increase in renal blood 
flow, via the above mechanisms, there is an overall ~50% 
sustained reduction in renal blood flow lasting for several 
hours. There is concentration of iodinated contrast in the 
renal tubules and collecting ducts, resulting in a persistent 
nephrogram on fluoroscopy. This stasis of contrast in the 
kidney allows for direct cellular injury and death to renal tu-
bular cells. The degree of cytotoxicity to renal tubular cells 
is directly related to the length of exposure those cells have 
to iodinated contrast, hence, the importance of high urinary 
flow rates before, during, and after contrast procedures. The 
sustained reduction in renal blood flow to the outer medulla 
leads to medullary hypoxia, ischemic injury, and death of 
renal tubular cells. By these two mechanisms, it is believed 

that other organ injury processes including oxidative stress 
and inflammation may play a further role. Importantly, 
many reactions involved in oxidative stress are dependent 
on sources of intracellular labile iron, including the cyto-
chrome p450 chain and mitochondria. Any superimposed 
insult such as sustained hypotension in the catheterization 
laboratory, microshowers of atheroembolic material from 
catheter exchanges or the use of intraaortic balloon coun-
terpulsation (IABP), or a bleeding complication can amplify 
the injury processes occurring in the kidney.

DIFFERENCES IN 
IODINATED CONTRAST

Contrast media can be categorized according to osmolal-
ity (high-osmolal (HOCM) ~2000 mOsm/kg, low- osmolal 
(LOCM) 600-800 mOsm/kg, and isosmolal (IOCM) 
290 mOsm/kg), with decreasing levels of renal toxicity ac-
cording to these classifications. The American College of 
Cardiology/American Heart Association Guidelines for the 
Management of ACS patients with CKD lists the use of 
IOCM as a Class I, Level of evidence A recommendation.6 
The use of IOCM is also recommended in renal dialysis 
patients to minimize the chances of volume overload and 
complications prior to a subsequent dialysis session. Most 
other societies concur with these recommendations for 
intra-arterial administration and allow the use of LOCM in 
lower risk patients and intravenous administration.

Contrast volume is an important predictor of contrast-
 induced AKI. Even small volumes (~30 cc) of contrast me-
dium can have adverse effects on renal function in patients 
at particularly high risk.7 As a general rule, the volume of 
contrast received should not exceed twice the baseline level 
of eGFR in mL.8 This means for patients with significant 
CKD reasonable goals would be: <30 cc for diagnostic car-
diac catheterization and <100 cc for PCI, CT, and other 
intravascular studies. 

The risk of contrast-induced AKI is generally higher following 
intra-arterial than after intravenous injection.9,10 However, in 
CT studies, where a comparatively large volume of contrast 
medium is given as a compact intravenous (80-120 cc) bolus 
rather than an infusion, the risk of AKI may be increased.

Finally, it is believed that serial exposures of contrast and 
subsequent administration in the setting of AKI further 
worsens renal function and may be more likely to cause 
persistent renal dysfunction. Therefore, when faced with 
the option, a limited diagnostic catheterization and PCI 
in the same setting is favored over a diagnostic catheter-
ization and then a scheduled PCI within 10 days. It should 
be noted, there are no published sources of comparative 
data on this topic. 
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IMPORTANCE OF 
VOLUME EXPANSION

Volume expansion and treatment of dehydration has a well-
established role in prevention of contrast-induced AKI, 
although few studies address this theme directly. There are 
limited data on the most appropriate choice of intravenous 
fluid, but the evidence indicates that isotonic crystalloid (sa-
line or bicarbonate solution) is probably more effective than 
half-normal saline.11 Additional confirmatory trials with 
sodium bicarbonate12 are needed, since the largest trial to 
date showed no benefit of sodium bicarbonate over normal 
saline.13 There is also no clear evidence to guide the choice 
of the optimal rate and duration of infusion. However, good 
urine output (>150 mL/h) in the 6 hours after the procedure 

was associated with reduced rates of AKI in one study.14 
Conversely, oliguria in the face of IV hydration can be a sign 
of AKI. Since not all of intravenously administered isotonic 
crystalloid remains in the vascular space, in order to achieve 
a urine flow rate of at least 150 mL/h, ≥1.0-1.5 mL/kg/h of 
intravenous fluid has to be administered for 3-12 hours pre- 
and 6-12 hours after contrast exposure. 

DIALYSIS AND HEMOFILTRATION

Iodinated contrast is water soluble and removed by dialy-
sis, but there is no clinical evidence that prophylactic di-
alysis reduces the risk AKI, even when carried out within 
1 hour or simultaneously with contrast administration. 
Hemofiltration, however, performed 6 hours before and 

Table 43-1 • Consensus Statements Concerning Contrast-induced AKI

Consensus statement 1

Contrast-induced AKI is a common (5-15%) and potentially serious complication following the administration of contrast 
media in patients at risk for acute renal injury. 

Consensus statement 2

The risk of contrast-induced AKI is elevated and of clinical importance in patients with chronic kidney disease (particularly when
diabetes is also present), recognized by an estimated glomerular filtration rate <60 mL/min/1.73 m2.

Consensus statement 3

When serum creatinine or estimated glomerular filtration rate is unavailable, then a history of kidney disease risk factors 
can identify patients at higher risk for contrast-induced AKI than the general population.

Consensus statement 4

In the setting of emergency procedures, where the benefit of very early imaging outweighs the risk of waiting, the procedure 
can be performed without knowledge of serum creatinine or eGFR.

Consensus statement 5

The presence of multiple contrast-induced AKI risk factors in the same patient or high risk clinical scenarios can create a very high 
risk (~50%) for contrast-induced AKI and (~15%) acute renal failure requiring dialysis after contrast exposure. 

Consensus statement 6

In patients at increased risk for contrast-induced AKI undergoing intra-arterial administration of contrast, ionic high-osmolality
agents pose a greater risk for contrast-induced AKI than low-osmolality agents. Current evidence suggests that for intra-arterial
administration in high risk patients with chronic kidney disease, particularly those with diabetes mellitus, nonionic, iso-osmolar
contrast is associated with the lowest risk of contrast-induced AKI.

Consensus statement 7

Higher contrast volumes (>100 mL) are associated with higher rates of contrast-induced AKI in patients at risk. However, even 
small (~30 mL) volumes of iodinated contrast in very high risk patients can cause contrast-induced AKI and acute renal failure 
requiring dialysis, suggesting the absence of a threshold effect.

Consensus statement 8

Intra-arterial administration of iodinated contrast appears to pose a greater risk of contrast-induced AKI above that with intravenous
administration.

Consensus statement 9

Adequate intravenous volume expansion with isotonic crystalloid (1.0-1.5 mL/kg/h) for 3-12 hours before the procedure and 
continued for 6-24 hours afterwards can lessen the probability of contrast-induced AKI in patients at risk. The data on oral as
opposed to intravenous volume expansion as a contrast-induced AKI prevention measure are insufficient. 

Consensus statement 10

No adjunctive medical or mechanical treatment has been proven to be efficacious for reducing the risk of AKI after exposure to 
iodinated contrast. Prophylactic hemodialysis or hemofiltration has not been validated as an effective strategy 

Adapted from McCullough et al., 2006.4
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12-18 hours after contrast deserves consideration given re-
ports of reduced mortality and need for hemodialysis in the 
postprocedure period in very high risk patients (serum Cr 
3.0-4.0 mg/dL, eGFR 15-20 mL/min/1.73 m2).15,16 The cardi-
ologist should be aware that hemofiltration calls for a 5000 
IU heparin bolus before initiation followed by a continuous 
heparin infusion of 500 to 1000 IU/h through the inflow side 
of the catheter. At the time of the cardiac procedure, the 
hemofiltration treatment should be stopped, and the circuit 
temporarily filled with a saline solution and short-circuited 
to exclude the patient without interruption of the flow. 

PHARMACOLOGIC PROPHYLAXIS

There are no currently approved pharmacological agents 
for the prevention of AKI. With iodinated contrast, the 
pharmacological agents tested in small trials that deserve 
further evaluation include the antioxidants ascorbic acid 
and N-acetylcysteine (NAC), statins, aminophylline/
theophylline, and prostaglandin E1. Although popular, 
NAC has not been consistently shown to be effective. 
To date, 11 meta-analyses have been published on this 
subject17-27, seven of these reports found a net benefit for 

Reduced nephron mass vulnerable to injury
Associated factors: diabetes, poor renal perfusion, others

Contrast enters renal vasculature
Endothelium-independent transient vasodilation (minutes)

Acute kidney injury
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Figure 43-1. Pathophysiology of contrast-induced AKI demonstrating in the presence of a reduced 
nephron mass; the remaining nephrons are vulnerable to injury. Iodinated contrast, after causing a brief 
(minutes) period of vasodilation, causes sustained (hours to days) intrarenal vasoconstriction and isch-
emic injury. The ischemic injury sets off a cascade of events largely driven by oxidative injury, causing 
death of renal tubular cells. If a sufficient mass of nephron units are affected, then a recognizable rise in 
serum creatinine will occur. (Adapted from McCullough.36)
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NAC in the prevention of AKI. However, a recent review 
by Bagshaw and colleagues found marked heterogeneity in 
study results in 10 of the 11 meta-analyses.28 Importantly, 
only in those trials where NAC reduced serum Cr below 
baseline values because of decreased skeletal muscle pro-
duction, did renal injury rates appear to be reduced. Thus, 
NAC appears to falsely lower Cr and not fundamentally 
protect against AKI. However, NAC as an antioxidant 
has been shown to lower rates of AKI and mortality after 
primary PCI in one trial.29 Dosing of NAC has varied in 
the trials; however, the most successful approach has been 
with 1200 mg p.o. b.i.d. on the day before and after the 
procedure.30 

The vast majority of cardiovascular patients should be 
on statin therapy with a common low density lipoprotein 
cholesterol (LDL-C) target of <70 mg/dL. It has been 
demonstrated that patients continued on statins during 
cardiovascular procedures including PCI and CABG have 
lower rates of AKI.31 Small randomized trials published to 
date support this concept as well.32-33 Preservation of en-
dothelial function at the level of the glomerulus and re-
ductions in systemic inflammatory factors are postulated 
mechanisms by which statins may have renoprotective 
 effects.33

Nephrotoxic drugs including nonsteroidal antiinflamma-
tory agents, gentamicin, amphotericin, and cyclosporin 
should be discontinued 72 hours prior to contrast exposure 
if possible. In addition, metformin should be withheld to 
minimize the risk of lactic acidosis should AKI develop 
(Figure 43-2).

FOLLOW-UP

All patients at risk for contrast-induced AKI should 
have follow-up Cr and electrolyte monitoring daily while 
in hospital, and then at 48-96 hours after discharge. 
Rehospitalization is reasonable for uremic symptoms, hy-
perkalemia, and volume overload in the setting of AKI.

BIOMARKERS FOR 
CONTRAST-INDUCED AKI

Neutrophil gelatinase-associated lipocalin (NGAL), a 
member of the lipocalin family, is readily excreted and de-
tected in urine, due to its small molecular size (25 kDa) and 
resistance to degradation. NGAL is highly accumulated in 
the human kidney cortical tubules, blood, and urine after 

Figure 43-2. Algorithm for management of patients receiving iodinated contrast media suggesting a 
multidimensional approach with assessment of risk based on eGFR and then volume expansion and 
use of cytoprotective drugs in patients at risk. Discontinuation of metformin is advised to reduce the 
risk of lactic acidosis if AKI develops. AKI, acute kidney injury; Cr, creatinine; CrCl, creatinine clearance; 
eGFR, estimated glomerular filtration rate; NSAIDs, nonsteroidal anti-inflammatory drugs; NAC, 
N-acetylcysteine; PGE1, prostaglandin E1). (Adapted from McCullough.36)
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nephrotoxic and ischemic injuries such as exposure to iodi-
nated contrast. Thus, whole blood NGAL might represent 
an early, sensitive, biomarker for AKI being developed for 
point-of-care use in the catheterization laboratory, analo-
gous to the use of troponin for myocardial injury.34-35

FUTURE APPROACHES

Future approaches include large planned studies of oral and 
intravenous antioxidants (including a potent oral antioxi-
dant, deferiprone), intrarenal infusions of renal vasodila-
tors using flow-directed catheters in the procedural suite 
or intensive care unit, forced hydration using a balancing 
pump with marked elevations of urine output to reduce 
the transit time of iodinated contrast in the renal tubules, 
systemic cooling, and novel, hopefully less toxic, forms of 
radio-opaque contrast agents. 

CONCLUSION

Contrast-induced AKI is predictable and is partially pre-
ventable. Reasonable steps should be taken to minimize 
risk. Novel diagnostic and therapeutic approaches are 
needed to manage the ever-increasing numbers of pa-
tients undergoing interventions using iodinated contrast 
media.36
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• The most potent platelet agonists in vivo stimulated 
by PCI are thrombin, thromboxane A2, platelet-
 activating factor, and collagen.

• Platelet activation causes conformational changes in 
the GP IIb/IIIa receptor, leading it to bind fibrinogen 
and von Willebrand factor that cross-link platelets re-
sulting in platelet aggregation.

• Thienopyridines block the adenosine diphosphate 
(ADP) P2Y12 receptor.

• Clopidogrel is a prodrug that must be converted in 
the liver to its active thiol derivative.

• At least one year of dual antiplatelet therapy is rec-
ommended after implantation of a drug-eluting stent 
(DES). Many authorities recommend lifetime dual 
antiplatelet therapy after first-generation DES implan-
tation with a sirolimus- or paclitaxel-eluting stent.

• For patients intolerant of aspirin or thienopyridines, 
the intracellular phosphodiesterase inhibitor cilosta-
zol is effective as a second-line antiplatelet agent.

• In the TRITON-TIMI 38 trial, patients receiving prasu-
grel had a sub-acute stent thrombosis rate (24 hours 
to 30 days after PCI) of 0.36% versus 1.19% with 
clopidogrel (p<0.0001). The major bleeding rate 
with prasugrel was 2.4% versus 1.9% with clopidogrel 
(p=0.06), which approached statistical significance. 

• During PCI, the intensity of antithrombotic therapy 
with unfractionated intravenous heparin (IV-UFH) is 
monitored with the activated clotting time (ACT).

• Based on the randomized EPILOG study and other 
observational data, the optimal ACT during PCI with 
IIb/IIIa therapy and unfractionated intravenous hep-
arin (IV-UFH) is 200 to 250 seconds.

• Direct thrombin inhibitors (DTI) such as bivalirudin 
bind to and inactivate thrombin directly without the 
need to bind to antithrombin as is the case with the 
heparins. Compared to IV-UFH, DTIs can inhibit 
clot-bound thrombin, are not inhibited by circulating 
inhibitors, do not bind to plasma proteins, and do 
not activate platelets but inhibit thrombin-mediated 
platelet activation.

• The ACUITY and REPLACE2 trials showed that bivali-
rudin monotherapy was as effective as UFH or enox-
aparin plus a GPIIb/IIIa inhibitor or as bivalirudin 
plus a GPIIb/IIIa inhibitor with respect to ischemic 
complications and had significantly lower rates of 
major bleeding in elective and NSTEMI/ACS patients 
undergoing PCI.

• Nitroglycerin dilates the large coronary arteries and 
the arterioles >100μm in diameter, but has little ef-
fect on the microvasculature.

• No-reflow is the failure of restoration of normal myo-
cardial blood flow despite the mechanical relief of 
obstruction in the target vessel. Microvascular vaso-
dilators are the first-line therapy of no-reflow and in-
clude sodium nitroprusside, adenosine, nicardipine, 
and nicorandil.

• Adenosine is the commonly used vasodilator to in-
duce maximal hyperemia during studies of coronary 
physiology with the pressure wire to determine frac-
tional flow reserve (FFR) or with the flow wire to de-
termine coronary flow reserve (CFR).

d PRACTICAL POINTS



476 SECTION VII /  Interventional Cardiology

INTRODUCTION

Adjunctive administration of pharmacological agents is criti-
cal to the success and safe performance of modern percutaneous 
coronary intervention (PCI). PCI has become the dominant 
mode of mechanical revascularization of coronary artery dis-
ease in the United States. Considerable basic and clinical re-
search has contributed to the development of a robust array 
of effective and reasonably safe adjunctive medications. Since 
PCI treats and also causes disruption of atherosclerotic plaque, 
the main focus of its use has been antithrombotic therapy. 

THE COAGULATION CASCADE 

Injury to the vessel such as occurs during PCI activates the 
coagulation cascade to achieve hemostasis. The final prod-
uct of hemostasis is the generation of fibrin and formation of 
the cross-linked fibrin clot. The coagulation cascade occurs 
in overlapping stages.

Initiation and Formation of the Platelet Plug

Vascular injury activates platelets to form the platelet plug. 
The process involves platelet adhesion to the subendothe-
lial matrix, followed by platelet aggregation and secretion 
of granule proteins, which potentiate the platelet procoagu-
lant activity and enhance thrombin generation.1 During the 

cascade, platelets are activated by strong platelet agonists 
such as thrombin, thromboxane A2, platelet-activating 
Factor, and collagen or by the weak agonists ADP, epineph-
rine, and serotonin.1 Disruption of the intact endothelium 
exposes subendothelial elements such as von Willebrand fac-
tor, collagen, fibronectin, laminin, and microfibrils, which 
serve as anchors to which platelets can adhere. Integrin 
glycoproteins (GP) GPIa/IIa, GPVI, GPIIb are the platelet 
collagen receptors, and GPIb is the platelet von Willebrand 
factor receptor.1,2 High flow shear rates activate the von 
Willebrand factor and enhances its binding to GPIb.1,2 
Platelet adhesion contributes to the initiation of the throm-
botic cascade. Platelet activation causes conformational 
changes in the GPIIb/IIIa receptor to bind to fibrinogen and 
von Willebrand factor that cross-links other platelets, result-
ing in platelet aggregation.1,2 Platelet activation or stimula-
tion causes platelet secretion of various substances from their 
granules such as ADP, serotonin, fibronectin, thrombos-
pondin, fibrinogen, thromboxane A2, and platelet-derived 
growth Factors, creating a positive feedback loop for further 
platelet stimulation and activation (Figure 44-1).1,2

Clotting Cascade

The clotting cascade involves the sequential activation of 
proenzymes to active enzymes that are involved in the vari-
ous steps of the intrinsic and extrinsic pathways of the cas-
cade (Figure 44-2). 
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Figure 44-1. Platelet activation and aggregation pathways with sites of action of commonly used 
platelet-inhibiting medications.
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Vascular injury expresses and generates tissue factor 
that activates Factor VII, initiating the extrinsic path-
way.3 Contact with negatively charged surfaces activates 
 prekallikrein and kininogen plasma proteins that, in 
turn, activate Factor XII to initiate the intrinsic path-
way.3 Both pathways converge into a common pathway of 
Factor X  activation and thrombin activation.3 Thrombin 
(Factor IIa) amplifies its own generation by a positive feed-
back loop that activates Factors V and VIII.3 Thrombin 
 activates fibrinogen into fibrin monomer that further 
forms cross-linked fibrin polymers with the help of Factor 
XIIIa.3

Antithrombotic Control

The coagulation cascade is regulated by various endog-
enous inhibitors such as antithrombin and proteins C 
and S.3 Antithrombin is a plasma protease inhibitor 
that inhibits thrombin and Factors Xa, IXa, XIIa, and 
XIa. Binding of thrombin to thrombomodulin activates 
protein C.3 Activated protein C along with protein S 
inactivates Factors Va and VIIIa. Tissue factor pathway 
inhibitor is a protease inhibitor produced by endothelial 
cells to inhibit tissue factor and Factors VIIa and Xa. The 
endogenous fibrinolytic pathway is involved in fibrinoly-
sis or clot lysis via the action of plasmin. Fibrin and tissue 
plasminogen activator (tPA) activate plasminogen into 
plasmin.3

PHARMACOLOGICAL INHIBITION 
OF THE COAGULATION CASCADE

Inhibition of the coagulation cascade is critical for successful 
PCI. It requires both antiplatelet and antithrombin therapy. 
Failure to adequately inhibit platelets and the coagula-
tion cascade can result in intracoronary thrombosis, guide 
catheter thrombosis, abrupt vessel closure, periprocedural 
 myonecrosis/myocardial infarction, as well as stroke. After 
the procedure, inadequate inhibition of platelets can result 
in abrupt vessel closure and/or stent thrombosis.4

Oral Antiplatelet Therapy

Oral antiplatelet therapy before, during, and after PCI has 
become a cornerstone of therapy. At present, the most com-
monly employed dual antiplatelet therapy regimen is aspirin 
and clopidogrel (Plavix).5

Aspirin Therapy
Aspirin (ASA) irreversibly acetylates the cyclooxygenase 
enzyme, thus inhibiting TXA2 and PGI2 synthesis for the 
life of the platelet. Endothelial cells, however, can regener-
ate the cyclooxygenase enzyme. Nonetheless, elaboration of 
TXA2, a potent activator of the glycoprotein IIb/IIIa recep-
tor, is significantly attenuated by aspirin therapy.6 Schwartz 
et al., in 1988, demonstrated in a randomized trial at the 
Montreal Heart Institute an incidence of Q wave MI com-
plicating balloon angioplasty (POBA) of 1.6% in aspirin-
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treated versus 6.9% in placebo-treated patients.7 Combined 
with secondary prevention data supporting lifetime therapy 
with aspirin in individuals with CAD without contraindi-
cations, the PCI data support aspirin as the cornerstone of 
periprocedural antiplatelet therapy.5

The precise dosing of aspirin for PCI is controversial, with 
recommended preprocedural dose of 75 to 325 mg in pa-
tients already receiving chronic aspirin therapy. Aspirin-
naïve  patients should receive 300 to 325 mg of aspirin at 
least 2 hours and preferably 24 hours prior to PCI. Post-
procedural maintenance dose of aspirin is also controver-
sial, but the current guidelines recommend 162 to 325 mg 
for 1 month after bare-metal stents (BMS), 3 months after 
sirolimus-eluting stents (SES), and 6 months after pacli-
taxel-eluting stents (PES). Thereafter, a maintenance dose 
of 75 to 162 mg daily is recommended indefinitely.5

Thienopyridine Therapy
Thienopyridines block the adenosine diphosphate (ADP) 
P2Y12 receptor. This inhibits adenosine diphosphate-
induced platelet-fibrinogen binding, thus inhibiting 
platelet aggregation both in vitro and in vivo. Currently 
available agents in this class are ticlopidine and clopidogrel. 
Ticlopidine is administered with a 500-mg loading dose fol-
lowed by 250 mg twice daily.8 It is contraindicated in the 
setting of severe liver impairment, since it is extensively 
metabolized by the liver. The half-life of ticlopidine is 8 to 
13 hours.9

Clopidogrel is also used with a loading dose in the PCI 
setting. Clopidogrel is a prodrug that must be converted 
in the liver to its active thiol derivative.10 Both 300- and 
600-mg loading doses of clopidogrel have been studied.11,12 
A 300-mg loading dose requires as long as 15 to 24 hours to 
achieve its maximal clinical benefit. A 600-mg loading dose 
requires at least 2 hours to achieve maximal clinical benefit. 
Clopidogrel’s half-life is approximately 8 hours.10 The main-
tenance dose is generally 75 mg daily but some data suggest 
this dose may be inadequate in patients with elevated body 
mass index or those individuals with intrinsic resistance as 
measured by the vasodilator-stimulated phospho-protein 
index (VASP Index).13 Clopidogrel is also metabolized in 
the liver and must be used with caution in patients with 
severe liver impairment.14 

In 1987, the Ticlopidine Study randomized patients to 
ticlopidine, aspirin + dipyridamole, or placebo prior to 
plain old balloon angioplasty (POBA). The incidence of 
ischemic complications was 2.4% for ticlopidine, 3.2% 
for aspirin + dipyridamole, and 12.6% for no antiplatelet 
agent.15 Because of ticlopidine’s hematological side effects 
and only small incremental ischemic event benefit com-
pared to aspirin, the latter remained the standard of therapy 
during POBA.

With the advent of bare metal-stenting (BMS) as the plat-
form procedure for PCI, however, the problem of acute 
( in-hospital) and subacute (hospital discharge to 30 days) 
stent thrombosis developed. Historically, the unwieldy and 
high bleeding risk regimen of aspirin, dipyridamole, ticlo-
pidine, dextran, heparin, and warfarin were administered 
to prevent stent thrombosis.16 Colombo in Milan, Italy, 
demonstrated that if the stent was high pressure postdilated 
with good stent expansion and apposition by intravascular 
ultrasound, then a post-procedural regimen of lifelong ASA 
and brief thienopyridine treatment with ticlopidine (2 to 6 
weeks) yielded an acceptably low risk of stent thrombosis 
with a low risk of major bleeding.17 

The thienopyridine clopidogrel largely replaced ticlopidine 
because of less hematological side effects.18 Specifically, a 
2.4% incidence of neutropenia, 0.025 to 0.05% incidence of 
thrombotic thrombocytopenic purpura (TTP), and 0.0125 
to 0.025% incidence of aplastic anemia were observed with 
ticlopidine therapy. On the other hand, these hematological 
side effects are exceedingly rare with even prolonged clopi-
dogrel therapy.19

The optimal duration of dual antiplatelet therapy with 
aspirin and a thienopyridine after bare-metal stenting 
has evolved. When high pressure stent deployment was 
performed with or without IVUS confirmation of excel-
lent stent expansion and apposition, observational studies 
demonstrated very low stent thrombosis and major bleed-
ing rates. Stent thrombosis rates of approximately 1% were 
documented with 2 to 4 weeks of ticlopidine or clopidogrel 
added to aspirin.17 Stent thrombosis more than 30 days after 
bare-metal stent implantation was an extraordinarily rare 
event. Major bleeding events were less than 2% in random-
ized trials and large observational series.20

Given the CAPRIE trial’s demonstration of the superi-
ority of clopidogrel over aspirin for secondary prevention of 
ischemic atherosclerotic events in individuals with CAD, 
peripheral arterial disease, and cerebrovascular disease, it 
was reasonable to study the role of more prolonged dual an-
tiplatelet therapy for secondary prevention after coronary 
stenting.21 Specifically, the CREDO trial demonstrated re-
duced major adverse cardiovascular events unrelated to stent 
thrombosis when postprocedural dual antiplatelet therapy 
with clopidogrel was extended to 12 months in  patients re-
ceiving bare-metal stents.22

With the development and widespread use of drug-eluting 
stents (DES), a new issue, late (30 days to 1 year post-
 implant) and very late stent thrombosis (>1 year after 
 implant), has developed. The pathophysiological basis of 
this phenomenon has been recognition of incomplete en-
dothelialization of many of these stent implants.23 This 
has led to the recommendation of at least 1 year of dual 
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antiplatelet therapy with aspirin and clopidogrel. Many au-
thorities recommend lifetime dual antiplatelet therapy after 
DES implantation.5

Other Oral Antiplatelet Agents
Cilostazol
For patients intolerant of aspirin or thienopyridines, the in-
tracellular phosphodiesterase inhibitor cilostazol is effective 
as a second line antiplatelet agent. Although the mecha-
nism of action is not fully elucidated, cilostazol has a potent 
inhibitory effect on both in vitro and in vivo platelet ag-
gregation.6 Lee et al. compared 1415 patients treated with 
triple antiplatelet therapy (aspirin, clopidogrel or ticlopi-
dine, cilostazol) with 1597 patients treated with dual an-
tiplatelet therapy (aspirin, clopidogrel, or ticlopidine) after 
stenting.24,25 Stent thrombosis was reduced in the triple 
antiplatelet therapy group, with a strong trend in reduced 
major adverse cardiovascular events at 30 days. There was 
no significant increase in major bleeding or significant he-
matological side effects: 1.8% in the dual therapy group and 
2.6% (p = 0.104) in the triple therapy group. While triple 
therapy has not been broadly adopted, cilostazol is a poten-
tially useful alternative agent in aspirin or thienopyridine 
intolerant patients. 

Dipyridamole
Dipyridamole’s antiplatelet activity is mediated by various 
mechanisms. Dipyridamole activates the nitric oxide-cyclic 
GMP signaling pathway that enhances platelet inhibition 
by amplifying the signaling of the nitric oxide donor sodium 
nitroprusside.26 Dipyridamole inhibits adenosine deaminase, 
resulting in increased concentrations of ade nosine, inhibits 
adenosine uptake, and increases the release of prostanoids 

from the endothelium.26 Dipyridamole alone or in combi-
nation with aspirin has been mainly used and studied in 
cerebrovascular disease and in 2 PCI studies.26 In one study, 
376 patients were randomized to placebo or to aspirin and 
dipyridamole combination that was started 24 hours before 
PTCA and continued for 4 to 6 months. The combination 
treatment significantly reduced periprocedural Q wave MI 
(1.6 versus 6.9%) but did not reduce the 6-month rate of 
restenosis.7 In another study, 232 patients were randomized 
to aspirin or to the combination of aspirin and dipyridamole 
pretreatment prior to elective percutaneous transluminal 
coronary angioplasty (PTCA).27 The addition of dipyrida-
mole to aspirin (4.3%) did not significantly reduce peripro-
cedural Q wave MI compared to aspirin alone (1.7%).27 
Dipyridamole alone or in combination with aspirin is not a 
currently used antiplatelet regimen during PCI.

Prasugrel
Prasugrel, an ADP receptor antagonist, is expected to be 
approved in the United States for nonexperimental use. 
In the TRITON-TIMI-38 trial, prasugrel was compared to 
clopidogrel.28 As is often the case in clinical practice, the 

patients were not pretreated with either agent but received 
a loading dose of either 300 mg of clopidogrel or 60 mg of 
prasugrel at the time of PCI. The maintenance dose of pra-
sugrel is 10 mg a day. Patients receiving prasugrel had a sub-
acute stent thrombosis rate (24 hours to 30 days after PCI) 
of 0.36%, versus 1.19% with clopidogrel (p < 0.0001). The 
major bleeding rate with prasugrel was 2.4%, versus 1.9% 
with clopidogrel (p = 0.06), which approached statistical 
significance.29

Parenteral Antiplatelet Agents

Elucidation of Glanzmann’s thrombasthenia lead to the 
discovery and characterization of the platelet GPIIb/IIIa re-
ceptor that is absent in this bleeding disorder.30 The recep-
tor became a target for therapeutic intervention to prevent 
thrombosis. The monoclonal antibody ultimately named 
abciximab (ReoPro) was developed to irreversibly bind and 
inhibit the IIb/IIIa receptor.31 The IIb/IIIa receptor is the 
final common pathway to platelet aggregation since it medi-
tates cross-linking of activated platelets with fibrinogen and 
von Willebrand factor. Hence, IIb/IIIa agents remain the 
most potent available antiplatelet agents.

Reversible small molecule antagonists including eptifi-
batide (Integrelin) and tirofiban (Aggrastat) were subse-
quently developed. All three agents have demonstrated 
efficacy in the reduction of ischemic complications, par-
ticularly postprocedural myonecrosis, in balloon angio-
plasty and stenting. Meta-analysis of the PCI trials not 
including STEMI patients demonstrates a 38% reduction 
in death and MI at 30 days.32 The individual properties of 
these agents and several of the pivotal trials that influence 
their current use in PCI are listed in Tables 44-1 and 44-2, 
 respectively.33

When usual (100 units/kg) doses of intravenous unfrac-
tionated heparin were coadministered in the EPIC.34 In 
the EPILOG trial, abciximab had equal efficacy to pre-
vent ischemic complications with a lower dose of IV un-
fractionated heparin (70 units/kg) compared to higher 
doses (100 units/kg). Major bleeding with abciximab and 
lower dose heparin (1.1%) was identical to high dose 
heparin (1.1%) alone.35 Heparin doses of 50-60 units/kg 
are generally recommended when administered with IIb/
IIIa therapy for a target activated clotting time (ACT) of 
200-250 seconds.

The ISAR-REACT trial demonstrated no benefit of ab-
ciximab in low risk patients undergoing PCI with a stent 
who had been pretreated with 600 mg of clopidogrel as 
well as aspirin at least 2 hours prior to intervention.36 The 
ISAR-REACT 2 trial, however, demonstrated benefit of 
abciximab in unstable angina/NSTEMI-ACS patients un-
dergoing PCI.37
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Table 44-1 • Salient Properties of the Parenteral Glycoprotein IIb/IIIa Receptor Antagonists

Abciximab (ReoPro) Eptifabitide (Integrelin) Tirofiban (Aggrastat)

Type of agent Monoclonal antibody Small molecule 
(KGD sequence)

Small molecule 
(RGD sequence)

Molecular weight ~50,000 ~800 ~500

Drug molecules to IIb/IIIa 
receptor ratio

1.5-2.0 250-2500 >250

Plasma half-life ~10 to 15 min ~2.5 h ~1.8 h

Platelet-bound half-life Hours Seconds Seconds

Reversibility with 
platelet transfusion

Yes No No

Reversibility without 
platelet transfusion

~24 h ~4 h† ~4 h†

% of dose in initial bolus ~75% ~5% ~5%

Renal dose adjustment No Yes Yes

†Assumes normal renal function

Table 44-2 • Pivotal Randomized Clinical Trials of Glycoprotein IIb/IIIa Therapy in PCI

Study Patient Population Treatment Outcome: Bleeding Outcome: MACE

EPIC
n=2099

Elective PCI, balloon 
angioplasty

Abciximab + i.v. UFH
i.v. UFH

Major bleed
10.6%
3.3%

30 day death/MI/
urgent revasc
8.3%
12.8%

EPILOG
n=2792

Elective PCI, mostly 
balloon angioplasty

Abciximib + low-dose 
UFH High-dose UFH

Major bleed
1.1%
1.1%

30 day death/MI/
urgent revasc
5.2%
11.7%

EPISTENT
n=2399

Elective PCI, randomized 
between stenting and 
balloon angioplasty, 
then randomized on 
medications

Stent/abciximab +
low-dose UFH
Stent/high-dose UFH

Major bleed
2.2%
1.5%

30 day death/MI/
urgent revasc
5.3%
10.8%

ESPRIT87

n=2064
Elective PCI, planned 
stenting

Eptifibatide + i.v. 
low dose UFH
High-dose UFH

Major bleed
1.0%
0.4%

30-day death/MI/
urgent revasc
6.8%
10.5%

TARGET88

n=4300
Elective PCI with planned 
stenting

Tirofiban
Abciximab

Major bleed
0.9%
0.7%

30-day death/MI/
urgent revasc
7.6%
6.0%

CADILLAC89

n=2082
STEMI, randomized 
between stenting and 
balloon angioplasty, 
then randomized on 
medications

Stent/abciximab with 
low-dose UFH 
Stent/high-dose UFH 

Major bleed
0.8%
0.2%

30-day death/MI/
urgent revasc
5.0%
7.1%

ADMIRAL90

n=300
STEMI, upstream therapy 
in ER and ambulance when 
possible

Abciximab with 
low-dose UFH 
High-dose UFH 

Major bleed
0.6%
0.0%

30-day death/MI/
urgent revasc 
6.1%
14.6%
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ANTITHROMBIN THERAPY

The necessity of administration of an antithrombin agent 
became apparent in the earliest animal models of angio-
plasty.38 Abrupt vessel closure occurred frequently if bal-
loon dilatation was performed without an antithrombin. 
This same phenomenon was observed in human coronary 
angioplasty when heparin was inadvertently not adminis-
tered prior to initial device activation in the target coronary 
vessel.39 

Intravenous unfractionated heparin (UFH) was the first 
agent employed. Typically, a fixed dose of 10,000 units 
was administered intravenously prior to balloon dilation 
or atherectomy during the first decade of PCI. In the early 
1990s, the intensity of heparin anticoagulation was moni-
tored with determination of the activated clotting time. 
There appeared to be a trade-off between bleeding and 
ischemic complications.39,40 In addition to studies trying to 
define the “optimal ACT” to balance ischemic benefit and 
bleeding risk, intensive research focused on the development 
of alternative agents to UFH. The goal, of course, was to 
improve antithrombotic efficacy and clinical ischemic com-
plications such as abrupt closure, emergency coronary ar-
tery bypass graft (CABG), and periprocedural  myonecrosis/
infarction while reducing bleeding risk. 

Unfractionated Heparin

Unfractionated heparin is a sulfated polysaccharide with a 
molecular weight ranging from 3000 to 30,000 Da. It pro-
duces its main anticoagulant effect through inactivation of 
thrombin (Factor IIa) and activated Factor X (Factor Xa). It 
is an indirect thrombin inhibitor since its action occurs due 
to binding with antithrombin (AT) through a high-affinity 
pentasaccharide. The heparin-AT complex then inhibits 
thrombin. By inactivating thrombin, heparin prevents fibrin 
formation. It also inhibits thrombin-induced activation of 
platelets as well as Factor V and Factor VIII.41

The major limitation of heparin is its nonspecific binding 
to positively charged proteins. This nonspecific binding 
causes considerable variability in the dosing of UFH from 
one patient to another. During PCI, the intensity of anti-
thrombotic therapy with UFH is monitored with the acti-
vated clotting time. Earlier studies demonstrated a higher 
ACT to be associated with fewer ischemic complications 
of PCI.39 More recent stent studies in the stent era with 
dual antiplatelet therapy, such as ESPRIT, suggest no strong 
relationship between ACT and the likelihood of ischemic 
complications.42

Studies have generally confirmed, however, that higher 
ACTs are associated with a higher clinical bleeding risk.40 
This is particularly true in the setting of concomitant 

administration of the parenteral IIb/IIIa antagonists abcix-
imab, eptifibatide, and tirofiban. Based on the randomized 
EPILOG study and other observational data, the optimal 
ACT during PCI with IIb/IIIa therapy and UFH is 200-
250 seconds.35 The optimal ACT for PCI with stenting 
without IIb/IIIa therapy remains less well-defined but is 
generally accepted to be approximately 300 seconds in the 
stent era.42

Low Molecular Weight Heparin

Low molecular heparins (LMWHs) include enoxaparin, 
dalteparin, nadroparin, and tinzaparin. Enoxaparin is 
more commonly used during PCI. LMWH is derived from 
unfractionated heparin that is chemically or enzymati-
cally depolymerized into smaller polysaccharide chains of 
different molecular weights (2000-9000 Da), which are 
equal to about one-third the molecular weight of UFH.43,44 
Pentasaccharide chains containing > 18 saccharide units 
(which comprise 25-50% of the LMWH chains) inactivate 
Factor Xa directly and thrombin (Factor IIa) indirectly 
via antithrombin activation.43,44 The remaining penta-
saccharide chains inhibit only Factor Xa resulting in an 
anti Factor Xa to anti Factor IIa ratios of 1.9 to 3.8.43,44 
Subcutaneous LMWHs have predictable pharmacokinet-
ics, with a plasma half-life of 3-6 hours, peak effect at 3-5 
hours, and duration of action of around 12 hours.44 LMWHs 
are metabolized in the liver and excreted renally.44 Unlike 
UFH, LMWHs have dose-independent clearance, lower 
binding to endothelium, plasma proteins, platelets, and 
macrophages, and superior bioavailability. These proper-
ties all result in more predictable and sustained anticoagu-
lation.43-45 Additionally, LMWHs are easier to administer, 
don’t require monitoring, cause less platelet activation, and 
less inactivation by platelet Factor 4, and less frequency of 
heparin-induced thrombocytopenia.45,46

The ACC/AHA 2007 Guidelines for the Management 
of Patients with Unstable Angina or Non-ST Elevation 
Myocardial Infarction consider LMWH to have established 
efficacy for patients in whom an invasive or conservative 
strategy is planned (Class I).43 LMWH is preferred to un-
fractionated heparin in patients with a conservative strategy 
unless CABG is planned within 24 hours (Class IIa).43 In a 
meta-analysis of six studies that compared enoxaparin with 
UFH in patients with ACS, enoxaparin showed favorable 
point estimates for death or nonfatal MI with a pooled odds 
ratio (OR) of 0.91 (CI 0.83 to 0.99).43 Table 44-3 lists the 
pivotal randomized studies of enoxaparin use compared to 
UFH use during PCI.

The ACC/AHA/SCAI PCI guidelines consider LMWHs 
a reasonable alternative to heparin in patients with ACS 
(Class IIa) and with STEMI (Class IIb) undergoing PCI.46 
The other LMWHs were studied mainly in ACS trials. 
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The FRISC trial compared Dalteparin to placebo and showed 
a lower rate of death or new MI (1.8 versus 4.8%) with no 
difference in bleeding rates.47 The FRAXIS trial compared 
nadroparin to UFH and did not show an  advantage in MACE 
compared to UFH.48 Nadroparin had a significant increase 
in major bleeding (3.5 versus 1.6% for UFH).48 The EVET 
trial compared enoxaparin and  tinaparin. Enoxaparin was 
superior with significantly lower rates of persistent unstable 
angina at 7 days (11.8 versus 19.3%), of recurrent angina 
or MI at 30 days (17.8 versus 28.9%), and of death or MI, 
angina at 6 months (26 versus 44%).49

Enoxaparin dosing during PCI depends on the timing of the 
most recent subcutaneous (SC) dose received prior to PCI. SC 
enoxaparin is administered as 1mg/kg twice daily if creatinine 
clearance is ≥30 cc/min, and once daily if creatinine clear-
ance <30 cc/min.46 No additional enoxaparin is given if the 
last SC enoxaparin dose was given <8 hours prior to PCI.46 
A 0.3 mg/kg bolus of intravenous (i.v.) enoxaparin is given if 
the last SC enoxaparin dose was administered >8 hours prior 
to PCI.46 A 0.75-1.0 mg/kg bolus of i.v. enoxaparin or other 
anticoagulant is given if the most recent SC enoxaparin dose 
was > 12 hours prior to PCI. The dosing of enoxaparin with 
GPIIb/IIIa inhibitors has not been well defined. 

Patients who receive dalteparin (120 IU/kg S/Q every 12 
hours) prior to PCI should receive i.v. UFH before PCI pro-
cedure.43 Studies that compared LMWH with UFH during 
PCI have found bleeding and ischemic complication rates of 
LMWHs to be low and comparable to those observed with 
UFH.46 However, the SYNERGY trial, which randomized 
patients with NSTEMI to treatment with either unfraction-
ated heparin or subcutaneously administered enoxaparin, 
found higher rates of bleeding, especially in those patients 
who crossed over from one anticoagulant to the other.46,50 

The STEEPLE trial that randomized patients undergoing 
elective PCI to i.v. enoxaparin (0.5 mg/kg or 0.75 mg/kg 
before PCI) or UFH showed higher mortality rate with the 
0.5 mg/kg enoxaparin dose and a nonstatistically significant 
lower rate of major and minor bleeding with the 0.75 mg/kg 
dose compared with UFH.51

The anticoagulation effect of enoxaparin cannot be moni-
tored with activated partial thromboplastin time (aPTT) 
and ACT. LMWH pharmacokinetics may be not as predict-
able in patients with impaired renal function, morbid obe-
sity, weight <50 kg, or during pregnancy.45 LMWH should 
be used with caution in such patients.45 Antifactor Xa ac-
tivity can be measured where levels of 0.8 to 1.8 IU/mL 
are considered therapeutic but have not been well estab-
lished for PCI guidance.43,44 A Rapidpoint ENOX point- of-
care test was developed to test the anticoagulation effect 
of enoxaparin. An ENOX time range of 250-450 seconds 
corresponded with procedural anti-Xa level of 0.8-1.8 
IU/m, and <200-250 seconds was the safe range for sheath 
 removal.52 Sheath removal and manual compression may be 
performed 4 hours after the most recent i.v. enoxaparin dose 
or 6 to 8 hours after the last SC dose.46

Fondaparinux

Fondaparinux, a synthetic heparin pentasaccharide ana-
log, has a higher binding affinity to antithrombin than 
UFH and LMWHs, and exclusively neutralizes Factor Xa 
via antithrombin activation.53,54 Fondaparinux does not 
bind or interact with cellular elements, plasma proteins, or 
platelet factor 4 and does not induce thrombocytopenia.55 
Fondaparinux has a 100% bioavailability after SC injection 
and reaches peak serum levels 1.7 hours after its administra-
tion.55 Its half-life of 17 hours permits once a day dosing. 

Table 44-3 • Randomized Trials Comparing Enoxaparin to Unfractionated Heparin During PCI

Study Patient Population Treatment Outcome: Bleed Outcome: MACE

CRUISE91 261 patients, elective or urgent 
PCI, all received Integrilin

Enoxaparin 0.75 mg/kg i.v. 
UFH (60 U/kg, ACT >200)

Bleeding index
0.8
1.1

48 h
8.5%
7.6 %

SYNERGY50 10,027 patients, non-STEMI, 
early invasive strategy, received 
anticoagulant on admission

Enoxaparin 1 mg/kg 
S/Q q 12 h† (PCI 47%) 
Heparin 60 U/kg bolus, 
12u/kg/h maintenance 
(PCI 46%)

TIMI major: GUSTO 
severe
2.7-9.*
2.2-7.6

30 days
14.0%
14.5%

STEEPLE51 3528 patients, elective PCI, 
41% received GPIIb/IIIa 
inhibitors

Enoxaparin 0.5 mg/kg i.v. 
Enoxaparin 0.75 mg/kg i.v. 
UFH (ACT 300-350 sec)

Major + minor 
6.0%*
6.7%*
8.7%

30 days
7.2%
7.9%
8.4%

* p-value <0.05 versus UFH
† During PCI, if the last enoxaparin dose was given <8 h before balloon inflation, no additional enoxaparin was to be given. If the last enoxaparin dose was given ≥8 h before
balloon inflation, 0.3 mg/kg of i.v. enoxaparin was given before proceeding with PCI
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It does affect the ACT or aPTT and has no antidote.55 
Fondaparinux is, predominantly, cleared renally. 

The OASIS 5 trial randomized 20,078 patients with non-
STEMI to 2.5 mg/day SC fondaparinux or 1 mg/kg twice daily 
of SC enoxaparin for 6 days.53,54 In subgroup analysis of the 6238 
who underwent PCI, fondaparinux had comparable 9-day rate 
of death, MI, or stoke (5.3 versus 5.4%),  significantly lower 
9-day rate of major bleeding (2.4% versus 5.1%). However, 
a significant increase in catheter-related thrombus (0.9 ver-
sus 0.4%) occurred. To prevent this, it is recommended that 
UFH be administered at the time of PCI in patients receiving 
fondaparinux for ACS. This approach has not been observed 
to increase bleeding risk.54

Fondaparinux is preferred in ACS patients at increased risk of 
bleeding (Class I) and is administered at a dose of 2.5 mg SC 
once daily.43 It should be avoided in patients with a creatinine 
clearance <30 cc/min. As mentioned above, fondaparinux 
should not be used as the sole anticoagulant during PCI be-
cause of increased risk of catheter thrombosis. Again, supple-
mental UFH should be administered prior to PCI.5

Direct Thrombin Inhibitors

Direct thrombin inhibitors (DTIs) bind to and inactivate 
thrombin directly without the need to bind to antithrom-
bin as is the case with the heparins. Of the i.v. DTIs avail-
able in the U.S., bivalirudin is approved for use in ACS 
and PCI. Lepirudin and argatroban are approved for use 
in patients with heparin-induced thrombocytopenia.56 
Thrombin exocite 1 binds fibrinogen and then the active 
site cleaves fibrinogen via a serine protease.56 Bivalent in-
hibitors such as lepirudin and bivalirudin bind to exosite 
site 1 and to the active site while univalent inhibitors such 
as argatroban bind to the active site only.56 Bivalent inhibi-
tors tend to be more selective and have a higher affinity for 
thrombin.56 

Hirudin is a 65-amino acid polypeptide that was originally 
isolated from the salivary glands of the leech Hirudo me-
dicinalis. Lepirudin is manufactured by recombinant DNA 
technology and differs from hirudin by the two amino acids 
at the amino terminal and by lack of the sulfate group on 
tyrosine at position 63.56 Lepirudin binds to thrombin in 
an irreversible 1:1 stoichiometric complex and thus has 
no antidote.56 Bivalirudin is a 20-amino acid polypeptide 
synthetic analog of hirudin. Bivalirudin binds to thrombin 
in a 1:1 stoichiometric fashion, but once bound, thrombin 
cleaves the active site of the bivalirudin molecule and al-
lows recovery of thrombin activity.56 This results in a weaker 
and short-lived thrombin inhibition.56 Argatroban is a syn-
thetic derivative of arginine. It binds reversibly to thrombin 
in a 1:1 stoichiometric complex and does not inhibit other 
serine proteases.56

Compared to UFH, DTIs can inhibit clot-bound thrombin, 
are not inhibited by circulating inhibitors, do not bind to 
plasma proteins, and do not activate platelets but inhibit 
thrombin-mediated platelet activation. Bivalirudin will 
be discussed in what follows as it is the only DTI used 
during PCI. 

Intravenously administered bivalirudin has linear pharma-
cokinetics, a small volume of distribution, and rapid plasma 
clearance.56 Around 80% of bivalirudin is degraded by blood 
peptidases. The degraded fragments and 20% of the active 
drug are cleared renally.56 Bivalirudin has immediate onset 
of action, a half-life of 25 minutes in patients with normal 
renal function, and respective half-lives of 57 and 210 min-
utes in patients with severe renal impairment and patients 
on dialysis.56 The anticoagulation effect can be monitored 
with ACT or aPTT and returns to normal within 1-2 hours 
from infusion termination.56

The ACC/AHA 2007 Guidelines for the Management 
of Patients with Unstable Angina or Non-ST Elevation 
Myocardial Infarction consider bivalirudin to have estab-
lished efficacy for patients in whom an invasive strategy 
is planned (Class I).43 In patients who have received up-
stream bivalirudin as initial antithrombin therapy for acute 
coronary syndrome, an additional 0.5 mg/kg i.v. bolus is 
given prior to PCI and the infusion rate is increased to 1.75 
mg/kg/h.43 In patients not receiving bivalirudin as medical 
therapy prior to the decision to proceed with PCI, bivali-
rudin is administered with an initial, 0.75 mg/kg i.v. bolus 
prior to PCI along with a maintenance infusion of 1.75 mg/
kg/h. An additional 0.3 mg/kg i.v. bolus is administered if 
ACT <225 seconds, although most operators do not check 
ACTs since it is rarely subtherapeutic. The infusion rate 
should be reduced by 20% in patients with moderate renal 
insufficiency, by 60% in patients with severe renal insuffi-
ciency, and by 90% in patients on dialysis. The bivalirudin 
infusion is usually discontinued at the conclusion of the 
PCI.43 However, some operators will continue the infusion 
for 1 to 3 hours if the patient did not receive preloading 
with clopidogrel.

In a meta-analysis of eleven earlier studies that com-
pared DTI to UFH in 35,970 patients with acute coronary 
 syndrome, DTI showed a significant reduction in 30-day 
death or MI.57 The benefit was seen with hirudin and 
 bivalirudin and not with argatroban. The risk of bleed-
ing was higher with hirudin and lower with bivalirudin 
in comparison to UFH.57 The results of pivotal studies 
using bivalirudin during PCI are listed in Table 44-4. 
A  meta-analysis of BAT, CACHET, and REPLACE 1 
trials that compared bivalirudin to UFH during PCI 
showed that the absolute benefit in ischemic and bleed-
ing  complications increased with decreasing creatinine 
clearance.58
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The REPLACE2 and ACUITY trials showed that bivali-
rudin monotherapy was as effective as UFH or enoxaparin 
plus a GPIIb/IIIa inhibitor or bivalirudin plus a GPIIb/IIIa 
inhibitor in preventing ischemic complications but had sig-
nificantly lower rates of major bleeding in stable PCI and 
NSTEMI/ACS patients, respectively.59 Similar results were 
noted in the HORIZONS AMI trial, which compared bi-
valirudin with GPIIb/IIIa inhibitor in patients undergoing 
primary PCI for ST  elevation MI.

Oral Anticoagulants

Warfarin was included in the antithrombotic therapy regi-
men with the first generation Gianturco-Roubin 1 and 
Palmaz-Schatz coronary stents. Colombo et al., however, 
demonstrated that high pressure stent deployment was as-
sociated with a very low stent thrombosis and major bleed-
ing rate with aspirin and 4 weeks of ticlopidine therapy. 
The Stent Antithrombotic Regimen Study (STARS) spe-
cifically randomized patients to three arms: aspirin alone, 
aspirin + warfarin, and aspirin + ticlopidine.60 The trial 
showed conclusive advantage of aspirin + ticlopidine with 
a stent thrombosis rate of 0.5% over aspirin alone with 
stent thrombosis of 3.6% or aspirin and warfarin with stent 
thrombosis rate of 2.7% Hence, warfarin has no present role 
as an adjunctive medicine for PCI except in patients with 
other indications for long-term anticoagulation. 

OTHERS

Intracoronary Thrombolytics

Several trials tested the intracoronary administration of 
thrombolytic agents for thrombus-laden lesions in the bal-
loon angioplasty era. Agents tested included urokinase, 
streptokinase, and tPA. In the era prior to stenting and dual 
antiplatelet therapy, the intracoronary administration of 
thrombolytics for NSTEMI-ACS patients with thrombus-
laden lesions did not demonstrate any benefit. Specifically, 
the UTOPIA trial administered tPA without apparent 
 benefit.61

VASODILATOR USE

Nitroglycerin Use

Nitrates produce their vasodilatory effects by entering vascu-
lar smooth muscle cells and interacting with sulhydryl groups 
to form nitric oxide that stimulates guanylate cyclase to pro-
duce cGMP that causes smooth muscle relaxation. Nitrates 
dilate the large coronary arteries and the arterioles >100μm 
in diameter. Intracoronary nitrates are used to reverse coro-
nary artery spasm in situations of spontaneous, catheter, guide 
catheter, or device- (guide wire, rotablation, IVUS) related 

Table 44-4 • Randomized Trials Comparing Bivalirudin to Other Anticoagulants 
or GPIIb/IIIa Inhibitors During PCI

Study Patient Population Treatment Outcome: Bleed Outcome: MACE
BAT 4098 patients, unstable 

angina, or post infarct 
angina

Bivalirudin bolus + 20 h 
infusion UFH bolus +
18-24 h infusion

All bleed
3.8%*
9.8%

In hospital
11.4%
12.2%

CACHET 268 patients, 
elective PCI

Bivalirudin 1mg/kg 
bolus + inf + reopro
Bivalirudin 0.5 mg/kg 
bolus + inf ± reopro
Bivalirudin 0.75 mg/kg 
bolus + inf ± reopro
UFH 70 u/kg bolus + reopro

Major bleed
3.3%
2.4%
0%
4.3%†

Discharge or 7 days
0%
4.7%
0%
6.4%†

REPLACE 192 1056 patients, elective 
or urgent PCI, 72% 
received GPIIb/IIIa inh

Bivalirudin bolus/inf
UFH 70 U/kg bolus 

Major bleed
2.1%
2.7%

48 h
5.6%
6.9%

REPLACE 293 6010 patients, urgent or 
planned PCI

Bivalirudin +/– GPIIb/IIIa inh
UFH + GPIIb/IIIa inh

Major bleed
2.4*
4.1

30 days
7.6%
7.1%

ACUITY59 7789 of 13,819 patients, 
unstable angina or NSTEMI, 
underwent PCI

Bivalirudin
Bivalirudin + GPIIb/IIIa inh
Enoxaparin or UFH + GPIIb/IIIa inh

Major bleed
4% *
8%
7%

30 days
9%
9%
8%

* p<0.05
† p<0.05 of UFH compared to combined bivalirudin groups
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spasm. The dose ranges from 50 to 300 μg that could be re-
peated if need be and if systolic blood pressure >90 mm Hg. 
Prophylactic administration of intracoronary nitrates is com-
monly used before IVUS and rotablation device activation. 

No-reflow Treatment

No-reflow is the failure of restoration of myocardial blood 
flow despite the mechanical relief of the stenosis. No-reflow 
complicates 0.5-3% of PCIs and occurs more commonly 
in SVG and acute MI PCIs.62 No-reflow results from dis-
tal embolization of atherosclerotic debris, thrombi, or both 
that cause vasospasm of the microvascular circulation.63 
Vasodilators are the first line therapy of no-reflow and in-
clude sodium nitroprusside, adenosine, calcium channel 
blockers ( verapamil, cardizem, nicardipine), nicorandil, or 
papaverine. These agents should be preferably administered 
via a distally placed infusion catheter or perfusion balloon. 
The studies that evaluated no-reflow therapy are small. The 
more commonly studied drugs are verapamil, adenosine, 
nicardipine, and nitroprusside. Intracoronary verapamil bo-
luses of 50 to 200 μg up to 900 μg have been used to treat 
no-reflow with 60-100% success rates in different PCI set-
tings, including SVG and rotablation interventions.63-65 
Nitroglycerin administration did not have any effect on 
alleviating no-reflow.63,64 Intracoronary adenosine boluses 
of 10-20 μg have used to treat no-reflow with 90% success 
rate in SVG PCI66,67 Rapid and repeated boluses (>5 bo-
luses) of 24 μg adenosine doses alleviated no-reflow in 91% 
of patients compared to 33% of patients who had <5 ad-
enosine boluses.68 Intracoronary 50-200 μgm nitroprusside 
boluses up to 1000 μg doses to treat no-reflow improved the 
TIMI grade and the TIMI frame count in native and SVG 
PCI69 and in PCI for acute MI.70,71 Nicardipine (200 μg) bo-
luses reversed no-reflow in 99% of patients in one study72 
and were beneficial in decreasing the rate of no-reflow in 
SVG PCI when administered prophylactically.73 Nicorandil, 
an ATP-sensitive potassium channel opener, prevented the 
occurrence of no-reflow more effectively (2.7-4.5%) during 
rotablation compared to verapamil (11.8-17.4%).74-76 The 
combination of sequential adenosine with nitroprusside and 
adenosine with nicorandil boluses improved no-reflow bet-
ter than adenosine alone.77-79

Fractional Flow Reserve 
and Coronary Flow Reserve

Adenosine is the commonly used vasodilator in the U.S. to 
induce maximal hyperemia during studies of coronary physi-
ology with the pressure wire to determine fractional flow 
reserve (FFR ) or with the flow wire to determine coronary 
flow reserve (CFR). Adenosine stimulates the A2 receptor 
of vascular myocytes to produce microvascular dilation.80 
The peak effect of intracoronary adenosine occurs within 
10 seconds of its administration and its duration of action is 

around 20 seconds.80 Optimal hyperemia is achieved with in-
tracoronary boluses of 40 μg in the right coronary artery and 
60 μg in the left coronary artery.80 Higher doses (in 20-30 μg 
increments) up to a maximum dose of 150 μg have been 
used when the FFR was in the borderline range of 0.75-0.8.80 
Intravenous infusion of 140 μg/kg/min of adenosine allows 
measuring a pullback FFR and provides a more pronounced 
hyperemia than high doses of intracoronary adenosine.81 
The peak effect is usually achieved within 1 to 2 minutes.81 
Side effects of adenosine include bronchospasm, chest pain, 
dyspnea, flushing, and AV block (more common with in-
tracoronary administration especially in the right coronary 
artery). Adenosine causes modest hypotension and modest 
increase in heart rate. The side effects are short lived and 
usually well tolerated. Aminophylline (50-100 mg) can be 
administered to reverse severe side effects of adenosine. 

Papaverine is not commonly used in the United States. Its 
mechanism of action is not entirely clear, but is thought to 
inhibit the phodiesterase enzyme, causing elevation of cy-
clic AMP levels and subsequent vasodilation. Intracoronary 
papaverine has peak effect within 10 to 30 seconds from ad-
ministration and lasts for 45 to 60 seconds, allowing its use to 
measure pullback FFR.80 The dose is 12-16 mg for the right 
coronary artery and 16-20 mg for the left coronary  artery.80 
Intracoronary papaverine had comparable steady state hy-
peremia to 140 μg/kg/min of intravenous adenosine.82,83 
Papaverine can prolong the QT interval, which may trig-
ger serious ventricular arrhythmias.83 When combined with 
some of the ionic contrast agents crystallization can occur.83 
Additionally, it increases coronary venous lactate produc-
tion that may produce myocardial ischemia.83

MISCELLANEOUS AGENTS

Preprocedural Statins

Pre-PCI administration of statins has been shown to reduce 
post-PCI ischemic complications. It is thought that the 
pleotropic effects of statins mitigate the induced vascular 
injury during PCI.84 Preprocedural statins reduced the inci-
dence of postprocedural non Q wave MI defined by CK-MB 
or troponin elevations, as well as 30-day and 6-month mor-
tality in one study.84 The type and dose of statin were vari-
able. Treatment duration ranged from 12 hours pre-PCI to 
>1 week pre-PCI.84 There are no current recommendations 
regarding the optimal dosing and timing of pre-PCI treat-
ment with statins.

Preprocedural Beta-blockers

Beta-blocker administration during PCI is thought to pro-
tect a patient from myocardial injury resulting from distal 
embolization.85 Administration of 15μ/kg of intracoronary 
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propanolol before PCI reduced post-PCI CK-MB and troponin 
T elevations, as well as 30-day rates of major adverse cardiac 
events.85 Pre-PCI administration of oral beta- blockers was 
shown to be protective in one observational study and non-
protective in one observational and one  randomized trial.86
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techniques, and EMB is often needed for diagnostic, prog-
nostic, and therapeutic monitoring purposes. 

EMB was first performed by the nonsurgical route in 1958. 
In 1962, Sakakibara and Konno first introduced the flex-
ible bioptome which was later modified by Caves for EMB 
via a transvascular approach. The present day, single-use, 
Stanford–Caves flexible bioptome allows pinched percu-
taneous right ventricle (RV) biopsies through jugular, sub-
clavian, and femoral venous access by altering the sheath 
lengths. EMB is a safe, simple, and effective interventional 
procedure with a very low rate of morbidity and mortality 
when perfomred by experienced operators.

PROCEDURE

RV Biopsy

The interventricular septum is the preferred biopsy site 
 because of its thickness, its continuity with the left ventri-
cle, and its location in the natural path of blood flow, which 
facilitates bioptome access. The right ventricular free wall 
and right ventricular apex are avoided because of the risk 
of free wall perforation and tamponade. Fluoroscopy is the 
standard imaging modality for biopsy guidance, but it can 
also be done safely with echocardiographic (ECG) guid-
ance, which is invaluable for native heart biopsies and for 
biopsies of tumors or certain locations in the heart which 
cannot be ascertained by fluoroscopy alone. 

The right internal jugular vein is the favored access site for 
EMB, which is performed in a supine position under local
anesthesia. Routine 3-lead ECG monitoring, noninvasive 
blood pressure monitoring, and oxygen saturation monitor-
ing is done throughout the procedure. The head of the pa-
tient is placed on a flat cushion to facilitate puncture, and 
the table is positioned head-low or a wedge is placed under 
the legs to increase central venous filling and engorge the 

ENDOMYOCARDIAL BIOPSY

Endomyocardial biopsy (EMB) is a well-established proce-
dure for evaluating allograft rejection after heart transplant. 
However, the role of EMB in the diagnosis of many other 
primary and secondary cardiovascular conditions remains 
controversial. Although noninvasive imaging techniques 
and biochemical, and serological tests have improved con-
siderably, there are still considerable limitations to these 

• Endomyocardial biopsy (EMB) is diagnostic for 
cardiac allograft rejection and helps in manage-
ment. In this setting the risk of perforation and 
tamponade is low.

• EMB in the cardiac nontransplant setting is con-
troversial and has a higher risk of complications, 
especially perforation leading to tamponade.

• The decision to do an EMB in a non-transplant 
setting is dictated by the prebiopsy likelihood of 
the disorder and the availability of effective ther-
apy based on the histological diagnosis.

• The 2007 AHA/ACC/ESC scientific statement 
includes 14 nontransplant clinical scenarios and 
qualifies where EMB is appropriate, reasonable 
or contraindicated.

• The Dallas criteria standardize histopathological 
interpretation of cellular myocarditis.

• The US Myocarditis Trial did not show a benefit 
for immunosuppressive treatment for histologi-
cally proven myocarditis.

d PRACTICAL POINTS

Endomyocardial Biopsy
Michael Craig and Valerian Fernandes
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vein for easier access. Ultrasound guidance or a Doppler 
“smart needle” is used for localizing the internal jugular vein 
in patients with difficult anatomy. The access is done by 
Seldinger technique. In some patients for whom the biop-
tome tends to “hang up” over the superior vena caval suture 
line or over the tricuspid valve annulus, a longer sheath 
is used to bypass the impeding structure, thereby limiting 
trauma and facilitating the biopsy. 

When right internal jugular vein access is not possible, EMB 
can be done via the left internal jugular vein, right or left sub-
clavian veins, or via the femoral veins. When these accesses 
are needed for EMB, a long sheath is mounted over a 6-Fr 
pigtail catheter and positioned across the tricuspid valve into 
the right ventricle. A flexible bioptome can then easily access 
the interventricular septum for biopsy. Long sheaths tend to 
clot easily and hence they must be flushed continuously or 
repeatedly between biopsies. Alternatively 1000-2000 units 
of heparin (i.v.) help to keep the long sheath clot-free.

LV Biopsy

No significant differences exist between biopsies from the 
right or left ventricle. Sometimes, a left ventricle (LV) bi-
opsy may be necessary for cardiomyopathic processes lim-
ited to the left ventricle or rarely for biopsies of masses. The 
femoral artery is the favored access site for LV biopsy. A pre-
formed sheath is inserted over a 6-Fr pigtail catheter into 
the LV, and biopsies are taken with a long flexible bioptome. 
Arterial sheaths are maintained under constant pressurized 
infusion and patients are systemically anticoagulated with 
heparin to reduce the risk of systemic embolization.

ANALYSIS OF EMB TISSUE

Samples should be obtained from more than one region of 
the RV septum and the number of samples should range 
from 5 to 10, depending upon the studies to be performed. 
At least 4-5 samples are generally submitted for light micro-
scopic examination. Samples may be submitted for trans-
mission electron microscopy, particularly if the clinical 
question is anthracycline cardiotoxicity, infiltrative disor-
ders (e.g., amyloidosis), and occasionally viral myocarditis. 
Routine testing for viral genomes in EMB specimens is only 
recommended at centers with extensive experience in viral 
genome analysis. Conditions that can be diagnosed with 
EMB are shown in Table 45-1.

COMPLICATIONS OF EMB

Before EMB, the diagnostic yield, prognostic value, and 
the availability of therapy for a given disorder should be 
considered against the risk of complications. The overall 

incidence of serious complications is <2% and the risk of 
perforation is <1%. The incidence of death in a large series 
is about 0.03%. The risks of perforation and tamponade are 
low when EMB is done for transplant rejection evaluation, 
because of the adherent pericardium overlying the right 
ventricle. ECG guidance is used along with fluoroscopic 
imaging to reduce the risk of perforation and tamponade in 
surgically naive hearts. In higher risk cases, a right ventricu-
logram (LAO cranial projection) with delayed phase left 
ventriculogram will delineate the interventricular septum 
and aid in the biopsy.

The risk of perforation is higher when there is ventricular 
dilatation, elevated RV systolic pressures, bleeding diath-
esis, or heparin anticoagulation. Unrecognized perforations 
causing tamponade cause the majority of deaths after EMB. 
Echocardiography should be done whenever there is a suspi-
cion of perforation. Small perforations in transplanted hearts 
can usually be managed conservatively without need for 
pericardiocentesis. However perforation in hearts that have 
not been subject to pericardiotomy (previous cardiac sur-
gery) can result in tamponade very quickly and need emer-
gent pericardiocentesis to restore hemodynamic stability.

Cardiac transplant recipients who undergo repeated sur-
veillance biopsies may develop significant tricuspid regur-
gitation from repeated tricuspid valve injury or develop 

Table 45-1 • Conditions That Can Be Diagnosed 
with EMB

Inflammatory

Cardiac allograft rejection
Myocarditis (lymphocytic, giant cell, 

hypersensitivity/eosinophilic)
Rheumatic myocarditis
Infections (bacteria, fungi, rickettsia, Chagas)
Collagen vascular disease

Restrictive/Infiltrative heart disease

Amyloidosis
Hemochromatosis
Sarcoidosis
Endocardial fibroelastosis
Hypertrophy
Fibrosis
Storage disorders—mucopolysaccharidosis

Malignancy/treatment

Anthracycline cardiomyopathy
Cytoxan
Radiation fibrosis
Carcinoid tumors
Malignancy (primary and metastatic tumors/lymphoma)

Miscellaneous

Myocardial ischemia/scar
TTP
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arterio-venous fistulae in the heart. The early and delayed 
complications are summarized in Table 45-2.

Indications

The indications for EMB can be divided into two main set-
tings: a) post-cardiac transplant surveillance and evaluation 
for allograft rejection; or b) non-cardiac transplant setting.

Cardiac Allograft Rejection
The most universally well-accepted indication for EMB is 
monitoring for cardiac allograft rejection. Acute cellular re-
jection significantly contributes to mortality and morbidity 
after cardiac transplantation, accounting for 6.7% of mor-
tality during the first month and for 12% of mortality dur-
ing the first year after transplantation. While some patients 
may manifest with constitutional symptoms or symptoms 

of heart failure (HF) or arrhythmia, most patients with al-
lograft  rejection may remain asymptomatic. Hence, EMBs 
are performed repeatedly after transplantation with contin-
uously increasing intervals for surveillance.

Grading of rejection. Biopsy specimens are prepared for light 
microscopy by hematoxylin-eosin staining. Additionally, bi-
opsy specimens can also be frozen for immunohistochemical 
studies, as C4D-staining for assessment of humoral rejection or 
for detection of viruses in myocarditis. Morphologically, acute 
rejection is a mononuclear inflammatory reaction of, pre-
dominantly, lymphocytes against the myocardium. Grading 
of rejection is performed according to the guidelines of the 
International Society for Heart and Lung Transplantation, 
which was revised in 2004 as shown in Table 45-3.

Nontransplant Setting
The current indications for EMB in a nontransplant set-
ting are dictated by two main considerations. The first is 
the anticipated yield of the procedure, given the clinical, 
pre-biopsy probability of a given disorder. The second major 
consideration is the availability of effective therapy for the 
diagnosis that is obtained. EMB should be used in clinical 
scenarios in which the prognostic and diagnostic value of 
the information gained outweighs the procedural risks. 

In a case series of 1230 patients with an initially unexplained 
cardiomyopathy who underwent complete diagnostic evalu-
ation including EMB, a clinical diagnosis was established in 
only 50%, but a specific histologic diagnosis from EMB was 
obtained in only 15% of patients. These data suggest that 
therapeutically relevant information that cannot be obtained 
by less invasive means is low in the general heart failure popu-
lation. Therefore, before considering EMB, a comprehensive 

Table 45-2 • Acute and Delayed Complications 
of EMB

Acute

Death
Cardiac Perforation
Tamponade
Pneumothorax
Arrhythmia
Heart Block
Pulmonary embolism
Arterial puncture
Nerve paresis
Venous hematoma
Tricuspid valve damage
Arterio-venous fistula

Delayed

Access site bleeding
Tricuspid valve damage
Tamponade
Deep vein thrombosis
Arterio-venous fistulae

Table 45-3 • ISHLT Grading of Rejection

1990 ISHLT Grading 2004 ISHLT Grading

Grade 0 No evidence of rejection Grade 0 R No rejection

Grade Ia

Grade Ib

Grade II

Focal perivascular or interstitial infiltrate 
without myocardial injury

Multifocal or diffuse sparse infiltrate 
without myocardial injury

Single focus or dense infiltrate 
with myocyte injury

Grade 1 R Mild rejection

Grade IIIa Multifocal dense infiltrates 
with myocyte injury

Grade 2 R Moderate 
rejection

Grade IIIb
Grade IV

Diffuse, dense infiltrates 
with myocyte injury

Diffuse and extensive polymorphous 
infiltrate with myocyte injury; 
may have hemorrhage, edema, 
and microvascular injury 

Grade 3 R Severe rejection

ISHLT: International Society for Heart and Lung Transplantation, Zoghbi and Hillegass
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evaluation for common forms of cardiomyopathy should be 
performed.

However, certain uncommon myocardial disorders that have 
unique prognoses and treatment, such as giant cell myo-
carditis and cardiac sarcoidosis, cannot be diagnosed by less 
invasive tests. Other special situations for which EMB can 
provide unique information include disorders associated with 

hypereosinophilia, certain restrictive cardiomyopathies, and 
myocarditis associated with connective tissue disorders. 

Because decisions to proceed with EMB are made on the 
basis of clinical presentations and not on pathological 
 diagnoses, the 2007 AHA/ACC/ESC scientific statement 
included 14 nontransplant clinical scenarios in which EMB 
might be considered. (Figure 45-1)

Indi cations for EMB

Definite
class I

Suspected
cardiac tumors

Unexplained
cardiomyopathy

children

Unexplained
ventricular
arrhythmia

Suspected
ARVD/C

Inadequate
evidence
class IIb

Adequate evidence
class IIa

Atrial fibrillation

Contraindicated
class III

Reasonable
class II

CHF 2 weeks-3
months

• dilated LV
• electrically
 unstable
• treatment
  refractory

CHF <2 weeks
• normal/dilated LV
• hemodynamically
 unstable

CHF >3 months
• dilated LV
• electrically
 unstable
• treatment
 refractory

CHF 2 weeks-3
months

• dilated LV
• electrically stable
• treatment
 responsive

CHF > 3 months
• dilated LV
• electrically
  stable
• treatment
 responsive

CHF
• unexplained
 hypertrophic
 cardiomyopathy

CHF
• unexplained
 restrictive
 cardiomyopathy

CHF
• dilated
 cardiomyopathy
• allergic reaction
• eosinophilia

CHF
• anthracycline
 toxicity

Figure 45-1. Organizational chart shows the indications and the appropriateness of EMB in various 
 clinical nontransplant settings.
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EMB Indicated
Unexplained new-onset HF of less than 2-week • 
 duration associated with a normal-sized or di-
lated left ventricle in addition to hemodynamic 
 com promise.
Unexplained new-onset HF of 2 week to 3 month • 
duration associated with a dilated left ventricle and 
new ventricular arrhythmias, Mobitz type II second-
degree AV block, third-degree AV block, or failure to 
respond to usual care within 1 to 2 weeks.

EMB Reasonable (Weaker Indication)
Unexplained HF of more than 3 months duration • 
associated with a dilated left ventricle and new ven-
tricular arrhythmias, Mobitz type II second-degree 
block, third-degree atrioventricular block, or failure 
to respond to usual care within 1 to 2 weeks. 
Unexplained HF with a dilated cardiomyopathy of • 
any duration associated with a suspected allergic reac-
tion in addition to eosinophilia. 
Unexplained HF associated with suspected anthracy-• 
cline cardiomyopathy. 
HF associated with unexplained restrictive cardio-• 
myopathy. 
Suspected cardiac tumors, with the exception of typi-• 
cal myxomas. 
Unexplained cardiomyopathy in children. • 

EMB Reasonable (Weak Indication)
Unexplained new-onset HF of 2 week to 3 month • 
duration associated with a dilated cardiomyopathy 
(DCM), without new ventricular arrhythmias or 
 Mobitz type II second-degree AV block, or third-
 degree AV block, that responds to usual care within 
one to two weeks. 
Unexplained HF of more than 3 months duration • 
associated with a DCM, without new ventricular ar-
rhythmias or Mobitz type II second-degree AV block, 
or third-degree AV block, that responds to usual care 
within 1 to 2 weeks. EMB in this setting if myocardial 
iron overload is suspected and other evaluation is in-
conclusive. 
Heart failure associated with unexplained hyper-• 
trophic cardiomyopathy. EMB in this setting if an 
infiltrative or storage disease is suspected and other 
evaluation is inconclusive. 
Suspected arrhythmogenic RV dysplasia. EMB in this • 
setting if other evaluation in inconclusive. 
Unexplained arrhythmias. EMB in this setting only in • 
exceptional cases in which the perceived likelihood of 
benefit outweighs the potential risk. 

EMB Contraindicated
Unexplained atrial fibrillation. • 

MYOCARDITIS

Myocarditis is an inflammatory disorder of the heart muscle 
caused by infectious organisms or autoimmune inflammatory 
conditions. Quite often the clinical diagnosis of myocardi-
tis is not substantiated by histologic diagnosis. In the US 
Myocarditis Treatment Trial <10% of patients with clini-
cally diagnosed myocarditis had histopathologic evidence 
of myocarditis, based on the Dallas criteria. Even using the 
European study of Epidemiology and Treatment of Cardiac 
Inflammatory Diseases (ESETCID) criteria, which included 
immunohistochemical variables of myocardial inflammation 
(enterovirus, cytomegalovirus, and adenovirus-persistent 
viral genome), in addition to light microscopy histologic 
features, the diagnosis of myocarditis was established in only 
17.2% of 3055 patients screened.

US Myocarditis Treatment Trial (1995)

This trial evaluated 2200 candidates with clinically sus-
pected myocarditis, but only 10% had myocarditis accord-
ing to the Dallas criteria. Of these 214 patients, 111 were 
randomized to placebo versus prednisone and cyclosporine. 
The increase in EF and survival outcomes in both groups 
was similar.

Dallas Criteria

Because of significant interobserver variability in the diag-
nosis of myocarditis even by experienced pathologists, the 
Dallas criteria were introduced to standardize interpretation 
of myocarditis, and they are based on the presence of lym-
phocytic infiltrate with associated myonecrosis by light mi-
croscopy. Despite such standardization, a poor concordance 
remains among clinical presentation, histology, and the 
presence of viral genome in heart tissue. Even five samples 
of biopsy material may be inadequate (sampling error) to 
detect myocarditis if it is patchily involved. 

COMMON MYOCARDITIS THAT 
CAN BE DIAGNOSED BY EMB

Lymphocytic Myocarditis

Patients generally present with sudden onset of severe LV 
failure within 2 weeks of a viral illness. The cytolytic effect 
of viral myocyte infection is likely responsible for the heart 
failure. The sensitivity of EMB for lymphocytic myocarditis 
is variable and depends on the duration of the illness. If the 
symptom duration is <4 weeks, up to 89% may have lym-
phocytic myocarditis, but the general yield is between 10 
and 35%. There is no clear treatment, but the EMB provides 
valuable prognostic information and also excludes more ful-
minant conditions. The EF improves by 10% in one year, but 
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there is residual dilatation and dysfunction with a long-term 
mortality of 55% in 5 years without heart transplantation. 

Giant Cell Myocarditis (GCM)

GCM manifests as acute severe heart failure with ventric-
ular tachycardia, high-grade AV blocks or acute coronary 
syndrome. It is associated with a variety of autoimmune 
disorders, thymoma, and drug hypersensitivity. The heart 
failure does not respond to the usual measures and the 
transplantation-free survival is 5.5 months. Histology re-
veals characteristic giant cells associated with myocardial 
inflammation and fibrosis. EMB in this setting has a sensi-
tivity of 80-85% for GCM and influences treatment with 
immunosuppressant medications, choice of biventricular 
support device rather than LV support alone, and need for 
early transplant. Immunosuppressive Rx (cyclosporine) 
may improve transplantation-free survival from 3 months 
to 12.3 months. Because GCM may recur in transplanted 
hearts, EMB helps in transplant surveillance and vigil for 
recurrence.

Hypersensivity Myocarditis (HSM)

Hypersensivity myocarditis is an uncommon disorder, which 
could manifest as sudden death, rapidly progressive heart 
failure, or even as chronic DCM. Rash, fever, or peripheral 
eosinophilia may be seen in a minority of cases and a tem-
poral association of initiation of a new medication may be 
present. The ECG shows nonspecific ECG changes and or 
infarct patterns consistent with myocarditis changes. The 
hallmark histological finding is perivascular and interstitial 
eosinophilic infiltrate with minimal myocyte necrosis. EMB 
may lead to withdrawal of offending medications and ad-
ministration of corticosteroid therapy. 

Necrotizing Eosinophilic Myocarditis

This is a rare condition which usually manifests with biven-
tricular heart failure with underlying hypereosinophilic 
syndrome. Peripheral eosinophilia may be absent at presen-
tation. The condition may progress rapidly and ventricular 
arrhythmia may lead to sudden death. It is associated with 
parasitic infection, some malignancies and early endocardial 
fibrosis. The histology reveals diffuse inflammatory infil-
trate, predominant eosinophils with extensive myocyte ne-
crosis. EMB can establish this diagnosis and also distinguish 
it from GSM and HSM.
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• The key to chest film evaluation lies in an organized 
examination of particular cardiac and pulmonary 
structures, recognizing the variance between ob-
servation and expected normal, and an awareness 
of common pathophysiologic mechanisms that can 
produce the observed changes.

• A successful approach to plain-film cardiac diagno-
sis is based upon identification of particular border 
forming landmarks, observation of particular changes 
in the contours, reflecting pathologic change, and 
understanding those pathophysiologic mechanisms 
responsible for the constellation of changes found in 
a particular radiograph or series of radiographs.

• An organized approach to observation is dictated by 
evaluation of the particular silhouette contours. 

• The left heart border is formed from the aortic arch 
segment, the pulmonary artery segment, the left atrial 
appendage segment, and the left ventricular contour. 

• The right heart border is composed of the superior 
vena cava segment, the ascending aortic segment, 
and the right atrial segment. 

• The role of the chest film has shifted in the last half 
century from a central role in cardiac diagnosis and 
patient management to more of a measure of patient 
physiologic status. This change reflects the rise of 
more sensitive and accurate imaging modalities. 

• While the role of the plain chest film may wane in 
the era of advancing invasive means of monitoring 
physiologic status and more advanced imaging tech-
niques, continued technological advancement in car-
diac imaging will provide even more reliable means 
of acquiring high-resolution imagery, high rates of 
image data transfer, and high-volume archival de-
vices, and the plain chest film will remain the initial 
easily accessible, cost-effective, and effective diag-
nostic tool in this advancement in cardiac imaging.

d PRACTICAL POINTS

INTRODUCTION

The plain chest film contains a great deal of useful structural 
and physiologic information concerning the immediate con-
dition of the patient as well as pathophysiologic mechanisms 
accounting for the current state of the patient’s health. The 
key to successful chest film evaluation lies in organized eval-
uation of particular cardiac and pulmonary structure, recog-
nition of the variance between observation and expected 
normal state, and awareness of common pathophysiologic 
mechanisms that can produce the observed changes.

By convention, chest radiographs are obtained in the poster-
oanterior projection (i.e., the patient faces the detector or film-
screen combination, and the X-ray beam is transmitted from 
the patient’s back toward the detector). However, many radio-
graphs are obtained by portable technique and employ antero-
posterior projection (i.e., the patient lies on the film, and the 
technologist acquires the image from a beam passing from in 
front-to-in back of the patient). The difference in appearance 
of the chest image when obtained in posteroanterior versus an-
teroposterior projection is less significant than the difference 
between an upright and a supine radiograph. Furthermore, 
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the value of the examination is more significantly affected by 
 patient rotation than by the projection obtained. This is be-
cause the limited contrast resolution of the plain chest film 
cannot differentiate among ventricular myocardium and intra-
and extracardiac structures when patient rotation is present. 
That is, we recognize a cardiac contour because it forms a bor-
der of the heart. If rotated, either due to intrinsic cardiac or 
pulmonary disease or because of oblique patient position, and 
the expected structure forming a portion of cardiopulmonary 
silhouette does not rotate also, then either the X-ray cannot 
be evaluated, or, if such rotation is not recognized, the result-
ing diagnosis may be in doubt. Thus, a successful approach to 
plain film cardiac diagnosis is based upon identification of par-
ticular border-forming landmarks and observation of specific 
changes in the contours, reflecting pathologic change. In ad-
dition, the clinician must understand those pathophysiologic 
mechanisms responsible for the constellation of changes found 
in a radiograph or series of radiographs. In summary, approach 
to the plain film should be organized, rigorous, and complete.

APPROACH TO THE CHEST FILM

In evaluating the chest film, it is necessary one observe ev-
erything, doing so in the same way and the same order each 
time. Starting with the osseous structures, look at all the ribs 
and the interspaces between them. Fractures and asymmetric 
interspaces may be the only information relating to earlier 
palliative or curative cardiothoracic surgery (Figure 46-1).

Scoliosis, kyphosis, or pectus deformity may result in cardiac 
displacement or rotation within the chest, giving a normal 
heart the appearance of abnormality. In particular, pectus 
deformity limits the anteroposterior dimension of the mid 
chest, causing the heart to be displaced toward the left, giv-
ing the impression of clockwise rotation, and right heart en-
largement (Figure 46-2). 

Rib notching, the result of dilated intercostals collateral blood 
flow in coarctation of the aorta, is rarely seen in individuals 
under 8 or 9 years of age. When rib notching is present, it typ-
ically has a wavy lucent (eroded) appearance, showing along 
the underside of the mid-to-upper ribs, immediately subjacent 
to a sclerotic, proliferative bony response to the traumatic 
injury of systolic expansion against bone (Figure 46-3). 
Certainly, midline sternal sutures, or mediastinal clips and 
sutures are important signs of previous cardiac surgery.

Identify all lines, catheters, and cannulas, and be sure to un-
derstand where they enter the chest and where their tips lie. 
Identify any extra anatomic devices or objects, such as ster-
nal sutures, ventricular assist devices, pacemakers, or auto-
mated defibrillators (Figure 46-4). Many valvular prostheses 
are fabricated without the use of radio opaque materials and 
cannot be seen on chest exam. However, many do contain 

metallic rings and struts, so their presence, if not model type, 
can be identified (Figure 46-5). Coronary artery stents are 
radio-opaque, but small, and generally placed within the 
proximal coronary tree, which, on frontal radiograph, is lost 
over the spine, toward the center of the film.

Examination of the pulmonary parenchyma, pleura, and 
pulmonary vasculature may be performed prior to or after 
evaluation of the heart. In this chapter we will suggest that 
either is fine, but given the relationship between cardiac 
function and the appearance of the lungs, and the fact that 
the right and left sides of the heart communicate across the 
pulmonary bed, we will discuss pulmonary findings in the 
context of the appearance of the main pulmonary artery 
(PA) segment and hilar pulmonary arteries.

To assist and encourage organized evaluation of the heart and 
great arteries, one may divide the cardiothoracic silhouette 
(the heart and great vessels in the middle mediastinum) into 
a left heart border and a right heart border (Figure 46-6). 
Then, an organized approach to observation is dictated by 
evaluation of the particular contours. The left heart border 
is formed from the aortic arch segment, the pulmonary ar-
tery segment, the left atrial appendage segment, and the left 

Figure 46-1. PA examination in a 34-year-old man with a history 
of previous surgery, now complaining of shortness of breath. 
The trachea (T) is midline, and there is no apparent aortic arch 
segment. Notice (arrow) the asymmetry of the left upper rib, 
secondary to previous surgery to repair an aortic coarctation.
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ventricular contour. The right cardiothoracic border is com-
posed of the superior vena cava segment, the ascending aortic 
segment, and the right atrial segment. When observing these 
specific portions of the cardiothoracic silhouette, ask explicit 
questions about the appearance of these structures, and orga-
nize your answers in standardized, easy to convey terms. That 

Figure 46-2. PA and Lateral radiographs in a 60-year-old woman with pectus excavatum. A. PA examination shows displacement of 
the heart toward the left. Line CD is drawn through the midportion of the heart. Notice its displacement to the left of the midline (AB). 
B. On lateral view, the indentation of the lower sternum (arrows) pushes the heart. The left ventricle (LV) is projected over the lower 
thoracic spine.

Figure 46-3. PA radiograph of a 52-year-old man with an un-
operated aortic coarctation. The aortic arch segment is small. 
There are multiple erosions along the undersides of the upper 
and mid ribs (short arrows).

Figure 46-4. PA radiograph of a 56-year-old man with palpita-
tions. The midline sternal sutures (small arrows) and the tip of 
the automated defibrillator (long arrow) are identified.

A B
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is, first ask, “Can I identify this segment?” Then character-
ize the structure in simple terms; i.e., Is the structure normal 
(no  different than in comparison with what was expected)? 
If the answer is no, then, characterize the abnormality; i.e., 
Is the segment calcified or not, dilated or not, smaller than 
expected or not? In this way, the observer collects a series of 
observations that will provide the basis for generating a dif-
ferential diagnosis, and from this list (with appreciation of the 
patient’s history, physical examination, and laboratory val-
ues), a first, best diagnosis. 

EVALUATION OF THE 
CARDIOTHORACIC SILHOUETTE

Left Heart Border

Aortic Arch segment
The uppermost left contour of the cardiothoracic silhouette 
is the aortic arch segment. Anatomically, this portion of 
the border is formed by the compression of the distal aortic 

arch and proximal descending thoracic aorta into a two-
 dimensional “aortic knob.” The aortic arch displaces the 
midline trachea. Therefore, by definition, a left-sided aortic 
arch will displace the trachea toward the right. The con-
tour of the aortic arch segment should be sharp. Expected 
normal caliber of the aortic arch should be no greater than 
25 mm, measured from the left border of the tracheal air 
shadow to the lateral border of the aorta. As the aortic arch 
segment represents compression of a long aortic segment 
into a two-dimensional profile, the appearance depends sig-
nificantly on patient position during examination. That is, 
patient rotation has an important effect on the apparent size 
of this contour, and should be taken into consideration prior 
to suggesting a pathologic diagnosis. A common finding is 
partial, or circumferential, calcification of the arch segment, 
indicating systemic atherosclerosis (Figure 46-7). 

Not uncommonly, arch calcification is the only outward sign 
of atherosclerosis on the radiograph. Since atherosclerotic 

Figure 46-5. Enhanced AP radiograph of a 67-year-old woman. 
Midline sternal sutures are evident. There are 3 leads leaving the 
pacemaker in the subcutaneous tissues of the upper left chest 
(arrows 1, 2, and 3); one wire is in the right atrial append-
age (arrow 1’), right ventricle (arrow 2’), and coronary sinus 
(arrow 3’). In addition, the rings of valvular prostheses in the 
aortic (arrow 4), mitral (arrow 5), and tricuspid (arrow 6) 
positions are identified.

Figure 46-6. Normal PA examination from a 36-year-old man. 
The left-sided aortic arch (Ao) displaces the tracheal air shadow 
(T) toward the right. The main PA segment (arrow 1) passes just 
superior to the left main bronchus (black arrowheads) and is 
about the same caliber as the Ao. The left atrial appendage seg-
ment (arrow 2) is concave toward the right. Notice how the left 
ventricular contour (arrow 3) drops gently to the diaphragm. The 
superior vena cava segment (arrow 4) lies to the right of the T. 
The ascending aortic segment (arrow 5) is normal, barely making 
it to the right hilum. The normal right atrial contour (arrow 6) 
does not extend to the descending right pulmonary artery.
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calcification is intimal, the distance between the calcified 
aortic intima, and its outer border represents the thick-
ness of the aortic wall. Thus, an interval change in this 

measurement (Figure 46-8), or value greater than 8 mm, 
may represent changes secondary to aortic hematoma or dis-
section (separating the intima from the rest of the aortic 
wall). Thus, the aortic arch segment can be characterized 
as normal or not. If normal, then move on to the next por-
tion of the left heart border. If not, then characterize the 
abnormality. That is, determine if the aorta is calcified. 
Whether it is calcified or not, it may still be of normal cali-
ber. Furthermore, determine if the aorta is smaller or greater 
in caliber than expected. Dilatation of the aortic arch is de-
fined as the presence of an arch segment greater than 25 mm 
from trachea to left heart border (Figure 46-9). A small, 
or inconspicuous aortic arch segment is one that requires 
a second look to be sure that it is actually present (Figure 
 46-10). If the trachea is not displaced toward the right, 
then (1) the aortic arch may be small, or (2), it may not 
be present. The differential diagnosis of an abnormal aortic 
arch is given in Table 46-1.

Pulmonary Artery Segment

The pulmonary valve sits atop the right ventricular in-
fundibulum, lying in a variable plane, always nearly parallel 
to the body axis, and is thus not well visualized in the poster-
oanterior radiograph. The main pulmonary artery arises from 
the semilunar valve annulus, and then passes superiorly and 

Figure 46-7. PA examination of a 72-year-old woman with sys-
temic hypertension. The aortic arch is quite conspicuous, but not 
dilated. However, notice the circumferential arch calcification 
(arrowheads). The superior vena caval shadow (arrow 1) is sharp. 
Arrow 2 notes an incidental bony structure finding in this patient.

Figure 46-8. Cropped views from the PA chest films of a 67-year-old man presenting with upper back pain. (A) From the admitting 
radiograph. Thin curvilinear calcification (white arrows) is seen immediately subjacent to the lateral aspect of the aortic shadow. The 
distance between calcification and outer aortic edge is 4 mm. An additional calcification (black arrow) is also found, nearly 12 mm 
from the lateral aortic wall. (B) A previous exam, obtained 2 years prior to this admission, shows no change in the thin calcifications
(white arrows), but also that the larger calcification, which is now quite apart from the aortic wall, was not present at that time. This is 
evidence of an acute aortic dissection.
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posteriorly, and toward the left. The right pulmonary artery 
originates from the underside of the main PA and passes along 
the roof of the left atrium to enter the right hilum. The left 
pulmonary artery is the continuation of the main PA, after it 
crosses over the left main bronchus, to enter the left hilum. 
The main pulmonary artery segment (PA segment) of the left 
heart border is formed by the top of the main and the proxi-
mal portion of the left pulmonary artery. The projection of 
the PA segment is a round density, convex to the left (away 
from the heart), just above the projection of the left main 
bronchus. The “size” of the PA segment is nearly the same as 
the caliber of the aortic arch segment (i.e., right-sided car-
diac output equals left-sided output) (Figure 46-6). In other 
words, the mogul that displaces the tracheal air shadow is the 
aortic arch segment, and the mogul that is immediately supe-
rior to the projection of the bronchus is the PA segment. An 
unapparent aortic arch segment should not be characterized 
as a dilated PA segment, and a hypoplastic, or concave, PA 
segment should not be interpreted as a dilated aorta.

Pulmonary artery calcification is unusual and nearly always 
associated with a dilated PA segment and bilateral dilated 
hilar PAs and pulmonary hypertension (Figure 46-11). 
Increased pulmonary artery pressure, increased flow, and the 
combination of increased pressure and flow all cause dilata-
tion of the PA segment. Furthermore, these conditions are 
all associated with increased caliber of the hilar PAs, as well. 
Bilateral hilar adenopathy most commonly mimics dilated 
pulmonary arteries, but is not commonly associated with a 
dilated main PA segment. Increased PA pressure is the re-
sult of the response of the right ventricle to the elevation of 
pulmonary vascular resistance, which is controlled by the 
post hilar pulmonary bed. Thus, on radiographs of patients 
with pulmonary hypertension of any etiology, one expects 
to see the combination of dilatation of the PA segment and 
hilar PAs, associated with vasoconstriction of the peripheral 
bed. This produces a dramatic change in vessel caliber be-
tween the central and peripheral pulmonary vasculature. As 
vessel caliber in the periphery decreases, the smaller vessels 
fall beneath the spatial resolution of the imaging system and 

Figure 46-9. AP radiograph of a 73-year-old man with a cough. 
The aortic arch (Ao) is markedly enlarged (measuring 38 mm), 
representing an aneurysm. Notice the displacement of the tra-
cheal air shadow (T) to the right, by the proximal extension into 
the transverse arch.

Figure 46-10. PA radiograph from a 24-year-old man with 
coarctation of the aorta and bicuspid aortic valve stenosis. The 
aortic arch shadow (arrow 1) is small, and barely displaces the 
trachea (T) to the right. Also notice the rounded contour of the 
hypertrophied left ventricular segment (arrow 2) and the exten-
sion of the ascending aortic shadow (arrow 3) over the right 
hilum, secondary to post stenotic dilatation. 

Table 46-1 • Differential Diagnosis of an Abnormal 
Aortic Arch Segment

1. Dilated aortic arch
a. Aortic aneurysm
b. Aortic dissection
c. Aortic pseudoaneurysm
d. Mass adjacent to aortic arch
e. Left upper lobe collapse

2. Small or unapparent aortic arch
a. Coarctation of the aorta
b. Right aortic arch
c. Double aortic arch
d. Interrupted aortic arch
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seem to disappear. The lung fields appear darker (fewer visu-
alized vessels) and vessels do not appear to extend as far to 
the lung periphery. The radiographic differential diagnosis 
of pulmonary hypertension is organized around associated 
radiographic findings (i.e., hyperaeration or flat diaphragms 
in COPD; interstitial lung changes and bronchiectasis in 
cystic fibrosis; a normal left ventricle, with a dilated left 
atrium and interstitial change in mitral stenosis; right heart 
dilatation with a normal left heart in ASD). The caliber of 
the PA segment itself does not correlate well with the sever-
ity of the pulmonary hypertension.

Increased pulmonary blood flow is associated with a dilated 
main PA segment and bilateral hilar PA enlargement. In sit-
uations of increased flow, the entire pulmonary arterial bed 
is dilated. Thus, “shunt vascularity” may be defined as the ra-
diographic appearance of dilatation of the main PA segment, 
the hilar PAs and the parenchymal PAs (Figure  46-12). 
Furthermore, in left-to-right shunts, the upper lobe PA seg-
mental arteries as well as the lower lobe vessels are increased 
in caliber as well. More vessels are visible, and the visualized 
branches extend farther toward the pleura than expected. 

In an adult, the blood vessels are sharp in a shunt, and the 
interstitium of the lung appears normal. 

High output cardiac failure is associated with increased pul-
monary arterial flow and thus presents radiographically with 
a dilated PA segment. Many, but not all, congenital shunts 
are associated with both increased pulmonary blood flow 
and increased pulmonary resistance, resulting in increased 
PA pressure. Typically the chest film of young (less than 30 
years of age) individuals with an atrial septal defect (ASD) 
exhibits signs of increased pulmonary blood flow without 
signs of increased pulmonary resistance. Prevalence and 
severity of pulmonary hypertension in adult patients with 
ASD increases after age 60 years. This is reflected radio-
graphically as a dramatic change in caliber of dilated pul-
monary arteries. The radiologic diagnosis of a shunt is based 
upon recognition of chamber abnormality and understand-
ing the pathophysiologic mechanism underlying the per-
ceived chamber abnormality. 

The radiograph of a patient with an ASD exhibits shunt 
vascularity. In addition, the right atrial and right ventricular 

Figure 46-11. PA radiograph of a 24-year-old woman with a 
ventricular septal defect and two-thirds systemic pulmonary 
hypertension. Kyphoscoliosis displaces the chest toward the left. 
Thin curvilinear calcification of dilated central pulmonary artery 
segments (large arrowheads) are found bilaterally. Notice the 
increased caliber of the right hilar pulmonary artery and how the 
rotated left heart border appears to lie parallel to the left bron-
chus (small arrowheads).

Figure 46-12. PA radiograph of a 23-year-old woman with a 
secundum atrial septal defect. The heart is displaced toward 
the left, and the upper left heart border appears to lie parallel to 
the left bronchus (small arrowheads), indicating cardiac rota-
tion and right heart enlargement. The hilar left pulmonary artery 
is behind the displaced heart and is thus not visible here. The 
main pulmonary artery segment (PA) is greater in caliber than 
the aortic arch (arrow 1). In addition, the hilar right pulmonary 
artery (PA), and the segmental and subsegmental branches are 
dilated, and extend far toward the pleura. 
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volume loading is reflected in leftward rotation of the heart 
(see Figure 46-11). This is reflected in displacement of the 
heart from the midline and a change in the contour of the 
left heart border, reflecting the rotation of the right ven-
tricular outflow to the portion formed by the left atrial ap-
pendage (LAA). What characterizes an ASD is the right 
heart dilatation in the absence of signs of left heart enlarge-
ment. The clinical presentation as well as the radiographic 
appearance of a ventricular septal defect (VSD) depends 
upon the size of the defect, pulmonary resistance, and as-
sociated malformations. The largest shunts are found in in-
fancy. Many smaller shunts close spontaneously, and many 
young patients with moderate VSDs are surgically repaired. 
Therefore, less severe shunts survive to adulthood.

The appearance of a patient with a VSD is a shunt with right 
and left ventricular and left atrial enlargement. There is usu-
ally some degree of pulmonary hypertension (Figures 46-11, 
46-13). Generally, the most severe pulmonary hyperten-
sion is associated with the greatest disparity between central 
and  peripheral vessels. As right heart failure progresses and the 
right ventricle dilates, there is increasing leftward rotation. 
When the shunt reverses (Eisenmenger physiology),  pulmonary 
blood flow decreases and the left heart decompresses.

With a patent ductus arteriosus, flow is left to right at the 
great artery level. Therefore, increased pulmonary blood flow 
is not associated with right heart enlargement. Rather, the 
increased pulmonary blood flow results in left atrial and left 
ventricular enlargement. The largest and symptomatic patent 
ducts are usually repaired in childhood. Persistent flow across 
the patent ductus results in increased pulmonary vascular re-
sistance, decreasing flow across the duct and unloading of the 
left heart, but at the expense of pulmonary hypertension and 
a varying amount of right heart failure. Thus, the appearance 
of the pulmonary vasculature is that of pulmonary hyperten-
sion. Generally, the left heart appears normal. The right heart 
may show signs of dilatation (i.e., leftward rotation). The di-
lated aorta is seen along the mid right heart border.

PA segment dilatation in valvular pulmonic stenosis (PS) is, 
in a way, an anomaly. That is, all the other causes of PA seg-
ment enlargement are associated with increased pulmonary 
pressure or blood flow or both. However, PA pressure and pul-
monary blood flow are normal in PS. Furthermore, on plain 
film examination, the hilar pulmonary arteries are not bilater-
ally dilated. The main and left PA are dilated; the hilar right 
PA appears normal (Figure 46-14). The  afterloaded right 
ventricle hypertrophies without changing the appearance of 
the heart. However, altered septal shape and motion com-
monly results in tricuspid regurgitation and volume loading 
the right heart, and it causes leftward cardiac displacement. 
Severe enlargement of the PA segment is commonly found in 
long standing cases of mild PS, but PA caliber does not cor-
relate with either pulmonary pressure or resistance.

A flat or concave PA segment is a strong indicator of de-
creased right ventricular ejection (Figure 46-15). In these 
patients, pulmonary blood flow is maintained by systemic-
to-pulmonary collateral vessels, including the ductus arte-
riosus. Thus, hilar and parenchymal pulmonary vascularity 
may appear increased (shunt vascularity) without a dilated 
PA segment. Decreased vascularity reflects decreased flow. 
Thus, all visualized vessels are smaller in caliber than ex-
pected, fewer vessels visible than expected, and visualized 
vessels do not extend as far to the pleura as expected. These 
chest radiographs appear dark. The lungs are often hyper-
aerated. Depending on the size and distribution, systemic- to-
pulmonary collateral vessels may appear on the radiograph 

Figure 46-13. PA radiograph from a 36-year-old woman with a 
moderate size VSD and 2:1 left-to-right shunt. The main pulmo-
nary artery segment (PA) is greater in caliber than the aortic arch 
(arrow 1). Right heart enlargement is indicated by leftward cardiac 
displacement and the parallel course of the left heart border and 
left bronchus (small arrowheads). The hilar right pulmonary 
artery (RP) is dilated. Notice that not only do the parenchymal 
right pulmonary artery segments appear large and extend toward 
the pleura, there is still a big difference between the caliber of 
the hilar and parenchymal branches, indicating pulmonary artery 
hypertension. The hilar left pulmonary artery is not visualized 
because of cardiac rotation. In this case, left heart enlargement is 
indicated by the splaying of the tracheal carina, and the density of 
the right side of the cardiac silhouette, as compared to the density 
of the left side of the heart. When the left and right atria are both 
enlarged, they are superimposed on the right side of the cardiac 
silhouette, and thus appear denser than the left side of the heart.
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as vascular structures in an unusual orientation or location 
within the chest. Decreased right ventricular cardiac output 
may result from tricuspid valve disease (Figure 46-16). In 
these individuals, one usually sees the association of right 
heart enlargement with decreased size of the PA segment.

A flat or concave pulmonary artery segment may also reflect 
the absence of a main pulmonary artery segment. That is, in 
persistent truncus arteriosus, there is no pulmonary artery 
segment. The pulmonary circulation arises directly from the 
aortic trunk. Thus, although the pulmonary vascularity may 
reflect the left-to-right shunt, the main PA segment appears 
concave. In individuals with D-transposition of the great 
arteries, the pulmonary artery is supported by the left sided, 
posteriorly located left ventricle. The pulmonary valve is 
in fibrous continuity with the mitral valve, and therefore 
is posterior to the left heart border, and is not visualized. 
Careful attention to the main pulmonary artery segment 
may not actually reveal both an aortic arch and pulmonary 
artery segment. That is, the upper left heart border is oc-
cupied by a continuous shadow that extends from about the 
level of the left bronchus cephalad to the top of the aortic 

arch (Figure 46-17). The differential diagnosis of an abnor-
mal PA segment is given in Table 46-2.

Atrial Appendage Segment

The left atrial appendage is a fingerlike extension of the cav-
ity of the left atrium that wraps around the left side of the 
heart, just inferior to the main pulmonary artery. In indi-
viduals with normal left atrial pressure and volume, the ap-
pendage is collapsed, and thus this segment of the left heart 
border is flat or concave toward the heart (i.e., the right) 
(Figure 46-6). Abnormalities of the left atrial appendage 
segment appear as flattening of the normal concavity, or in 
more advanced disease, convexity of the segment toward the 
left (away from the heart) (Figure 46-18). Thus, the left 
atrial appendage segment appears either normal or enlarged 
(flat or convex). Pathophysiologic changes that result in left 
atrial appendage enlargement include increased left atrial 
pressure or volume or both. In individuals with mild or tran-
siently elevated left atrial pressure, the left atrial myocar-
dium performs vigorously, the appendage appears concave, 

Figure 46-14. PA radiograph of a 24-year-old woman with val-
vular pulmonic stenosis. The main pulmonary artery segment 
(PA) and proximal left pulmonary artery (arrow 1) are dilated. 
However, the right pulmonary artery (arrow 2) is of normal 
 caliber. Also, notice that the heart is slightly displaced toward 
the left, secondary to associated mild tricuspid regurgitation and 
right heart enlargement. The lower right heart border is normal.

Figure 46-15. PA radiograph of a 30-year-old woman with 
 Tetralogy of Fallot. The main pulmonary artery segment (arrow 1) 
is concave toward the heart. Furthermore, the hilar and segmen-
tal right pulmonary segments (arrow 2) are smaller in caliber 
than expected. Note the right sided aortic arch (Ao) displacing 
the trachea toward the left. About 25% of patients with Tetralogy 
of Fallot have a right-sided arch; therefore, 75% have left-sided 
arches. Thus, one sees nearly 3 times as many individuals with 
Tetralogy and left-sided arch than with right-sided arch.
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Figure 46-16. PA radiograph of a 32-year-old woman with 
Ebstein malformation. The main pulmonary artery segment 
(arrow) is smaller in caliber than the aortic arch segment (Ao), 
and concave toward the right. Notice how, despite the concave 
PA segment, the heart is displaced toward the left, and the lower 
right heart border appears more rounded.

Table 46-2 • Differential Diagnosis of an Abnormal 
Main Pulmonary Artery Segment

1. Dilated PA segment
a. Increased PA pressure, pulmonary hypertension
b.  Increased PA flow, left-to-right shunt, high output 

cardiac failure
c. Increased pressure and flow
d. Valvular PS
e. Prominent central PAs in young women

2. Small or absent PA segment
a. Tetralogy of Fallot
b. Tet variant, Tet with pulmonary atresia
c. Pulmonary atresia with VSD
d. Tricuspid atresia
e. Ebstein malformation
f. D-TGA
g. Truncus arteriosus
h. L-TGA

Figure 46-17. PA radiograph of a 17-year-old boy. The upper 
left heart border (arrowheads) is occupied by a continuous, 
sharp density, representing the left side of the left-sided ascend-
ing aorta in corrected transposition of the great arteries. No 
pulmonary artery segment is seen because it lies over the medi-
astinum, to the right of the left heart border.

Figure 46-18. PA radiograph of a 60-year-old woman with 
chronic mitral stenosis. The moguls along the left heart border 
are the aortic arch segment (arrow 1), main pulmonary artery 
segment (arrow 2), and left atrial appendage segment (arrow 3). 
The PA segment is not obviously greater in caliber than the aor-
tic arch segment. However, notice how the hilar and right pul-
monary artery (RP) are enlarged, and there is an acute change in 
pulmonary artery caliber distal to the RP. Left atrial enlargement 
is demonstrated by the convexity of the left atrial appendage seg-
ment away from the heart, and the double density (arrowheads) 
viewed through the cardiac silhouette. Left atrial hypertension is 
indicated by the indistinctness of the lower lobe vessels, and the 
dilated upper lobe vessels.
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and the atrium is not judged to be enlarged. However, even-
tually, the left atrial myocardium can no longer hypertro-
phy to maintain function at normal chamber size, and the 
atrium begins to dilate.

The earliest radiographic sign of left atrial enlargement is 
posterior displacement of the left bronchus, best viewed in 
the lateral chest film. The earliest PA film finding in left 
atrial enlargement is reflected in straightening and later 
convexity of the left atrial appendage segment. Eventually, 
as the left atrium continues to enlarge, there is elevation 
of the left bronchus (widening of the angle of the tracheal 
carina), development of the so-called double density sign, 
and subsequently filling of the right heart border by the di-
lated left atrium (Figure 46-19). 

The radiographic changes of left atrial enlargement due to 
left atrial volume loading cannot be differentiated those sec-
ondary to left atrial hypertension. Left atrial enlargement 
associated with left ventricular enlargement is commonly 
found in mitral regurgitation (Figure 46-20). However, the 

pulmonary veins contain no valves, so elevation in left atrial 
pressure is transmitted to the pulmonary veins. 

Pulmonary venous hypertension results in a series of radio-
graphic changes, reflecting increasing severity of the abnor-
mality. The first signs of left atrial hypertension result from 
the dilatation of the pulmonary venules and increasing sepa-
ration of the cells of the venular wall, increasing the size of the 
interspaces between the cells, allowing passage of water from 
the vascular compartment into the perivascular sheaths sur-
rounding these structures. When this occurs, the fluid-filled 
pulmonary veins are no longer surrounded by air-filled lungs 
(causing sharp vascular edges). Rather, they are surrounded 
by fluid in the perivascular sheaths. Thus, the lower lobe 
veins become not sharp and less apparent (Figure  46-21). If 
the process elevating left atrial pressure continues, the venu-
lar pressure rises and more fluid leaves the vascular space to 
enter the interstitial space, and the vessels become less and 
less apparent. Eventually, fluid spills into the pulmonary in-
terstitium surrounding the veins, and they are no longer vis-
ible. Instead, there is a generalized lower lobe infiltrate. 

As pulmonary venous pressure continues to rise and the 
parenchyma becomes more edematous, resistance to lower 
lobe pulmonary blood flow increases. This results in redis-
tribution of lower lobe pulmonary blood flow to the upper 

Figure 46-19. PA radiograph of a 67-year-old man with chronic 
mitral stenosis. The main pulmonary artery segment (arrow 
2) is greater in caliber than the aortic arch segment (arrow 1). 
Notice the dilated hilar right pulmonary artery (arrow 3) seen 
through the rotated heart. Left atrial enlargement is indicated by 
the “double density” (arrowheads) seen through the heart, and 
the increased angle formed by the bifurcation of the trachea (T) 
into the left (LB) and right (RB) bronchi.

Figure 46-20. PA radiograph of a 50-year-old woman with 
chronic mitral regurgitation. The left atrial appendage segment 
(arrow 3) is flat, and the contour of the left ventricular segment 
is rounded, indicating left atrial and left ventricular enlargement. 
Notice that the main pulmonary artery segment (arrow 2) is not 
as large as the aortic arch segment (arrow 1), indicating normal 
pulmonary artery pressure. The lungs appear typically mild-to-
moderately congested; the vessels are not sharp, and the central 
upper lobe vessels are greater in caliber than the lower lobe 
vessels. The left ventricular contour (arrow 4) extends farther 
toward the left (appears more rounded), and the cardiac silhou-
ette appears enlarged, all reflecting left ventricular dilatation. 
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lobes. When this occurs, the upper lobe arteries carry 
greater flow, and thus enlarge (Figure 46-20). Furthermore, 
increased upper lobe arterial flow results in increased upper 
lobe venous return to the heart; thus both the upper lobe 
arteries and veins enlarge. Dilatation of the upper lobe ar-
teries in left-to-right shunts and the upper lobe arteries and 
veins may be difficult to differentiate (as one may ask, “Is an 
individual vascular structure an artery or vein?”). However, 
when the upper lobe arteries are enlarged in increased con-
ditions associated with increased pulmonary blood flow, the 
main and hilar pulmonary arteries are enlarged, the lower 
lobe vessels are dilated, and all pulmonary vessels remain 
sharp. Upper lobe enlargement associated with pulmonary 
venous hypertension is always associated with absence of 
sharpness of the lower lobe veins, and depending upon the 
underlying disease, it may or may not be associated with 
dilatation of the main or hilar pulmonary arteries.

If the pulmonary venous hypertension persists and con-
tinues to rise, then overcoming colloid oncotic pressure 
(22 mm Hg), fluid begins to fill the alveolar spaces of the 
lower lobes; then frank alveolar edema and fluffy pulmo-
nary infiltrates begin to appear (Figure 46-22). The nature 
of these infiltrates is very helpful for differentiating these 
 lesions from the typical infiltrates of pneumonia. 

The infiltrates of pneumonia are usually solitary and take a seg-
mental, subsegmental, or lobar (anatomic) distribution (Figure 
46-23). All the alveolar spaces are filled, so the infiltrate is 
dense, with sharp edges defining the anatomic distribution. 

The natural course of pneumonic infiltrates is resolution 
with therapy. The infiltrates associated with pulmonary 
edema are different. First, in segments involved with the 
pulmonary edema, there are alveoli filled with fluid and al-
veoli that are not. Thus, the infiltrates are less dense than 
in typical pneumonia. Furthermore, the distribution of the 
infiltrates is not as anatomically defined as in pneumonia. 
Therefore the edges of the infiltrates are not sharp and fluffy. 
Finally, the underlying etiology of pulmonary infiltrates 
in pulmonary edema is local pulmonary venous pressure, 

Figure 46-21. AP radiograph of a 64-year-old woman com-
plaining of shortness of breath. The aortic arch (Ao) is calcified, 
but not dilated. None of the pulmonary vessels are especially 
well visualized. However, the parenchyma appears denser 
(i.e., edematous) in the right lower lobe (arrow 1), and left peri-
hilar zone (arrow 2). The left diaphragm is obscured, indicating 
a left pleural effusion, as well.

Figure 46-22. AP radiograph of the same patient in Figure 
46-20, obtained 3 hours later. The interstitial infiltrates have 
 become denser (while still retaining their not sharp edges), 
 indicating progression to alveolar pulmonary edema.

Figure 46-23. PA radiograph of a 24-year-old man with cough 
and fever. The nearly homogeneous density and anatomic dis-
tribution (right middle lobe) of this infiltrate characterize it as 
pneumonia.
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which is very dependent upon patient position. Thus, the 
infiltrates of pneumonia tend to stay put. On the other 
hand, the infiltrates of left atrial hypertension are fleeting. 
As intrathoracic pressure gradients change (patient lying on 
back, upright, right or left side down), the distribution in 
the lungs changes, and the infiltrates change their distribu-
tion (so called “fleeting infiltrates”).

If the cause of the left atrial hypertension is resolved, then 
this progression from lower lobe indistinctness (mild) to 
 redistribution (moderate), to alveolar infiltrates (severe) ra-
diographic abnormality reverses, and a normal chest film is 
to be expected. Chronic left atrial hypertension ultimately 
progresses to pulmonary hypertension (with the expected 
 appearance of the pulmonary arteries) (Figure 46-18). 
Chronic mild left atrial hypertension often goes on to a 
 pattern of interstitial fibrosis.

Right heart dilation causes cardiac rotation, which will 
change the appearance of the mid left heart border in the 
region of the expected left atrial appendage segment. In a 
normal heart, the right ventricular outflow tract is medial to 
the projection of the left atrial appendage and left ventricu-
lar contour. When the right heart dilates, clockwise rotation 
of the heart rotates the left atrial appendage posteriorly and 
brings the outflow tract to the left. The dilated right ventric-
ular outflow tract then becomes left heart border-forming. 
This changes the appearance of the left heart border and 
gives the impression of a convex (away from the heart, i.e., 
dilated) left atrium (Figures 46-11–46-13,  46-18,  46-19). 
This, of course, can be confusing. Clockwise cardiac rotation 
affects the relationship of the projection of the left bronchus 
to the projection of the left heart border. Under normal cir-
cumstances, the projection of the left bronchus crosses the 
projection of the left heart border. In fact, we define the 
left atrial appendage segment of the left heart border as that 
portion below the projection of the left bronchus, and above 
the curvature of the left ventricular contour. When the 
right heart dilates, and the heart rotates, the left bronchus is 
not affected; it stays put. However, the relation between the 
projection of the left bronchus and altered left heart border 
changes. In individuals with right heart dilatation, the pro-
jection of the left bronchus appears to be parallel, or nearly 
so, to the projection of the left heart border (Figure 46-24). 
Although in such rotated hearts changes in left atrial ap-
pendage size cannot be monitored on the PA radiograph, all 
other signs of left atrial enlargement (or its absence) are still 
present. The differential diagnosis of left atrial appendage 
segment enlargement is given in Table 46-3.

Left Ventricular Contour

The lowest portion of the left heart border is the left ventricu-
lar contour. Actually, this portion of the heart border is formed 
by the anterolateral wall of the left ventricle (Figure 46-6). 

Thus, unless there is a global left ventricular change, or a local 
change in this portion of the left ventricular myocardium, an 
abnormality may not be apparent and diagnosable. Global 
changes to the appearance of the left ventricular contour 
result in increased roundness in the contour. In the normal 
heart, the left ventricular portion of the left heart border takes 
a nearly vertical orientation. That is, the contour just drops 

Figure 46-24. PA radiograph of a 24-year-old woman with a 
longstanding murmur. The center of the heart (line AB) lies well 
to the left of the spine. The main pulmonary artery segment (PA) 
is greater in caliber than the aortic arch segment (Ao). The supe-
rior mediastinum at the level of the Ao is very narrow, reflecting 
the leftward rotation of the superior vena cava over the spine. The 
left bronchus (arrowheads) is not elevated, and there is no double 
density; the left atrium is not enlarged. Furthermore, notice how 
the left bronchus appears to run parallel to the upper left heart 
border. Although there is no evidence of left atrial enlargement, 
the mid left heart border (arrow) is convex to the left. The left 
atrium is not enlarged! The right ventricular outflow has rotated 
toward the left to occupy a portion of the left heart border.

Table 46-3 • Differential Diagnosis of a Dilated LAA 
Segment

1. Mitral stenosis, LA outflow obstruction
2. Mitral regurgitation
3. Ventricular septal defect
4. Patent ductus arteriosus
5. Congestive heart failure
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to the diaphragm. Global left ventricular change results in in-
creasing the curvature, and thus radius of the left heart border 
(Figure 46-25A). Overall heart size may not increase, but the 
shape of the left heart border is altered. Such global change may 
be found in individuals with left ventricular volume loading 
(dilatation), left ventricular pressure loading (hypertrophy), 
and abnormalities of left ventricular compliance. Therefore, 
differentiation between left ventricular dilatation and hyper-
trophy may be difficult in the PA projection. Certainly, when 
the left heart border approaches the lateral left chest wall, we 
can all agree that the ventricle is dilated. However, short of 
such pronounced change, this differentiation may be difficult. 
If a lateral view is provided, then one can make this differen-
tiation. In cases of left ventricular dilatation, a point 18-mm 
cephalad to the intersection of the inferior vena cava and right 
diaphragm (on lateral view) will be contained within the con-
tour of the posterior heart border (Figure 46-25B). 

If the appearance of the left ventricular contour on PA ex-
amination appears abnormally rounded, and this point is 
outside the posterior left ventricular contour, (i.e., the left 
ventricle does not occupy the inferior retrocardiac space), 
then the left ventricle is hypertrophied and not dilated 
(Figure 46-10, 46-26). If, in lateral view, this point is con-
tained by the posterior aspect of the lower heart border, then 
the left ventricle is dilated. Certainly, if the left ventricle 
is in fact dilated, then hypertrophy can be “lost” in the en-
larged contour. 

Focal abnormalities in the contour of the lower left heart 
border reflect local processes (Figure 46-27). 

Only an abnormality along a heart border-forming portion 
of the left ventricle will be apparent. Thus, an abnormality 
located posterior or anterior to the left ventricular contour 
may not be identified. In such circumstances, an oblique 
(or lateral) view may bring these abnormalities into tan-
gency with the projected heart border, thus making them 
visible. Calcification often directs the observer to an ab-
normality and may help characterize it as well. Peripheral, 
thin, or lamillated, nearly circumferential calcification that 
takes a “coronary  distribution” (i.e., reflecting myocardial 
segmental anatomy) is typical of a left ventricular aneurysm 
(Figure 46-28). Central, heavy calcification may be the 
only radiologic evidence of an intracardiac tumor. Cysts cal-
cify peripherally.

The differential diagnosis of an abnormal left ventricular 
segment contour is given in Table 46-4.

Right Heart Border

Superior Vena Caval Segment
The uppermost portion of the right cardiovascular silhou-
ette is formed by the descent of the superior vena cava 
(SVC) to the right atrium. This shadow is usually seen 
just to the right of the spine (Figure 46-7), but may not 

Figure 46-25. PA and lateral radiographs of a 36-year-old man 
with aortic regurgitation. (A) On PA examination the lower left 
heart border (arrowheads) is rounder, and extends toward the 
left. The ascending aortic segment (arrow) is enlarged, extend-
ing over the hilar right pulmonary artery. (B) Lateral view shows 
posterior extension of the left ventricular contour (arrow) into 
the inferior retrocardiac space, reflecting ventricular dilatation. 
The dilated ascending aorta (arrowheads) begins to fill the ret-
rosternal space from behind.

A B
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be readily apparent in a normal individual (Figure 46-
6). Abnormalities of this portion of the heart border can 
be generally described as increasing the width of the su-
perior mediastinum, or they may be associated with de-
creased width of this region. Dilatation of the segment is 
associated with increased SVC volume or pressure. Thus, 
increased venous return from the head or upper extremi-
ties causes enlargement of this segment (Figure 46-29). 
In addition, superior caval obstruction (causing increased 
SVC pressure) widens the mediastinum as well. On the 
other hand, when the right heart dilates there is a clock-
wise (leftward) rotation of the heart, which has the effect 
of distorting the mid left heart border, but also causes the 
SVC to rotate leftward, narrowing the superior mediasti-
num (Figures 46-11, 46-12, 46-17–19, 46-24). The 
differential diagnosis of an abnormal superior vena cava 
segment is given in Table 46-5.

Ascending Aortic Segment

The ascending aorta is connected to the heart by the aor-
tic annulus, within the contour of the heart on chest film 
examination. The aorta then ascends, heading anteriorly 

Figure 46-26. PA and lateral radiographs of a 67-year-old man with aortic stenosis. A. The heart is not enlarged. However, the lower left 
heart border (arrowheads) exhibits increased curvature and extension toward the left. Although the aortic arch (Ao) is normal, the dilated 
ascending aorta (arrow) extends over the hilar right pulmonary artery. B. The lateral view reveals thick aortic valve calcification in the geo-
metric center of the heart. The posterior left ventricular border (arrowheads) does not extend into the inferior retrocardiac space, indicat-
ing that the left ventricle is not dilated. The dilated ascending aorta (small arrows) fills the retrosternal space from behind.

Figure 46-27. PA radiograph of a 26-year-old woman being 
worked up for a connective tissue disorder, with a cardiac 
 lipoma. The mid left ventricular contour contains a focal con-
tour abnormality. The bump is the same attenuation of the 
adjacent heart. There is no pleural or pericardial effusion.

A B



514 SECTION VIII /  Imaging

and toward the patient’s right. The proximal portion of the 
ascending aorta should not extend farther to the right than 
the medial aspect of the right hilum and right pulmonary 
artery (Figure 46-6). If it extends farther, then dilatation of 
the ascending aorta should be considered. If the lateral as-
pect of the ascending aorta covers or obscures the right hilar 
structure, then the ascending aorta is dilated (Figure 46-
10, 25A, 26A). Dilatation of this portion of the aorta may 
be found in volume loaded aortas or may be the result of 

poststenotic dilatation secondary to aortic valve stenosis. 
Whenever any aortic abnormality is entertained, and espe-
cially if the ascending aorta is involved, aortic dissection is 
a possibility. The differential diagnosis of a dilated ascend-
ing aortic segment is given in Table 46-6.

Right Atrial Contour

The right atrium forms the inferior portion of the right 
heart border. There is a large body of literature attesting 
to the limited value of changes in this cardiac contour as 
an indicator of cardiac or cardiac chamber abnormality. 
When the right heart dilates, it rotates in a clockwise 
manner, moving the anterior right heart toward the left. 
Since the right atrium is generally spherical in shape, 
this rotation has little effect on its appearance. When 
the curvature of the right heart border is markedly ab-
normal, then right atrial enlargement may be considered 
(Figures 46-16 and 46-30). Short of the right atrial 
contour approaching the right chest wall, changes in the 
appearance of the right heart contour are not obvious. 
Focal changes in the right heart border are most com-
monly the result of adjacent pericardial changes (such as 
loculated pericardial effusion or pericardial cyst) or the 

Figure 46-28. PA and lateral examination from a 69-year-old man with prior history of myocardial infarction. (A). The left ventricular 
contour (arrowheads) is characterized by prominent increase in curvature and extension toward the left chest wall. There is vague
increased attenuation beneath the contour, but no discrete calcification. (B) In lateral view, the calcified myocardium of the bulging
interventricular septum (arrowheads) is better seen. The posterior left ventricular contour (arrow) extends into the inferior retrocardiac
space, indicating left ventricular chamber enlargement.

Table 46-4 • Differential Diagnosis of an Abnormal 
Left Ventricular Segment Contour

1. Global
a. Left ventricular dilatation
b. Left ventricular hypertrophy
c. Left ventricular ischemia, infarction
d. Cardiomyopathy

2. Focal
a. Pericardial cyst
b. Left ventricular aneurysm
c. Left ventricular pseudoaneurysm
d. Cardiac tumor

A B
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rare, though occasionally found on incidental examina-
tion, mass. Larger pericardial effusions (Figure 46-31) af-
fect both the right and left heart borders. The differential 
diagnosis of an abnormal right atrial contour is shown in 
Table 46-7.

Figure 46-29. AP radiograph of a newborn in heart failure. 
An endotracheal tube is placed just proximal to the carina. The 
widened mediastinum (arrowheads) is bordered by the dilated 
superior vena cava draining a large vein of Galen aneurysm. The 
heart is very large.

Table 46-5 • Differential Diagnosis of an Abnormal 
Superior Vena Cava Segment

1. Widened mediastinum
a. Intracranial shunt
b.  Lower extremity venous obstruction with systemic 

venous return to the azygos vein
c. Mediastinal tumor

2. Narrow mediastinum
a. Right heart dilatation

Table 46-6 • Differential Diagnosis of a Dilated 
Ascending Aortic Segment

1. Aortic stenosis
2. Aortic regurgitation
3. Aortic aneurysm
4. Aortic dissection (hematoma)

Figure 46-30. PA radiograph of a 30-year-old man with Ebstein 
malformation. The main pulmonary artery segment (arrow) is 
concave toward the heart. All pulmonary vascular markings are 
small and indistinct. The lower right heart border (arrowheads) 
bulges toward the right.

Figure 46-31. AP radiograph of a 23-year-old man with viral 
pericarditis and pericardial effusion. Both the left and right heart 
borders appear rounded and smooth. The expected  moguls 
(“lumps and bumps”) of the heart borders are not found. The 
fluid filled pericardial sac effaces the heart border forming 
 structures.
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CONCLUSIONS

The role of the chest film has shifted in the past half cen-
tury from a central role in cardiac diagnosis and patient 
management to more of a measure of patient physiologic 

status. This change reflects the rise of more sensitive and ac-
curate imaging modalities. In an era of advancing invasive 
means of monitoring physiologic status, the role of the chest 
film for assessment of cardiac chamber pressure may wane. 
However, continued technological advancement in cardiac 
imaging will provide even more reliable means of acquiring 
high resolution imagery, high rates of image data transfer, 
and high volume archival devices, and the plain chest film 
will remain the initial, easily accessible, cost-effective, and 
efficacious diagnostic tool in this advancement in cardiac 
imaging.

Table 46-7 • Differential Diagnosis of an Abnormal 
Right Atrial Contour

1. Right atrial or right heart enlargement
2. Pericardial effusion
3. Pericardial cyst
4. Pericardial tumor
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• Ultrasound employs frequencies above 20,000 Hz, 
the normal human hearing being in the range of 
20–20,000 Hz. Sound with frequency below 20 Hz is 
called infrasound.

• Frequency is the number of cycles per second.

• Wavelength is the length of a cycle.

• Attenuation increases with frequency and distance 
and is caused by absorption, reflection, and scatter-
ing. The average attenuation of soft tissue is 0.5 dB/
cm per MHz of frequency.

• The speed of propagation through soft tissue is 
1540 m/sec.

• Impedance is density of the medium times the prop-
agation speed.

• Ultrasound used in clinical practice is not known 
to produce any significant bioeffects. However, 
the FDA allows for two maximum limits for Ispta 
for cardiac imaging. Although the bioeffects are 
not well studied, it is good practice to be aware of 
the effects and use echocardiography only where 
indicated and keeping the mechanical index and 
thermal index as low as possible to mitigate any 
bioeffects.

• Ultrasound transducers operate on the piezoelectric 
effect, where during transmission, electric energy is 
converted to acoustic energy and in the receiving  
mode the acoustic energy is changed to electric en-
ergy, which is used to display the image.

• Transducers are used in the pulsed echo mode. They 
have a dampening material to reduce the spatial pulse 
length to improve resolution. The beams produced 
have a near and a far zone. The lateral resolution is 

equal to the beam width, which can be reduced by 
focusing to improve resolution.

• Resolution is the capacity of the instrument to dis-
criminate echoes from different sources close to each 
other and includes axial resolution (minimum reflector 
separation along the direction of the ultrasound) and 
lateral resolution (minimum separation perpendicular 
to the direction), and is equal to the bandwidth and 
elevational resolution (related to section thickness). 

• Modes of image presentation include A mode (am-
plitude mode) and B mode (brightness mode), which 
includes M mode and 2D imaging. M mode displays 
motion in time while B mode displays anatomical 
sections through a plane.

• Continuous wave Doppler involves continuous tran-
smission and reception and records all velocities 
along the path and hence is not subject to aliasing. It 
is used to record high velocities. However it does not 
have depth selection.

• Pulsed wave Doppler involves intermittent transmis-
sion and reception with a delay and is useful for re-
cording velocities at a particular location. However it 
is subject to aliasing. It is used for recording normal 
intracardiac velocities.

• Color flow Doppler imaging is useful for quantifica-
tion of regurgitant lesions. It is subject to the same 
drawbacks of pulsed wave Doppler. Aliasing will pro-
duce mosaic of colors that indicate turbulence.

• Tissue Doppler Echocardiography(TDE) is used to eval-
uate motion from slow reflectors such as myocardium, 
valves and typically measures velocities in the range of 
1-20 cm/sec. It includes Tissue Doppler Imaging (TDI) 
and Pulsed Wave Tissue Doppler (PWTD).

d PRACTICAL POINTS
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PRINCIPLES OF ULTRASOUND

Sound is defined as mechanical vibrations or energy trans-
mitted through a medium and capable of inducing rarefac-
tions and compressions of the medium that is traversed. 
The compressions and rarefactions vary over time and space 
during the passage through the medium (Figure 47-1). 
Essentially, a sine wave is generated in a longitudinal direc-
tion, the wave traveling a straight line.

PARAMETERS OF SOUND WAVES

The features of a sound wave are shown in (Figure 47-2); 
they are defined here.

Frequency (C): Number of cycles per second, or Hertz (Hz), 
named after Rudolf Hertz, a nineteenth century German 
physicist.

Wavelength (λ): Distance between corresponding areas 
on adjacent cycles, measured in mm. Frequency and wave-
length are inversely related:

C = λf: Wavelength is inversely dependent on density 
of material through which the sound is traveling (mass 
per unit volume) and directly dependent on the material 
stiffness (capacity to resist compression).

Velocity (v): The rate at which sound waves travel through 
a medium.

Amplitude: The distance from the baseline to the peak of 
the wave. It is measured in units pressure (dB). This value is 
not an absolute value, but compares the logarithmic ratio of 
two amplitudes by the equation 

Relative amplitude (dB) = 20 log (A2/A1)

As a rule of thumb, a change in sound of 6 dB reflects a 
doubling or halving of signal amplitude.

Power: Rate of energy transfer, measured in watts; Directly 
proportional to the pressure amplitude squared.

Intensity: Concentration of energy within the sound beam; 
dependent on power and cross-sectional area of the beam. 
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Figure 47-1. Diagram showing compressions and rarefactions in a medium through which a sound wave 
is travelling. The X axis denotes distance, and the Y axis denotes pressure. The baseline indicates a pres-
sure of zero. The figure displays the inverse relationship between frequency and wavelength. 
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Figure 47-2. Schematic representation of an ultrasound wave.
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 Intensity (watts/cm2) =   
Power (watts)

  ______________  Beam area (cm2)  

Period: Time required for completion of a single wave cycle.

Speed: Rate of wave propagation through a medium.

Important facts related to waves:

Normal human hearing range: 20-20,000 Hz (audio 
frequencies)

Ultrasonic frequencies: These are wave frequencies that 
are above audio frequencies.

Common echocardiographis frequencies: 2-10 MHz (2-10 
million cycles/sec)

Velocity of propagation in blood: approximately 1540 m/sec.

Image resolution: Generally no better than 1 or 2 
wavelengths.

Depth of penetration: This is directly proportional to 
wavelength.

INTERACTION OF ULTRASOUND 
WITH TISSUES

Generally, interaction of ultrasound with various tissues can 
include: 

reflection• 

scattering• 

refraction• 

attenuation.• 

(See Figure 47-3.)

Reflection

Reflection occurs at the boundary of two media that have 
different acoustic impedences (Z), expressed as Rayles. 
(Acoustic impedance is is the product of the density of the 
media and propagation velocity. The difference of propaga-
tion velocities between (soft) bodily tisues tends to be in-
significant, so impedence is mainly dependent on density 
factor.)

The amount of reflection is constant. However, the amount 
received by the transducer depends on the angle between 
the ultrasound beam and the medium. Ideal return of the 
ultrasound beam occurs when the beam is perpendicular 
to the tissue (90°). This explains the echo “dropout,” in 
which little reflected ultrasound reaches the tranducer due 
to parallel alignment between the ultrasound beam and 
the tissue. 

Scattering from
moving blood cells

Specular
reflectorReflection

Reflection
Attenuation

Transducers

Figure 47-3. Diagram showing interaction of an ultrasound 
wave and tissue. 2D imaging is based on reflections from a 
specular reflector as indicated on the right side. Doppler imag-
ing is based on scattering of ultrasound from red cells in all 
directions resulting in Doppler shift, as indicated on the top 
left of the diagram. Refraction is alteration of the path of ultra-
sound, resulting in artifacts. Attenuation, as indicated in the 
lower section, limits penetration of ultrasound.

Scattering

This phenomenon generally occurs when the ultrasound 
beam interacts with a structure smaller than the wavelength 
of the signal (<1 wavelength). The ultrasound is reflected 
in all directions and only a fraction is reflected to the tran-
ducer with the amplitude of the scattered signal being 100 to 
1000 times less than a reflected signal from a specular reflec-
tor (Figure 47-3). Rayleigh scattering is diffuse scattering from 
a surface smaller than the ultrasound wavelength.

Refraction

Deflection from the original path occurs when an ultra-
sound beam passes at an angle through two media with dif-
ferent impedences. This is analogous to refraction of light 
(Snell’s law). The degree of bending depends on the rela-
tive speeds of propagation through the two, different media. 
(Figure 47-4).

Refraction can be beneficial by allowing enhancement of 
images. However, it can also be a source of artifacts, espe-
cially the “double image” artifact.

Attenuation

As ultrasound travels through tissue, there is attenuation—
progressive loss of amplitude, due to conversion of the 
wave’s energy to heat by friction, scattering, and reflection 
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from the different acoustic impedances within the tissue.
The degree of attenuation is dependent on the frequency 
of the ultrasound. Lower frequencies will travel more deeply 
than higher frequencies, albeit with a loss in resolution. The 
attenuation coefficient (dB/cm) for a particular frequency in a 
particular tissue is the measure of attenuation (loss of ampli-
tude) for each centimeter of travel. Typically, the depth of 
penetration is approximately 200 wavelengths, which cor-
responds to penetration depth of 30 cm for a 1-MHz trans-
ducer, 6 cm for a 5-MHz transducer and 1.5 cm for a 20-MHz 
transducer. Liquids (water, blood, body fluids) cause lesser 
attenuation than solid tissue (bone, cartilage) and air, both 
of which cause very high attenuation. Air-induced attenu-
ation can be circumvented by the use of acoustic gels and 
employment of “acoustic windows” during acquisition of 
transthoracic echocardiogram (TTE).

BIOEFFECTS OF ULTRASOUND

Diagnostic ultrasound used in clinical practice is not known 
to produce patient injury of any kind, although few stud-
ies have evaluated bioeffects. Ultrasound, however, has the 
capacity to produce bioeffects at higher intensities. These 
are related to:

frequency of the ultrasound• 
duration of exposure• 
spatial pattern of the energy• 
sensitivity of the tissue exposed• 
energy at the site of interest.• 

Mechanisms of Bioeffects

The bioeffect mechanisms are:

thermal effects (heating)• 
cavitation (bubble formation or liquid bubble • 
 vibration)
mechanical effects (microstreaming, acoustic stream-• 
ing, torque forces).

Heat produced in a tissue is secondary to absorption of me-
chanical energy of the ultrasound. This is proportional to 
the intensity of the ultrasound, the attenuation coefficient 
and the depth from the transducer. Focused transducers tend 
to produce more heat. However, these tend not to produce 
any significant bioeffects than do unfocused transducers. The 
heating is negated by the heat loss due to convection, conduc-
tion, and diffusion from the blood flow in the local tissue.

The rate of change of temperature dT/dt is dependent on 
the tissue absorption coefficient a, and the beam intensity I. 
It is inversely related to the tissue density r and the specific 
heat of the tissue Cm:

dT/dt = 2αI/ρCm

Denser tissue like muscle tends to heat less than lower den-
sity tissue, like fat.

Cavitation implies formation of bubbles or vibration of 
existing liquid bubbles by the ultrasound beam. Bubble 
formation occurs with the dissolved gases in the tissues, spe-
cifically oxygen and carbon dioxide. The effect occurs with 
high intensity beams. Rarefaction results in decreased local 
pressure in the tissue, leading to “boiling” out of the dis-
solved gas. The microbubble formation can be either stable 
or transient. Stable microbubbles can resonate (expand or 
decrease in size) under the effects of ultrasound and con-
vert the absorbed energy to heat. Transient bubble forma-
tion  occurs under the influence of high intensity ultrasound, 
leading to cavitation during rarefaction and collapse during 
the compression phase. The phenomenon of cavitation is 
not noted with clinically used ultrasound.

Microstreaming implies shearing of molecules from oscillat-
ing bubbles.

The above-mentioned effects are not significant in the 
clinical setting. However, concern remains in fetal imag-
ing. Fetal imaging should be as short as possible. Secondly, 
Doppler imaging is also recommended only if necessary due 
to higher energy levels in Doppler imaging.

Intensity (I) of ultrasound exposure or acoustic intensity is com-
monly expressed as power per cross-sectional area. That is,

I = power/area (watts/cm2 or milliwatts/cm2)

acoustic power =  rate of energy transfer to the tissue (watts 
or milliwatts)

A focused ultrasound beam will have varying intensities 
depending on the location within the beam. This kind of 
intensity is referred to as spatial intensity (Figure 47-5.)

The maximal intensity is then expressed as the highest ex-
posure (spatial peak) averaged over the period of exposure 

Transmitted
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Figure 47-4. Diagram showing the principles of Snell’s law 
resulting in deflection of the incident beam when ultrasound 
travels through two media with different propagation speeds.
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(temporal average). This is referred to as spatial peak tempo-
ral average intensity (Ispta). This is probably the most useful 
measure since it expresses the peak tissue exposure over the 
period of ultrasound exposure. There are various other mea-
surements used, which can be examined in reference texts 
on ultrasound.

The United States Food and Drug Administration allows for 
two maximum limits for Ispta for cardiac imaging:

Regulated application—specific limit of 430 mW/cm2• 
Output display standard of 720 mW/cm2• 

The major limitation of measuring the intensity is that the 
actual tissue exposure is difficult to gauge due to factors like 
attenuation and other interactions at the tissue level. During 
the total ultrasound exposure, the actual tissue exposure will 
be limited only to the time of transmission, and the actual 
dwell time for the ultrasound at a specific location within 
the tissue will be much shorter than the total exposure time. 
Above factors have been considered in the development of 
indices, including the mechanical index (MI) and the ther-
mal index (TI). MI reflects nonthermal effects. TI is defined 
as follows:

TI = the ratio of the acoustic power produced by the trans-
ducer to the power needed to elevate the tissue temperature 
by 1°C.

An MI or TI <1 is considered safe. Higher values increase 
the probability of bioeffects.

MI is important in two-dimensional imaging while TI is rel-
evant in Doppler imaging.

Good practice in ultrasound imaging should include:

awareness of bioeffects of ultrasound• 

using echocardiography only when appropriately • 
indicated
keep the MI and TI as low as possible.• 

ULTRASOUND TRANSDUCERS

Piezoelectric Crystal

A transducer is a device capable of converting one form of 
energy to another. Transducers are based on the piezoelectric 
effect (from the Greek word piezien, meaning to press tight 
or squeeze); with this effect, certain ceramics or crystals 
undergo deformation upon exposure to electric fields and 
subsequently generate a voltage. On application of alter-
nating electric current, the crystal compresses and expands 
and generates an ultrasound wave. The piezoelectric crys-
tal in the transducer exhibits a reciprocal property. During 
transmission, electric energy is converted to acoustic energy, 
and in the receiving mode acoustic energy is converted to 
electric energy, which is used by the instrument to display 
an image. The alternating sequence is repeated temporally 
and spatially to generate ultrasound images. The simplest 
transducer is based on a single piezoelectric crystal. Image 
formation is based on a time delay between ultrasound 
transmission and arrival of the reflected signal. Hence, 
deeper structures have longer time delays. The depth (d) of 
a particular structure can thus be calculated by the product 
of the speed of sound in blood and the time delay: 

d = c (t/2)

The factor 2 takes into account time to and from the ob-
ject. Speed of ultrasound in blood is 1540 m/s. Hence, depth 
reached by ultrasound in blood is

d = 77 t cm.

A typical burst of ultrasound or a pulse is very brief, lasting 
1-6 μs. When the piezoelectric crystal is subjected to electric 
energy, it oscillates at a specific frequency called the resonant 
frequency, which is dependent on its mechanical properties 
and inversely with its thickness. Typically the thickness of 
the crystal is one half of its wavelength. The bandwidth of 
the transducer is the range of the frequencies around the res-
onant frequency. A wider bandwidth allows for better axial 
resolution. The quality factor (Q) is the number of oscilla-
tions in the pulse (resonant frequency/bandwidth).

The simplest transducer uses a single piezoelectric crystal, 
with a dampening (sound-absorbing) material on its back 
to control the ring down time and hence the wavelength. It 
also includes an impedance-matching layer, which helps to 
attenuate reflective losses from impedance mismatch and an 
acoustic lens en face (Figure 47-6). 

1 2

A

B

Figure 47-5. Diagram showing the effects of focusing. 
Although the acoustic power of the two transducers are iden-
tical, transducer B with focusing will have greater acoustic 
intensity at location 2 as compared with the same distance 
from transducer A. Transducer B will have varying intensities 
within the beam depending on the distance.
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The acoustic lens helps to focus and shape the ultrasound 
beam. In the absence of a lens, the shape of the initial por-
tion of the beam is cylindrical and called the near field (Fm). 
Its length is inversely proportional to the square of the diam-
eter of the transducer face (aperture) and the wavelength.

Fm = D2/4λ

Beyond the near field zone, the beam diverges into a cone 
(far field) with an angle θ determined by the ratio of the 
wavelength to the diameter of the transducer face:

sin θ = 1.22λ/D

The addition of a concave crystal or an acoustic lens allows 
generation of a beam with optimal characteristics at the 
depth intended at the expense of more diversion past the 
region of focal length. (Figure 47-7)

In spite of focusing, the edges of the beam are not perfect 
and have lateral and elevational dimensions. The beam 
width is defined as the distance between lateral points in the 
beam where the intensity reduces by 50% or 3 dB. The beam 
width defines the lateral resolution of the instrument.

In addition to the main beam, secondary beams are emitted 
laterally as well, and they are responsible for the side lobes. 
These are much weaker, generally being 1/105 of the main 
beam’s intensity. They are responsible for the side lobe arti-
facts that appear in the center of the main beam. These can 
be reduced by emitting weaker signals from the center to 

the edge of the element (apodization). Increasing the num-
ber and reducing the size of the elements will reduce the 
size of the side lobes and hence the interference with the 
image.

MODES OF IMAGE 
PRESENTATION (SEE FIG. 47-8) 

A-mode (amplitude mode)

B-mode (brightness mode) with the variations M-mode and 
two-dimensional imaging

In A-mode distance is displayed along the vertical axis, 
with the length indicating image intensity. This modality 
is no longer used. With B-mode, the only difference is that 
the image quality is reflected by the brightness of the dots. 
When B-mode sweeps across the cathode ray tube, it pro-
duces an M-mode image.

A-mode B-mode M-mode

Figure 47-8. Schematic representation of different modes of 
image displays.
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Figure 47-6. Schematic representation of an ultrasound trans-
ducer with the elements. The piezoelectric crystal sends and 
receives ultrasound signals. The dampening material improves 
resolution by reducing the number of cycles in the pulse. It 
reduces the pulse duration and spatial pulse length, thereby 
improving resolution. The matching layer allows the ultrasound 
to pass across the ultrasound–skin boundary by providing im-
pedance matching with the skin. “Ring down” is a decrease in 
the frequency and amplitude of the pulse and is dependent on 
dampening and will determine the bandwidth.
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Figure 47-7. Schematic representation of the influence of 
focusing on beam geometry. The beam from a focused trans-
ducer is narrower at its focal length than the unfocused trans-
ducer. However, this comes at the expense of divergence of the 
beam in the far field. Side lobe and grating artifacts are noted 
with both the transducers.
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2D images are formed by sweeping the ultrasound beam 
across the field; the returned signals denote the brightness 
of various points within the image, which annotate the ex-
pected position of the echo returning from the tissue. A scan 
of a one sector is referred to as a frame. The time necessary 
to generate a frame is

t = 2nd,

where n is the number of scan lines in a frame, d is the depth 
of the sector, and c is the speed of propagation in the tissue. 
The time needed for data acquisition is related to the num-
ber of scan lines. For cardiac imaging, typically high frame 
rates (more than 30 frames per second) are needed for dis-
play of structural motion. However, very high frame rates 
will deteriorate image quality.

Pulse duration (PD) is time required for the pulse to travel 
from the transducer to the tissue and back. It is related to 
depth and the speed of sound in the tissue:

PD = 2d/c.

Pulse repetition frequency (PRF) is the rate of transmission 
of the pulses per second, and as such is the reciprocal of PD:

PRF = c/2d.

Given the velocity of ultrasound in blood of 1540 m/s, the 
equation translates to

PRF = 77/d pulses per millisecond.

Typically, pulse repetition frequency in M-mode and two 
dimensions is 1000-2000 pulses per second and 3000-5000 
pulses per second.

Echo signals received by the transducer are converted 
to an electric signal. This signal is further processed and 
manipulated by amplification, time gain compensation, 
filtering, compression, and rectification; it is eventually 
displayed in various shades of gray. The echo images then 
undergo analog-to-digital conversion. Further postpro-
cessing is done for tomographic enhancement and real 
time display.

TYPES OF SCANNING TRANSDUCERS

A single-element transducer can produce a 2D image only 
if the ultrasound beam is swept over a sector. A mechani-
cal sector scanner allows for automatic ultrasound sweep. 
This is commonly used in cardiac imaging because it allows 
for a faster frame rate and smaller transducer size. However, 
these are fraught with mechanical malfunctions and limited 
Doppler capabilities and hence rarely used.

More commonly, the ultrasound beam is produced and elec-
tronically steered by an array of smaller, closely placed, ele-
ments in a sequential fashion controlled by the ultrasound 
instrument. Each element has its own electrical connection 
to the instrument and transmits its own pulse.

Phased array transducers typically have a series of transduc-
ers that are swept electronically through an arc. Electronic 
focusing is obtained by alteration of the firing delays of the 
elements. This alteration helps one obtain a curved summa-
tion wavefront when the sequential firing of the elements 
is delayed, doing so in proportion to their distance in the 
array. This creates a beam that seems to originate from an 
apparent element that is angulated compared to the true 
array (Figure 47-9). 

Side lobes, called grating lobes, emanate from this wave-
front and produce artifacts similar to the side lobe artifacts. 

Linear array transducers involve firing of the firing of small 
groups of elements simultaneously to produce a linear wave-
front, perpendicular to the array surface, that can sweep a 
rectangular region (Figure 47-10). These are used to image 
large regions close to the transducer and hence are used in 
transcutaneous imaging probes.

RESOLUTION

This is the capability of the ultrasound system to differenti-
ate echo signals from different sources that are close to one 
another in time, space and the intensity of the returning sig-
nal. These are referred to as temporal, spatial and contrast 
resolution. Spatial resolution determines the quality and the 
detail of the image and can further be divided into:

axial resolution—along the length• 
elevational resolution—relating to the thickness • 
of the image slice
lateral (azimuthally) resolution—side-to-side resolu-• 
tion.

Axial resolution (minimum distance between two echo re-
flectors that can be detected) is the most accurate and is 
dependent on pulse duration, frequency, and bandwidth. 
Higher frequency and wider bandwidth increases axial 
resolution.

Lateral resolution (ability to detect two reflectors side by 
side) is dependent on beam width, depth, and transducer 
characteristics and focusing abilities. It is the best at the 
narrow part of the beam and deteriorates at the far field. 
This causes the “blurring” of the image at the far field.

Elevational resolution (image slice thickness) is de-
pendent on the transducer focusing properties and is 
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Figure 47-9. Representation of linear array scanning. A subset of adjacent elements are fired simultane-
ously, producing beams perpendicular to the array. This produces a rectangular image made of vertical, 
parallel scan lines. Elements 1, 2, and 3 are fired to generate the bottom line, followed by firing of ele-
ments 2, 3, and 4, followed by 3, 4, and 5. 
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Figure 47-10. Representation of a phased array scanner. The elements are fired from the bottom to the 
top sequentially, resulting in a wavefront that is directed outward as though it were coming from a virtual 
transducer perpendicular to the beam. This is the principle used in electronic steering.
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difficult to appreciate, but does play an important role in 
echocardiography.

Elevational resolution tends to the weakest in phased array 
systems as compared to lateral resolution, since the larger ef-
fective aperture is in the lateral direction. This can produce 
beam width artifacts and produce images in the center.

IMAGING ARTIFACTS

In addition to the artifacts described in the preceding para-
graphs, there are additional artifacts of note:

Reverberation artifact—These are produced when • 
high amplitude echo signals travel back and forth be-
tween two surfaces before returning to the transducer. 
These are parallel lines or shadows and are spaced 
equally, extending into the far field.
Near field clutter or ring down artifacts are produced • 
by multiple reverberations at the transducer face.
Acoustic shadowing—These are produced by lack of • 
transmission of ultrasound beyond a structure with 
high impedance like bone or a mechanical prosthesis. 
This causes a lack of signal beyond the structure. The 
closer the structure to the transducer, the larger the 
shadow.
Mirror image artifact—This occurs when a strong re-• 
flector redirects a portion of the echo signal towards 
the transducer and the structure is thus wrongly dis-
played within the image; this may cause duplication 
of the image. Typically mirror image artifacts display 
opposite motion, which can be eliminated by reduc-
ing output or gain.
Suboptimal image—This is due to interposition of • 
tissue with high impedance in the path of the beam, 
resulting in a high noise-to-signal ratio.
Range ambiguity—This occurs when echo signals re-• 
turn from a reflector deep to the range setting of the 
instrument and returns to the transducer during the 
listening phase for the succeeding cycle, causing 
that structure to be displayed as if it occurred in that 
particular range setting. This can be circumvented 
by changing the depth setting and pulse repetition 
frequency.

INSTRUMENT SETTING FOR IMAGING

Many of the controls on the instrument panel perform data 
manipulation (preprocessing) during image acquisition, and 
stored data can be reviewed (postprocessing). Some of the 
functions of the instrument setting include:

Power—This control adjusts energy output. Normally • 
it is kept as minimal as possible for an optimal image 
quality and to reduce bioeffects and artifacts.

Gain—This control adjusts the displayed amplitude. • 
Gain is set high enough, while at the same time keep-
ing the “noise” as minimal as possible.
Time gain compensation—This panel helps to adjust • 
the relative sensitivity of the instrument to the signals 
received from a particular depth. Some instruments 
combine this with lateral gain compensation.
Depth—This parameter determines the pulse repetition • 
frequency and the frame rate and is normally set to a 
value minimal enough to display the region of interest.
Compression (dynamic range /greyscale)—This con-• 
trol adjusts the grey scale range, which helps in in-
creasing contrast and gradation between the light and 
dark regions. This assists in displaying subtle varia-
tions in the image, for example, mural thrombus.
Sector width/steer—This adjusts the angle of the sec-• 
tor. Reducing the angle increases the frame rate. The 
steer function controls the position of the sector with-
out moving the transducer.
Brightness, contrast, color, greyscale—These are ad-• 
justed to produce a visually optimal and meaningful 
image.

PRINCIPLES OF HARMONIC IMAGING 

Tissue Harmonics

Harmonic imaging is a form of B-mode imaging wherein the 
pulse is emitted at the fundamental frequency fo. However, 
the images are formed from frequencies, which are integer 
multiples of the fundamental frequency; e.g., 2fo (2nd har-
monic), 3fo (3rd harmonic), etc.

Harmonic frequencies are generated due to tissue com-
pressibility. Since the velocity of sound is related to tis-
sue density, the peak velocity (at compression) is more 
the trough velocity (at rarefaction). This results in peak-
ing of the normal sine waveform. Harmonic frequency 
generation increases with distance. The images gener-
ated by harmonic frequencies are significantly improved 
due to less distortion. They are also helpful in reducing 
side lobe artifacts and near field artifacts. Lateral resolu-
tion is enhanced as well, since the low energy signals are 
processed. Last but not least, resolution is also increased 
because the images are formed from higher frequency re-
turn signals. 

Contrast Harmonics

The idea behind contrast harmonics is the principle that 
when microbubbles in circulation interact with ultrasound, 
they vibrate or oscillate at a different frequency, typically 
twice the fundamental frequency. This occurs due to dif-
ferent impedances among the microbubbles, leading to 
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compressions and rarefaction. This leads to generation of 
harmonic frequencies. Unlike tissue harmonic imaging, a 
low power is used, since the microbubbles are destroyed at 
higher power. The microbubbles are effective reflectors, and, 
when tuned, the ultrasound will preferentially display the 
microbubbles in range. The microbubbles currently in use 
are small enough (1-5μ) to traverse the pulmonary capillary 
circulation into the left side of the heart. These are most 
commonly used for left ventricular opacification (LVO) in 
patients will suboptimal endocrinal definition. Other uses 
include myocardial perfusion imaging and visualization of 
left ventricular mural thrombus. 

Harmonic power Doppler imaging, also called angiomode, en-
tails Doppler reflections from microbubbles employing color 
B-mode imaging, which reduces tissue artifact.

DOPPLER ECHOCARDIOGRAPHY

Doppler shift or frequency is the change in sound fre-
quency from moving objects interacting with ultrasound. 
Essentially the frequency of the returning signal is higher 
when the reflecting object moves towards the transducer 
and lower when it moves away from the transducer. 
This phenomenon is named after the Austrian physicist 
Christian Johann Doppler, who described the effect in 
1842. Hence the name Doppler shift (Fd), which is the dif-
ference between the transmitted frequency (Ft) and the 
returning frequency (Fr) 

Normally, the Doppler shift frequencies are in the audible 
range. The Doppler equation is expressed as follows:

Fd = Ft – Fr = (2 FtV cos θ)/c,

where V is the velocity of the moving object, and θ is the 
angle between the sound wave and the direction of the mov-
ing object. The factor of 2 indicates that the Doppler shift oc-
curs twice (from the source to the object and then back from 
the object to the transmitter). Hence, it is obvious that the 
Doppler angle will affect the Doppler shift. When the angle 
is zero, the beam is parallel to the flow, i.e., cos 0 = 1. When 

the angle is 90° (perpendicular), i.e., cos 90 = 0, essentially 
no Doppler shift results. Typically angles <20° will cause 
<6% change in Doppler shift, which is not significant. 

DOPPLER SPECTRAL ANALYSIS 
AND INSTRUMENTATION

The ultrasound machine uses a spectrum analyzer to 
 determine the frequency of the returning signal and hence 
the Doppler shift. Two methods exist for this purpose. 
The zero crossings method is no longer used. The newer 
echo machines use a method called fast Fourier transform 
(FFT) (after Jean Baptiste Joseph Fourier, a nineteenth 
century French mathematician). The algorithm in the 
calculation determines the frequency content of a signal 
(frequency domain analysis). The display generated is called 
spectrum analysis. In this display, frequency shifts towards 
the transducer are displayed above the baseline, and shifts 
away from the transducer are displayed below the baseline. 
Because there are multiple frequencies for a given point in 
time, each signal will be displayed depending on its bright-
ness (greyscale or color). Hence, the display will provide 
information about 

direction of blood flow• 
velocity (frequency shift)• 
signal amplitude.• 

Stronger signals emanate from specular filters, e.g., myocardial 
walls and blood vessel walls. These signals can overload the 
spectrum analyzer. A wall filter (high pass filter) is used to elim-
inate low frequency strong signals and is set at as low a level 
as possible, in order to prevent any information that is sought 
from being lost. Tissue Doppler imaging uses a reverse wall fil-
ter and utilizes these low frequency strong signals. Modalities 
used in modern Doppler echocardiography include

continuous wave Doppler• 
pulsed wave Doppler• 
color Doppler flow imaging.• 

The essential differences of these modalities are described 
below:

Continuous wave Pulsed wave Color

Continuous transmission and reception Intermittent transmission
Reception after a delay
Uses 2 crystals

Color coded

Uses 1 crystal

Records all velocities along the path Records velocity at a 
particular location

Used for spatial 
mapping

Used for high velocities Useful for low velocities Useful for quantification 
of regurgitant flow

Smooth signal Potential for aliasing Color reversal with aliasing



CHAPTER 47 /  Basics of Ultrasound Physics 527   

Continuous Wave Doppler

Continuous wave (CW) Doppler utilizes continuous trans-
mission and reception of signals utilizing two crystals. The 
spectral signal is smooth and has the narrowest frequency 
and the best resolution. It records signals along the entire 
path and there is no aliasing. There is overlap of all signals 
from all depths. However, CW Doppler allows precise tim-
ing and direction of flow and is valuable in high velocity le-
sion, such as aortic stenosis. The disadvantage is that exact 
location and depth cannot be assessed. Dedicated nonimag-
ing CW probes are available that have high signal-to-noise 
ratio. These probes tend to be small and can be used in the 
narrow rib spaces.

Pulsed Wave Doppler

As mentioned earlier, this modality employs intermittent 
transmission and samples velocities at a specific location of 
interest. It is used in conjunction with 2D imaging, termed 
duplex imaging. Typically a pulse of ultrasound is sent and after 
a delay, retuning signals are analyzed at specific times that 
would correspond to the desired depth. This sequence is re-
peated at intervals called pulse repetition frequency. The pulse 
repetition frequency is depth-dependent, since the wait time 
for the returning signal will be longer for increasing depths. 
Consequently, the PRF will be high for shallow depths and 
low for deeper tissue sites. Sample volume is the selected depth 
of interest at which the returning signals will have shifted 
phase and is used to generate the Doppler shift frequency. 

The pulse wave signal tends to demonstrate a linear ap-
pearance as opposed to the filled-in appearance of the 
continuous wave Doppler. This is secondary to the lim-
ited range of frequencies within the sample volume. With 
increasing turbulence and complex flow, the wider range 
of velocities produce spectral broadening of the envelope. 
This will result in filling in of the display with ranges of 
greyscale.

The major drawback of the PW Doppler is its capacity to 
measure limited velocities unambiguously. Velocities outside 
the limits of the spectral display, also known as the Nyquist 
limit (called after Harry Nyquist, a physicist and engineer at 
Bell Laboratories), will produce the ‘wrap around’ phenom-
enon that appears at another location within the display, 
with a reversal of direction. This is called aliasing. This phe-
nomenon occurs when the Doppler shift frequency exceeds 
one half of the PRF. 

Measures used to reduce aliasing include 

using CW Doppler• 
shifting baseline• 
increasing PRF• 
using low frequency transducer• 

High Pulse Repetition Doppler

This modality uses high PRF at short intervals and hence 
the range ambiguity. This helps in detection of higher 
velocities. 

Color Flow Doppler

Color flow Doppler uses real time display of flow infor-
mation superimposed on 2D or M-mode imaging. A group 
of pulses are emitted for each pixel in the color scan. 
Typically between 3 and 16 pulses (packet size, color pack-
ets or pulse packets) are emitted and the returned signals 
are recorded; about 100 samples are recorded along each 
color scan line. 

A color map allows for selection of colors ranging from 
saturated red for velocities towards the transducer to satu-
rated blue for velocities away from the transducer (mne-
monic: BART = Blue Away, Red Towards). Color flow 
Doppler requires a significant amount of computation. 
There are a large number of sample volumes in a color 
flow image. Only the mean velocity is displayed in each 
pixel. Because of the large numbers of reflectors in blood 
(cells), large packet sizes are used. Three parameters are 
measured:

mean phase shift (mean velocity)• 
variance of the mean value (turbulence)• 
amplitude (indicates number of reflectors).• 

Variance can be adjusted to display shades of green and yel-
low. Variance indicates regions with turbulence or complex 
flow states.

This process of acquisition is repeated for each scan line of 
the image plane. This process takes a finite time and is re-
flected in the frame rate, which signifies the rate of image 
update. The frame rate is determined by:

sector depth (PRF)• 
sector width (number of lines)• 
number of ultrasound bursts (burst length)• 
density of lines (number of lines)• 

Properties of color are expressed in terms of hue, saturation, 
and intensity.

Color flow Doppler being a form of pulsed Doppler is sub-
ject to the same limitations, e.g., aliasing and the wrap-
around phenomenon, where the color can change from red 
to blue and vice versa without transitioning through the 
intermediate colors. This produces a mosaic of colors that 
signify turbulence or high velocity flows. The other major 
limitation of color flow Doppler is temporal and spatial 
resolution.
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Tissue Doppler Echocardiography

This modality evaluates motion of slow-moving reflectors, for 
example, valves, myocardium, etc. It measures velocities in 
the typical range 1-20 cm/s. Tissue Doppler is of two kinds:

tissue Doppler imaging (TDI)• 
pulsed wave tissue Doppler (PWTD.)• 

The difference between TDI and color flow Doppler is that 
the signal is not passed through a clutter filter, and low am-
plitude signals are rejected. 

PWTD quantifies velocities of tissue motion and has 
an improved velocity range and temporal resolution as 

compared to TDI, which provides better spatial resolution. 
PWTD reflects true tissue motion as well as translational 
and rotational movements. PWTD can be used for assess-
ing various aspects of cardiac function including diastolic 
function, regional systolic function, and global systolic 
function.
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• Contrast echo: Because the ultrasound character-
istics of microbubbles are distinctly different from 
those of the surrounding blood cells and heart tis-
sue, the backscatter that they produce with second 
harmonic images enhances myocardial border delin-
eation and the resultant echocardiographic image.

• Left atrial volume is measured in apical 4-chamber 
view on two-dimensional (2D) echo by tracing the inner 
edge of the atrial border at end-systole. It is then cor-
rected for body surface area, normal is <28 mL/m2.

• Left ventricular volume: American Society of 
Echocardiography (ASE) recommends that modi-
fied Simpson’s rule (using the 2D biplane method of 
disks) be utilized for volume measurements.

• Myocardial and annular velocities: A ratio of E-mitral 
inflow velocity to E” is >15 mm Hg suggests elevated 
left ventricular end diastolic pressure (LVEDP).

• LV wall motion abnormalities: The ASE in 1989 rec-
ommended a 16-segment model (6 segments at 
basal and midventricular levels and 4 segments at 
apex) for LV segmentation, which is best used for 
studies assessing wall motion abnormalities. The 
AHA Writing Group recommended a 17-segment 
model, which included apical cap, and this model is 
best used for myocardial perfusion studies or when 
comparisons are made between imaging modalities

• Pressure gradients are calculated using the simpli-
fied Bernoulli equation δP = 4V2, where δP is the 
pressure gradient (in mm Hg) and V is peak blood 
velocity (in m/s) as measured by the Doppler across 
the narrowing. The equation that describes the rela-
tionship between Doppler gradient and cardiac cath-
eterization-derived peak-to-peak gradient is: 

Peak-to-peak gradient � (0.84 × peak Doppler 
 gradient) – 14 mm Hg.

• Right ventricular systolic pressure (RVSP) is given by:

RSVP = Estimate of mean RA pr + Peak RV – RA 
gradient or RVSP = 4V2 + estimated RA pr.

In the absence of pulmonary stenosis, pulmonary 
artery systolic pressure, (PASP) = peak RVSP. In the 
presence of pulmonary stenosis, 

PASP = RVSP – maximal pulmonary valve pres-
sure gradient. 

The latter is derived from velocity across the pulmo-
nary valve by continuous wave Doppler.

• Valve lesions
0 Aortic and mitral stenosis: Continuity equation is 

typically used in assessing aortic stenosis. In mitral 
stenosis the continuity equation is useful when the 
pressure half-time method is limited. Calculating 
valve areas using the pressure half-time method is 
an accurate method for determining the severity of 
mitral stenosis. Pressure half-time is time needed 
for maximal pressure gradient to decrease by half:

Mitral valve area = 220/Pressure half-time.
0 Aortic regurgitation: Semiquantitative assessment 

of the severity is done by color flow jet area and 
width by Doppler echocardiography, quantitative 
measurement of regurgitant volume, regurgitant 
fraction, and regurgitant orifice area.

0 Mitral regurgitation: A central color flow jet with 
a structurally normal MV apparatus suggests the 
presence of functional MR, which may be due to 
annular dilatation from LV dilatation or tethering 
of the posterior leaflet because of regional LV dys-
function in patients with ischemic heart disease. 

d PRACTICAL POINTS

(continued)
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TYPES OF ECHOCARDIOGRAPHY

M-Mode

M-Mode, or motion echo, is a graph that reflects depth and 
strength of reflection with time (Figures 48-1 and 48-2).

It is generated by transmission and reception of the ultra-
sound signal along only one line. The sampling rate of 1800 
times per second allows it higher sensitivity than 2D echo 
for moving structures, e.g., valve opening or closing or 
movements of ventricular wall. It is important that the 
ultrasound beam be aligned perpendicular to the structure 
being assessed with this modality. M-mode measurements 
are used to determine size and thickness of the various 
chambers of the heart, valve orifices, and blood vessels. 

Two-Dimensional

Two-dimensional (2D) echocardiography is a sector of a to-
mographic image plane in real-time motion (Figure 48-3 
and Table 48-1). It involves generation of a “snapshot” in 
time of a cross-section of the tissue, which is followed by 
rapid succession of the next frame of the cross-section, re-
sulting in real-time imaging of the chambers of the heart, 
valves, and blood vessels.

Three-Dimensional

Three-dimensional echocardiography (3D) is under evolu-
tion. It currently utilizes matrix probes that consist of 2000 
to 3000 imaging elements in a rectangular array. Currently, 
these devices have been acquiring four or more separate 
sub-pyramidal volumes, triggered to the electrocardiogram 
and then merged or “stitched” to a full volume. Limitations 
of capturing a full volume data include relatively low frame 
rates, especially with color Doppler imaging and integrat-
ing other data such tissue Doppler and M-mode.

Doppler Echocardiography

Doppler echocardiography utilizes the reflection of ultra-
sound waves from moving red blood cells. The direction and 

velocity of blood flow influences the frequency shift of the 
ultrasound wave. Therefore, the hemodynamic information 
(Table 48-2) derived from Doppler is used to: 

Measure the severity of valvular stenosis• 
Detect valvular regurgitation• 
Detect intracardiac shunts such as VSD and ASD.• 

The three traditional Doppler techniques that are routine in 
an echocardiographic study are as follows:

 1. Pulse Wave Doppler (Figure 48-4)—This utilizes a 
single crystal to transmit ultrasound and then receive 
the sound wave after a preset time delay. It only allows 
measurement of blood flow velocity from a small re-
gion. When combined with 2D imaging, a small “sam-
ple volume” can be seen on the screen from where the 
velocities are measured. This sample volume can be 
moved by the sonographer. The signals that are re-
flected can only be measured from a depth that cor-
responds to the product of half the time delay with the 
speed of sound in tissue, that is,

½ (time delay × 1540 m/s).

   The time delay also limits the rate at which sam-
pling occurs, which in turn limits the maximum ve-
locity that can be measured—a phenomenon that is 
known is “aliasing,” which occurs with velocities in ex-
cess of 2 m/s. Pulse wave Doppler is utilized to measure 
normal intracardiac transvalvular flow  velocities.

 2. Continuous Wave Doppler (Figure 48-5)—This uti-
lizes two crystals—one that is transmitting continu-
ously and another that is receiving continuously. The 
advantage of this technique is that it is able to measure 
high velocities (without signal aliasing). Also, its abil-
ity to localize a flow signal precisely can originate at any 
point along the length or width of the ultrasound beam. 
It’s ability to measure high velocities makes it useful in 
assessing flows across stenotic and regurgitant valves. 

   Note both continuous and pulsed wave Doppler are 
referred to as “spectral” Doppler because they allow a 
graphical depiction of velocity and time.

An eccentric color flow jet of MR with abnormalities 
of the MV apparatus indicates organic MR.

0 Prosthetic valve: All prosthetic valves have some 
“ in-built” regurgitation.

• Constrictive pericarditis: There is no single echocar-
diographic sign diagnostic of constrictive pericardi-
tis—a combination of echocardiographic and Doppler 

studies along with clinical features usually indicates 
the diagnosis of constrictive pericarditis.

• Pericardial tamponade: Although right atrial col-
lapse is a sensitive sign of increased pressure in 
the pericardial space, diastolic RV collapse is more 
specific for hemodynamic compromise in pericardial 
tamponade

d PRACTICAL POINTS (continued)
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Figure 48-1. A. Diagram of an M-mode sweep from apex to 
base in a normal heart (parasternal view). B to D. M-mode 
sweep from apex to base in a normal individual. aMVL, anterior 
mitral valve leaflet; Ao, aorta; AoV, aortic valve; APS, atriopul-
monic sulcus; ARVW, anterior right ventricular wall; ATVL, an-
terior tricuspid valve leaflet; AVJ, atrioventricular junction; Ch, 
chordae tendineae; EN, endocardium; E,P, epicardial/pericardial 
interface; IVS, interventricular septum; LA, left atrium; LAW, left 
atrial wall; LV, left ventricle; LVOT, left ventricular outflow tract; 
PA, pulmo nary artery; PMVL, posterior mitral valve leaflet; PPM, 
posterior papillary muscle; PV, pulmonic valve; RA, right atrium; 
RV, right ventricle; RVOT, right ventricular outflow tract. (Source: 
A, from Felner JM, Schlant RC. Echocardiography: A Teaching 
Atlas. New York: Grune & Stratton; 1976. With permission.)
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 3. Color Flow Mapping (Figure 48-6)—This is gen-
erated by an automated 2D pulsed wave Doppler 
superimposed on 2D real-time image. It is used for 
assessment of regurgitation and shunts. Color flow 
mapping calculates both blood velocity and direction 
at several points along a number of scan lines that are 
superimposed on a 2D image. Color coding is used to 
depict the direction and velocity of blood flow. The 
BART convention or (blue away, red towards the 
transducer) is now the standard for color coding. 

As the velocities increase, the shades of color become 
lighter progressively. “Color reversal” occurs at the thresh-
old velocity (the Nyquist limit) due to aliasing. Regions 
of turbulence or high flow acceleration are depicted in 
green.

Tissue Doppler is performed in apical views to determine mi-
tral annular velocities. Mitral annular velocities are used to 
draw inferences about LV relaxation and, along with mitral 
peak E velocity (E/e’ ratio), is used to predict LV filling pres-
sures. Primary measurements include the systolic (S), early 
diastolic, and late diastolic velocities. The early diastolic an-
nular velocity has been expressed as Ea, Em, E’, or e’, and the 
late diastolic velocity as Aa, Am, A’, or a’. Use of E’ or e’ is 
preferred because Ea is also commonly used to refer to arterial 

elastance. To determine global LV diastolic function, it is rec-
ommended one acquire and measure tissue Doppler signals at 
least at the septal and lateral sides of the mitral annulus and 
utilize their average to determine e’. In patients with myocar-
dial disease, e’ can be used to correct for the effect of LV re-
laxation on mitral E velocity, and the E/e’ ratio can be applied 
for the prediction of LV filling pressures. Normal values tissue 
Doppler-derived velocities are influenced by age, similar to 
other indices of LV diastolic function. With age, e’ velocity 
decreases, whereas a’ velocity and the E/e’ ratio increase. An 
E/e’>15 is associated with elevated LV filling pressures. The 
E/e’ ratio, however, has limitations, and is not accurate as an 
index of filling pressures in normal subjects or in patients with 
heavy annular calcification, mitral valve (MV) disease, and 
constrictive pericarditis. 

Contrast Echocardiography

Contrast echocardiography involves intravenous adminis-
tration of microbubbles that opacify the left or right heart 
(Figure 48-7). 

Right-sided contrast is used to detect patent formen 
ovale, whereas left-sided contrast is used to better delin-
eate left ventricular border when transthoracic images are 
suboptimal.

Figure 48-2. Recommended criteria for M-mode measurement of cardiac dimensions (see text 
for details). The figure and the elliptical inserts (a, b, c, d, and e) illustrate the leading-edge method. 
aMVL, anterior mitral valve leaflet; Ao, aorta; AoV, aortic valve; ARV, anterior right ventricular wall; 
EN, endocardium; EP, epicardium; LA,  left atrium; LV, left ventricle; PLV, posterior left ventricular 
(wall); PPM, papillary  muscle; PMVL, posterior mitral valve leaflet; RV, right ventricle; S, septum. 
(Source: Reproduced with permission from Sahn DJ, DeMaria AN, Kisslo J, Weyman AE.)



CHAPTER 48 /  Essentials of Echocardiography 533   

Figure 48-3. The four major 
types of ultrasonic scanners used 
to acquire 2D echocardiographic 
images. A. Linear-array scanner. 
B. Oscillating scanner. C. Rotating 
mechanical scanner. D. Phased-ar-
ray scanner. (Source: From Hagan 
AD, DeMaria AN. Clinical Applica-
tions of Two- Dimentional Echocar-
diography and Cardiac Doppler. 
Boston: Little, Brown; 1989. With 
permission.)

ASE Recommendations for Contrast Echocardiography

In difficult-to-image patients presenting for rest 
echocardiography with reduced image quality, the following 
uses of contrast echocardiography are recommended:

1.  to enable improved endocardial visualization and assessment 
of left ventricular (LV) structure and function when ≥2
contiguous segments are not seen on noncontrast images;

2.  to reduce variability and increase accuracy in LV volume 
and LV ejection fraction (LVEF) measurements by 2D 
echocardiography;

3.  to increase the confidence of the interpreting physician in 
LV functional, structure, and volume assessments.

In difficult-to-image patients presenting for stress 
echocardiography with reduced image quality, the following 
uses of contrast echocardiography are recommended:

1.  to obtain diagnostic assessment of segmental wall motion 
and thickening at rest and stress;

2. to increase the proportion of diagnostic studies;
3.  to increase reader confidence in interpretation.

In all patients presenting for rest echocardiographic 
assessment of LV systolic function (not solely difficult-to-image 
patients), the following uses of contrast echocardiography are 
recommended:

1.  to reduce variability in LV volume measurements through 
2D echocardiography;

2.  to increase the confidence of the interpreting physician in 
LV volume measurement.

To confirm or exclude the echocardiographic diagnosis 
of the following LV structural abnormalities, when 
nonenhanced images are suboptimal for definitive 
diagnosis:

1. apical variant of hypertrophic cardiomyopathy;
2. ventricular noncompaction;
3. apical thrombus;
4.  complications of myocardial infarction, such as LV 

aneurysm, pseudoaneurysm, and myocardial rupture.

To assist in the detection and correct classification of 
intracardiac masses, including tumors and thrombi.

For echocardiographic imaging in the intensive care unit (ICU) 
when standard tissue harmonic imaging does not provide 
adequate cardiac structural definition

for accurate assessment of LV volumes and LVEF;•
 for exclusion of complications of myocardial infarction, such as •
LV aneurysm, pseudoaneurysm, and myocardial rupture.

To enhance Doppler signals when a clearly defined spectral 
profile is not visible and is necessary to the evaluation of 
diastolic and/or valvular function
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Table 48–1 • Cardiac Dimensions by Two-Dimensional Echocardiography

Cardiac Feature Range Mean Index, cm/m2

Apicol four-chamber view
LVd major
LVd minor
LVs minor
LVd area
LVs area
RV major
RVd minor
RVd area
RVs area
LA major
LA minor
LA area
RA major (inf-sup)
RA minor
RA area

6.9–10.3 cm
3.3–6.1 cm
1.9–3.7 cm
21.2–40.2 cm2

8.0–21.1 cm2

6.5–9.5 cm2

2.2–4.4 cm2

12.0–22.2 cm2

5.4–14.6 cm2

4.1–6.1 cm
2.8–4.3 cm
10.2–17.8 cm2

3.5–5.5 cm
2.5–4.9 cm
11.3–16.7 cm2

8.6 cm
4.7 cm
2.8 cm
31.2 cm2

14.2 cm2

8.0 cm
3.3–3.5 cm
18.6–2.1 cm2

9.9 cm2

5.1 cm
3.5 cm
14.7 cm2

4.3–4.5 cm
3.7 cm
13.8–14 cm2

4.1–5.7
2.2–3.1
1.3–2.0
—
—
3.8–5.3
1.0–2.8
—
—
2.3–3.5
1.6–2.4
—
2.0–3.1
1.7–2.5
—

Apicol two-champer view
LVd major
LVd minor
LVd area
LVs

6.8–9.4 cm
3.8–5.7 cm
19.4–48.0 cm2

8.9–27.0 cm

8.0 cm
4.6 cm
35.6 cm2

14.3 cm

—
—
—
—

Parasternal long-axis view
LVd

LVs

RV
LA [A-P]
LA [S-I]
LA area
AO

3.5–6.0 cm
2.1–4.0 cm
1.9–3.8 cm2

2.7–4.5 cm
3.1–5.5 cm
9.0–19.3 cm2

2.2–3.6 cm

4.8 cm
3.1 cm
2.8 cm
3.6 cm
4.4 cm
13.8 cm2

2.9 cm

2.3–3.1
1.4–2.1
1.2–2.0
1.6–2.4
—
—
1.4–2.0

Parasternal short-axis view
AO

RVOT
RA
LA
LA area
LVd (PM level)
LVs (PM level)
LVd area (PM level)
LVs area (PM level)
LVd (Ch. level)
LVs (Ch. level)
LVd area (Ch. level)
LVs area (Ch. level)

2.3–3.7 cm
1.9–2.2 cm
1.5–2.5 cm
2.6–4.5 cm
7.2–13.0 cm2

3.5–5.8 cm
2.2–4.0 cm
16.0–31.2 cm2

5.2–13.4 cm2

3.5–6.2
2.3–4.0
16.4–32.3 cm2

6.1–16.8 cm2

3.0–2.3 cm
2.7 cm
1.9–2.2 cm
3.6 cm
10.8 cm2

4.7 cm
3.1 cm
22.2 cm2

8.5 cm2

4.8 cm
3.2 cm
22.5 cm2

10.7 cm2

1.6–2.4
—
—
1.6–2.4
—
2.2–3.1
1.4–2.2
—
—
2.3–3.2
1.5–2.2
—
—

Subcostal view
IVC diameter

1.8 cm —

Ao, aorta; Ch., chordal; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; LVd, left ventricle end diastole; LVs, left ventricle, end systole; PA, pulmonary artery; PM, papillary 
muscle; RA, right atrium; RV, right ventricle, RVd, right ventricular end diastole; RVOT, right ventricle outflow tract; RVs, right ventricle end systole
Source: The values shown in this table represent a compilation of data from three sources: Schnitfinger I, Gorden EP, Fitzgerold PJ, et al. Standardized intracardiac measurements 
of two-dimensional echocardiography. J Am Call Cardial 1983;5:934. Triulzi M, Weymon A. Normal cross-sectional measurements in adults. In: Weyman A, ed. Echocardiography, 
Philadelphia: Lea & Febiger; 1982;497. Hagan AD, DiSessa TG, Bloor CM, et al. Two-Dimensional Echocardiography: Clinical-Pathological Corrections in Adult and Congenital 
Heart Disease. Boston: Little, Brown; 1983;553.

Newer generation of ultrasound contrast agents consists 
of microbubbles of a high molecular weight gas encapsulated 
in a shell of phospholipid or protein. Because the ultrasound 
characteristics of microbubbles are distinctly different from 

those of the surrounding blood cells and heart tissue, the 
backscatter that they produce with  second harmonic images 
enhances myocardial border delineation and the resultant 
echocardiographic image (Figure 48-8). 
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Contrast echocardiography has made possible the assess-
ment of myocardial perfusion, permitting simultaneous 
assessment of global and regional myocardial structure, func-
tion, and perfusion. This has enabled the optimal noninva-
sive assessment of chronic coronary artery disease (CAD) 
and acute coronary syndromes (ACS). The use of contrast 
significantly enhances imaging not only in routine echocar-
diography but also stress echocardiography, frequently al-
lowing the salvage of procedures that do not provide images 
of diagnostic quality.

ASSESSMENT OF CHAMBER 
SIZE AND WALL THICKNESS

Left Ventricular Size

LV Dimensions
2D, guided M-mode measurements of LV internal • 
dimensions at end-diastole and end-systole are made 
when the M-line is oriented appropriately in the 
parasternal long axis view. The measurements are 
made perpendicular to the LV minor axis (to avoid 
overestimating the size that occurs at an oblique 
angle) and at level of mitral valve chords.

The onset of QRS complex is used to make end-• 
 diastolic measurements, and end-systolic measure-
ments are made just before the close of the aortic 
valve when the LV chamber size is at its minimum.
Measurements are made, at the level of the mitral • 
valve chords, from the leading edge of the septal en-
docardium to leading edge of the posterior LV wall 
(the latter is identified on M-mode as the steepest 
most continuous line).

LV Chamber Volumes
These are determined by tracing endocardial borders • 
in apical 4-chamber views and end-diastole and end-
systole.

Left Ventricular Wall Thickness

LV wall thickness is determined by 2D guided M-Mode 
measurement of LV posterior wall and septal thickness in 

Table 48-2 • Normal Intracardiac Doppler Velocites

Velocity, m/sec

Right ventricle
Tricuspid flow 
Pulmonary artery

Left ventricle
Mitral flow
Aorta

0.3–0.7
0.6–0.9

0.6–1.3
1.0–1.7

Source: Hatle L, Angelsen B. Doppler Ultrasound in Cardiology. 2nd ed. Philadelphia; 
Lea & Febiger; 1985

Figure 48-4. PW Doppler tracing from a patient with aortic 
regurgitation. The transducer is in the apical position and the 
sample volume is in the left ventricular outflow tract. A laminar 
envelope is seen during systole, whereas aliased flow is present 
during diastole because of high-velocity flow. 

Figure 48-5. CW Doppler tracing through the left ventricular 
outflow tract (with transducer in the apical position). The maxi-
mal velocity of the aortic regurgitation is  now measurable, but 
all other velocities along the Doppler beam are recorded as well. 
CW, continuous wave; PW, pulsed wave.

Figure 48-6. Apical four-chamber images with color-flow 
 Doppler during diastole and systole. Red flow indicates move-
ment toward the transducer (diastolic filling); blue flow indi-
cates movement away from the transducer (systolic ejection). 
LV, left ventricle; RA, right atrium; RV, right ventricle.
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the left parasternal view, at end-diastole and at the level of 
mitral valve chordae. LV wall thickens during systole. The 
normal range of thickness is 6-12 mm. Walls thinner than 
6 mm may be stretched as in dilated cardiomyopathy or 
due to myocardial damage following a myocardial infarc-
tion. LV wall thickness >12 mm indicates left ventricular 
hypertrophy.

Left Atrial Size

M-mode measurements include anterior-posterior • 
 dimensions. It is measured in long-axis view at end of 
ventricular systole to obtain maximum size.
Left atrial volume is measured in apical 4-chamber view • 
on 2D echo by tracing the inner edge of the atrial border 
at end-systole. It is then corrected for body surface area, 

Figure 48-7. Contrast microbubble injection demonstrating a shunt (arrow) from the right 
atrium (RA). lo left atrium (LA) LV, left ventricle; RV, right ventricle.

Figure 48-8. Harmonic imaging after intravenous injection of echocardiographic contrast. Endocardial border definition before injec-
tion is fair (upper panel) but is markedly improved with harmonic imaging following contrast injection (lower panel).
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normal is <28 mL/m2. It is usually increased with mitral 
regurgitation or when the LV filling pressure is elevated. 
It is recommended that volume determinations be pre-
ferred over linear dimensions because they allow accu-
rate assessment of the asymmetric remodeling of the LA 
chamber and the strength of the relationship between 
LA volume, and cardiovascular disease is stronger than 
that for linear LA dimensions (Lang et al.)2. 

Right Ventricular Size

Right ventricular size is best determined in the apical 
4-chamber view tilted towards the right ventricle and the 
subcostal 4-chamber view. The latter view provides the most 
accurate estimate of the RV size because the ultrasound beam 
is perpendicular to the RV free wall and ventricular septum. 
The RV size may be overestimated in the apical 4-chamber 
view if it is foreshortened, particularly when the transducer is 
medial to the LV apex or when the free wall of the RV is not 
well seen. Normal mid RV diameter = 2.7 cm – 3.3 cm), RV 
outflow tract diameter = 2.5 cm – 2.9 cm. The size can be 
graded qualitatively as severely enlarged when the RV > LV, 
moderately enlarged RV = LV, or mildly enlarged where 
RV < LV.

Right Atrial Size 

Right atrial size is usually determined in the apical 4-chamber 
view. The minor-axis dimension should be measured in the 
plane perpendicular to the long axis of the right atrium. It 
extends from the lateral border of the right atrium to the in-
teratrial septum. Normal values are 1.7-2.5 cm/m2. A paucity 
of data exists for normal RA volumetric values and limited 
data suggest that RA volumes are similar to LA normal values 
in men, 21 mL/m2, but they are slightly smaller in women.

Right Ventricular Wall Thickness

Right ventricular wall thickness is determined qualitatively 
(i.e., RV free wall appears to be the same thickness as the LV 
free wall) or free wall thickness is measured (normal <5 mm).

ASSESSMENT OF 
VENTRICULAR FUNCTION

Global

Systolic
Ejection fraction• 
° Left ventricular ejection fraction is usually esti-

mated visually from parasternal short axis and api-
cal 4-chamber, 2-chamber, and long-axis views. 

° It is also calculated from the formula [(EDV– ESV)/
ESV] × 100%, where EDV is end-diastolic volume 

and ESV is end-systolic volume. The volume in 
end-diastole is estimated as (LVEDD)3 and ESV as 
(LVESD).3

° When the visual estimate does not agree with the 
measured EF, the two are repeated and compared. 
If they disagree (e.g., when the endocardial borders 
are poorly delineated) then the visual estimate is 
reported using a descriptive scale.

° Normal >55%, mildly reduced (40-55%), moderately 
reduced (20-40%), and severely reduced <20%.

° Most echocardiographic laboratories have relied 
on M-mode measurements or linear dimensions 
from the 2D image for quantification. However, 
the previously used Teichholtz or Quiñones meth-
ods of calculating LVEF from linear dimensions 
often result in inaccurate measurements as a result 
of geometric assumptions used in the conversion of 
linear measurements to 3D volume. Therefore, it 
is recommended that, instead, modified Simpson’s 
rule (using the 2D biplane method of disks) be uti-
lized for volume measurements (Figure 48-9).

E-point septal separation• 
Fractional shortening or the % change in LV internal • 
dimensions (not volumes) between systole and dias-
tole. Normal range 30-45%:

  FS = (LVEDD – LVESD)/LVEDD × 100%.

   In the settings of concentric hypertrophy, it is rec-
ommended that calculation of midwall rather than 

Figure 48-9. Two-dimensional measurements for volume cal-
culations using biplane method of disks (modified Simpson’s 
rule) in apical 4-chamber (A4C) and apical 2-chamber (A2C) 
views at end diastole (LV EDD) and at end systole (LV ESD).
Papillary muscles should be excluded from the cavity in the trac-
ing. (Permission to be obtained from Lang et al. 2005).
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endocardial fractional shortening be utilized because 
contraction of muscle fibers in the LV midwall wall 
better reflects intrinsic contractility than contraction 
of fibers in the endocardium does. Midwall fractional 
shortening is calculated according the following 
mathematical formulas:
Inner shell = [(LVIDd + SWTd/2 + PWTd/2)3 

- LVIDd3 + LVIDs3]1/3 - LVIDs

MWFS =   ([LVIDd + SWTd/2 + PWTd/2] - [LVIDs + inner shell])
    ____________________________________   (LVIDd + SWTd/2 + PWTd/2) × 100  

  Cardiac output = Stroke volume × Heart rate,

  where stroke volume = EDV – ESV. 
Aortic root anterior-posterior motion• 
Mitral annular apical motion• 
Left ventricular dP/dt (• Figure 48-10)
° dP/dt is the rate of rise of ventricular pressure or 

change in pressure (dP) over time (dt).
° It is a load-independent measure of LV function.
° It is calculated from a rise in velocity of regurgitant 

jet of mitral valve.
° A normal dP/dt = 1000 mm Hg/s.

Diastolic (Figures 48-11 and 48-12)
The assessment of LV diastolic function includes measure-
ment of:

Mitral inflow velocity: These are recorded at the tips • 
of mitral leaflets and at the mitral annulus in the api-
cal four chamber view using pulsed Doppler with a 
sample volume of 2-2.5 cm. Standard measurements 
include E-velocity and deceleration time and A-ve-
locity and duration.
Pulmonary vein velocity: Left atria inflow velocities • 
in the right superior pulmonary vein from apical four 
chamber view with transthoracic echocardiography 

or in any pulmonary vein during TEE. Measurements 
include peak systolic velocity (PVs), peak diastolic 
 velocity (PVd), atrial velocity peak (PVa), and dura-
tion (adur).
Myocardial and annular velocities: Tissue Doppler • 
measurements at the mitral annulus in the apical 
4-chamber view. The measurements of the septal side 
are more reproducible than the lateral wall. Usual 
measurements include early myocardial velocity (E’) 
and atrial myocardial velocity (AM). A ratio of E-
mitral inflow velocity to E’ is >15 mm Hg suggests 
elevated LVEDP.
Isovolumic relaxation time (IVRT): This is measured • 
using pulsed Doppler in the anteriorly angulated 
4-chamber view. IVRT is the interval between closure 
of the atrial valve and opening of the mitral valve. 
Normal is 50-100 ms and it is prolonged with im-
paired relaxation but shortened with severe diastolic 
dysfunction and impaired compliance.

Regional

The wall motion abnormalities and wall thickening/ thinning 
are determined visually for each myocardial segment. Wall 
motion and thickening for each myocardial segment are 
characterized as normal, hypokinetic, akinetic, dyskinetic 
(i.e., movement in the wrong direction, e.g., outward move-
ment of the LV free wall during systole) or aneurysmal 

Figure 48-10. CW tracing of mitral regurgitation with calcula-
tion of dP/dt (apical transducer position). The time period be-
tween velocities of 1 and 3 m/sec is 0.07 sec; the calculated dP/
dt is approximately 460 mm Hg/sec. See text for details. 
CW, continuous wave.

Figure 48-11. A. PWD tracing of diastolic relaxation abnormal-
ity (see text for details). 
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Figure 48-11. (continued) B. PWD tracing of diastolic restrictive abnormality (see text for 
 details) C. Tissue Doppler recording of normal lateral mitral annular motion (apical transducer 
position). Peak early diastolic annular velocity is 15 cm/sec. 
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Figure 48-11. (continued) D. PWD recording of pulmonary venous flow in mild diastolic dys-
function (abnormal relax ation). The S wave is prominent whereas the D wave is small. E. Tissue 
Doppler image (lateral mitral annulus) in mild diastolic dysfunction. Early diastolic velocity is 
blunted (8 cm/sec). 

(outpouching of all three layers of the wall). Regional or 
segmental ventricular abnormalities corresponding to coro-
nary artery perfusion suggest ischemic heart disease. 

The American Society of Echocardiography in 1989 rec-
ommended a 16-segment model (6 segments at both 
basal and midventricular levels and 4 segments at apex) 
(Figure 48-13) for LV segmentation; this model is best 

used for studies assessing wall motion abnormalities. The 
AHA Writing Group recommended a 17-segment model 
(Figure 52-1), which included apical cap, and this model is 
best used for myocardial perfusion studies or when compari-
sons are made between imaging modalities. The distribution 
of the coronary arteries to the various segments (although 
variability exists) is shown in the transthoracic echocar-
diography views in Figure 48-10.
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Figure 48-11. (continued) F. PWD recording of pulmonary venous flow in severe diastolic 
dysfunction. The S wave is small whereas the D wave is prominent. G. Tissue Doppler image in 
severe diastolic dysfunction. Both Em and Am velocities are ab normally low. A, atrial contraction; 
E, early rapid filling; PWD, pulsed-wave Doppler. 
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Figure 48-12. Doppler assessment of progressive diastolic dysfunction utilizing transmitral 
PWD, pulmonary venous Doppler, and mitral annular tissue Doppler imaging. A, atrial compo-
nent of LV filling; Am, myocardial velocity during LV filling produced by atrial contraction; Dec. 
Time, E wave deceleration time; E, early LV filling velocity; Em, early diastolic myocardial veloc-
ity; IVRT, isovolumic relaxation time; PVa, pulmonary vein velocity resulting from atrial contrac-
tion; PVa, diastolic pulmonary vein velocity; PVs, systolic pulmonary vein velocity; Sm, systolic 
myocardial velocity. (Source: From Zile MR, Brutsart DL.. New concepts in diastolic dysfunc-
tion and diastolic heart failure: Part I. Circulation. 2002;105:1387–1393. With permission.)
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Figure 48-13 A. Segmental analysis of LV walls based on schematic views, in a parasternal short- and long-axis orientation, at three 
different levels. The “apex segments” are usually visualized from apical 4-chamber, apical 2-, and 3-chamber views. The apical cap can 
only be appreciated on some contrast studies. A 16-segment model can be used, without the apical cap, as described in an ASE 1989
document. A 17-segment model, including the apical cap, has been suggested by the AHA Writing Group on Myocardial Segmenta-
tion and Registration for Cardiac Imaging. (Permission from Lang et al. 2005.)
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Figure 48-13. (continued) B. Typical distributions of the right coronary artery (RCA), the left anterior descending (LAD), and the cir-
cumflex (CX) coronary arteries. The arterial distribution varies between patients. Some segments have variable coronary perfusion.

HEMODYNAMIC ASSESSMENT

Pressure Gradients

When the blood is moving towards the transducer, the fre-
quency of the ultrasound signal increases and the converse 
is also true. This property is used to derive severity of valvu-
lar stenosis because it is possible to correlate velocity with 
the pressure difference or the “pressure gradient” using the 
simplified Bernoulli equation

δP = 4V2,

where δP is the pressure gradient (in mm Hg) and V is peak 
blood velocity (in m/s) as meas3ured by the Doppler across 
the narrowing (Figure 48-14). In valve stenosis, the jet ve-
locity can be used to determine peak instantaneous and mean 
pressure gradient across the valve. The mean pressure gradi-
ent is obtained by averaging the instantaneous gradients.

Advantages of this technique are:

 i. It measures instantaneous gradient, i.e., real-time, un-
like the peak-to-peak gradient that is calculated from 
cardiac catheterization studies where the peak LV 
and peak aortic pressure gradients do not occur at 
the same time. The equation that  describes the rela-

tionship between Doppler gradient and  cardiac cath-
eterization derived peak-to-peak  gradient is: 

Figure 48-14. The modified Bernoulli equation. Pressure drop 
across a small orifice can be estimated as four times the square 
of the peak velocity (if the proximal velocity is <1 m/sec). V1 and 
P1, proximal  velocity and pressure; V2 and P2. distal velocity 
and pressure. (Source: Modified from Pearlman AS. Technique 
of Doppler and color flow Doppler in the evaluation of cardiac 
disorders and function. In: Schlant RC, Alexander RW, eds. The 
Heart,  Arteries, and Veins, 8th ed. New York: McGraw-Hill; 
1994:2229. With permission.)
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Peak-to-peak gradient � (0.84 × peak Doppler gradient)
– 14 mm Hg.

The main limitations of this technique are 

 i. That the blood velocity is a vector by the Doppler 
technique. Therefore, it is important that the trans-
ducer be lined up in such a manner that the ultra-
sound beam is parallel with direction of the blood 
flow; otherwise the peak velocity (and consequently 
the pressure gradient) can be underestimated. This 
limitation is particularly seen when the direction of 
blood flow is eccentric.

 ii. With pulsed wave, Doppler blood velocity of <2m/s 
only can be examined, above which aliasing occurs 
and continuous Doppler needs to be used. However, 
continuous wave Doppler underestimates the velocity 
of an eccentric jet.

 iii. Although the Doppler equation is fairly accurate in 
determining valve gradients across a tight stenosis, in 
aortic stenosis the phenomenon of pressure recovery 
may result in a larger gradient by Doppler when com-
pared to cardiac catheterization, particularly when the 
distal pressure is measured several cm from valve. In 
clinical practice this error is not clinically significant.

Exceptions to this technique occur when:

 i. velocity proximal to the stenosis is >1.5 m/s;
 ii. two stenotic areas are proximal to each other, e.g., sub-

pulmonic stenosis accompanied by valvular  pulmonic 
stenosis;

 iii. there is a tunnel-like extended stenotic lesion.

Intracardiac Pressures

Right-sided Pressures
When tricuspid regurgitation is present, the peak velocity 
of the regurgitant jet can be used to estimate the pressure 
gradient between the right atrium and right ventricle using 
the formula 4V2. Therefore, 

RVSP =  Estimate of mean RA pressure 
+ Peak RV – RA gradient

where mean RA = magnitude of the inferior vena cava 
(IVC) collapse with inspiration and variation in hepatic 
vein velocities.

In the absence of pulmonary stenosis, 

PASP = peak RVSP.

In the presence of pulmonary stenosis, 

PASP = RVSP - maximal pulmonary valve pressure 
gradient.

The latter is derived from velocity across the pulmonary 
valve by continuous wave Doppler.

The PA diastolic pressure is derived using the 4V2 equa-
tion from the velocity of pulmonary regurgitation (when 
present).

In the presence of significant pulmonary hypertension, RV 
outflow and pulmonary velocities are often altered, includ-
ing shorter acceleration times and a mid-systolic notch in 
the flow velocity envelope. The relationship between the 
acceleration time and mean PA pressures is curvilinear with 
wide confidence limits making accurate estimates for clini-
cal use unreliable.

Volumetric Flow

Stroke Volume
The preferred sites for determining stroke volume 
(SV) and cardiac output in descending order of prefer-
ence are: 

 1. Left ventricular outflow tract (LVOT) or aortic 
 annulus

 2. Mitral annulus

SV= CSA × VTI 

where CSA is cross-sectional area and VTI is velocity 
time integral.  Cross-sectional area of the aortic annulus is 
 calculated (using πr2 formula for area of circle), with annu-
lus diameter D measured in the parasternal long-axis view 
(the largest of 3 to 5 measurements should be taken because, 
typically, annulus diameters tend to be underestimated in 
this tomographic plane).

CSA = D2 × π/4 = D2 × 0.785

The LVOT velocity is recorded using apical 5-chamber or 
long-axis view with the sample volume positioned about 
5 mm proximal to the aortic valve. To derive VTI, it is best 
to trace the outer edge of the densest or brightest portion 
of the spectral tracing and ignore the dispersion that occurs 
near peak velocity. In sinus rhythm, an average of 3 to 5 
tracings is adequate, but in irregular rhythms such as atrial 
fibrillation 5 to 10 cycles may be needed to derive an ac-
curate value.

VALVE AREAS

Valve Areas Using the Continuity Equation

The continuity equation (Figure 48-15) states that the 
blood flow passing through a stenotic valve is equal to the 
flow proximal to the stenosis. 
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Since flow = velocity × CSA, if the flow is known the area 
of stenosis can be determined using the equation 

Stenotic area = Flow/Velocity across the stenosis.

The continuity equation is typically used in assessing aortic 
stenosis. In mitral stenosis the continuity equation is useful 
when the pressure half-time method is limited. However, 
determining flow across the mitral valve is difficult, there-
fore, this is measured at the aortic annulus and is used as a 
numerator of the equation. The denominator is the integral 
of mitral stenosis jet. In the absence of accompanying mitral 
regurgitation, this method is fairly accurate in estimating 
the severity of mitral stenosis

Valve Areas Using the 
Pressure Half-time Method

This method is an accurate method to determine the sever-
ity of mitral stenosis (Figure 48-16). 

Mitral valve area = 220/Pressure half-time

Pressure half-time is the duration for maximal pressure gra-
dient to decrease by half. When velocity is used to express 
this quantity, it is the time that the peak stenotic velocity 
decreases by 30%.

Potential source of errors in calculating stenotic velocity 
are tachycardia, presence of severe aortic regurgitation 
and conditions that impact left atrial or left ventricular 
compliance, and/or LV relaxation. Occasionally, in mitral 
stenosis the early velocity descent is a ski-slope and in 
such cases the pressure half-time is derived by extrapolat-
ing the mid- diastolic linear descent backward, as shown in 
Figure 48-17).

The pressure half-time method has not yet been validated in 
calculation of tricuspid valve area.

MURMURS

ACC/AHA Guidelines on 
Echocardiography for Murmurs

A transthoracic echocardiogram with color flow and spectral 
Doppler is important in the evaluation of cardiac murmurs. 
Important information on valve structure and function, 

Figure 48-15. The continuity equation. In a closed system (top) 
with constant flow, Q1 = Q2. Therefore, A1 × V1 must equal A2 × V7.
Determination of any three of the variables allows calculation of 
the fourth. Clinically (bottom), the area of the left ventricular out-
flow tract (LVOT) can be estimated and used to determine AoV 
area. AoV, aortic valve. (Source: From Hagan AD, DeMarial AN. 
Clinical Applications of Two-Dimensional Echocardiography and 
Cardiac Doppler. Boston: Little, Brown; 1989. With permission.)

ACC/AHA Recommendations for Echocardiography 
in Patients with Murmurs

Class I: Evidence or general agreement or both exists 
that the procedure is useful and beneficial 

1.  Echocardiography is recommended for asymptomatic 
patients with diastolic murmurs, continuous murmurs, 
holosystolic murmurs, late systolic murmurs, murmurs 
associated with ejection clicks, or murmurs that radiate 
to the neck or back. (Level of Evidence: C)

2.  Echocardiography is recommended for patients 
with heart murmurs and symptoms or signs of heart 
failure, myocardial ischemia/infarction, syncope, 
thromboembolism, infective endocarditis, or other clinical 
evidence of structural heart disease. (Level of Evidence: C)

3.  Echocardiography is recommended for asymptomatic 
patients who have grade 3 or louder midpeaking systolic 
murmurs. (Level of Evidence: C)

Class IIa: Weight of evidence/opinion in favor 
of usefulness/efficacy: 

1.  Echocardiography can be useful for the evaluation of 
asymptomatic patients with murmurs associated with other 
abnormal cardiac physical findings or murmurs associated 
with an abnormal ECG or chest X-ray. (Level of Evidence: C)

2.  Echocardiography can be useful for patients whose 
symptoms and/or signs are likely noncardiac in origin 
but in whom a cardiac basis cannot be excluded by 
standard evaluation. (Level of Evidence: C)

Class III: Conditions for which evidence and/or general 
agreement exist that the procedure is not useful/effective:

Echocardiography is not recommended for patients 
who have a grade 2 or softer mid-systolic murmur 
identified as innocent or functional by an experienced 
observer. (Level of Evidence: C)
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Figure 48-16. Pressure half-time method for calculation of mitral valve area (MVA). 
(Source: From Hagan AD, DeMaria AN. Clinical Applications of Two-Dimensional Echocardiogra-
phy and  Cardiac Doppler. Boston: Little, Brown; 1989. With permission.)

chamber size, wall thickness, ventricular function, pulmo-
nary and hepatic vein flow, and estimates of pulmonary artery 
pressures can be determined using transthoracic echocar-
diography (TTE). However, such testing may not be neces-
sary for all patients with cardiac murmurs and usually does 
not add much in the evaluation of asymptomatic younger 
patients with short grade 1 to 2 mid-systolic murmurs and 
otherwise normal physical findings. On the other hand, 
there are patients with heart murmurs where transthoracic 
echocardiography may not be adequate, who instead require 
transesophageal echocardiography (TEE), cardiac magnetic 
resonance, or cardiac catheterization for better characteriza-
tion of the valvular lesion.

One important point is that Doppler echocardiography is 
sensitive and may detect trace or mild valvular regurgita-
tion through structurally normal tricuspid and pulmonic 
valves in a substantial number of young, healthy indi-
viduals and through normal left-sided valves (particularly 
the mitral valve) in a variable but lower percentage of 
patients.

Figure 48-17. CW Doppler recording of transmitral velocity 
in a patient with mitral stenosis. Velocity pattern shows rapid 
early deceleration that decelerates to mid-diastole, giving rise 
to “ski slope” appearance. In these cases, estimating pressure 
half-time from the slower component of velocity descent is 
better, as illustrated in second cardiac cycle. (From Quinones 
et al. Recommendations for Quantification of Doppler Echocar-
diography: A Report From the Doppler Quantification Task 
Force of the Nomenclature and Standards Committee of the 
American Society of Echocardiography. J Am Soc Echocardiogr.
2002;15:167–84.)
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VALVULAR DISORDERS

Mitral Stenosis

According to the ACC/AHA Guidelines, 2D and Doppler 
echocardiography are the diagnostic tools of choice for the 
assessment of mitral stenosis (MS) because the following is 
true of 2D-echocardiography (Figure 48-18):

 1. It is able to identify restricted diastolic opening of the 
MV leaflets due to “doming” of the anterior leaflet and 
immobility of the posterior leaflet. Other entities that 
can simulate the clinical features of rheumatic MS, such 
as left atrial myxoma, mucopolysaccharidosis, nonrheu-
matic calcific MS, cor triatriatum, and a parachute MV, 
can be readily identified by 2D echocardiography. 

 2. With planimetry of the orifice area may be possible 
using the short-axis view. 

 3. It can be used to assess the morphological appearance of 
the MV apparatus (including leaflet mobility and flex-
ibility, leaflet thickness, leaflet calcification,  subvalvular 
fusion, and the appearance of commissures). These 
features may be important for the timing and type of 
intervention to be conducted. Patients with mobile 
noncalcified leaflets, no commissural calcification, and 
little subvalvular fusion may be candidates for either 

 balloon catheter or surgical commissurotomy/ valvotomy. 
Wilkins score (an echocardiographic grouping based 
on valve flexibility, subvalvular fusion, and leaflet cal-
cification, and the absence or presence of commissural 
calcium) (Table 48-3) is one of the methods used to as-
sess suitability for balloon commissurotomy. 

 4. can be used to determine chamber size and function 
and other structural valvular, myocardial, or pericar-
dial abnormalities

Doppler echocardiography can be used to:

 i. determine the hemodynamic severity of the obstruc-
tion. The mean transmitral gradient can be accurately 
and reproducibly measured from the continuous-wave;

 ii. non-invasively derive the mitral valve area using the 
diastolic pressure half time method (from modified 
Bernoulli equation) or the continuity equation. The 
half-time method may be inaccurate in patients with 
abnormalities of left atrial or LV compliance, those 
with associated AR, and those who have had mitral 
valvotomy;

 iii. estimate pulmonary artery systolic pressure from the 
tricuspid regurgitation (TR) velocity signal; and 

 iv. assess severity of concomitant MR or AR; 
 v. determine transmitral and tricuspid velocities on ex-

ercise with formal noninvasive hemodynamic exercise 
testing with either a supine bicycle or upright tread-
mill with Doppler recordings of transmitral and tri-
cuspid velocities. This provides measurement of both 
the transmitral gradient and pulmonary artery systolic 
pressure at rest and with exercise.

The criteria for the assessment of the severity of MS are 
summarized in Table 48-4. These criteria are applicable 
when heart rate is between 60 and 90 bpm.

Mitral Regurgitation

Acute Severe Mitral Regurgitation
In acute severe mitral regurgitation (MR), transthoracic 
echocardiography (TTE):

 i. may demonstrate the disruption of the MV; and 
 ii. help provide semiquantitative information on lesion se-

verity; however, TTE may underestimate lesion severity 
by inadequate imaging of the color flow jet. Therefore, 
when there is hyperdynamic LV systolic function on TTE in 
acute heart failure, severe MR should be suspected. 

Transesophageal echocardiography (TEE) is performed in 
acute severe MR: 

 i. when the MV morphology and regurgitant severity 
remain in question after TTE; and

 ii. to determine the anatomic etiology of acute severe 
MR and direct successful surgical repair.

Indications for Transthoracic Echocardiography 
in Mitral Stenosis

Class I: Evidence or general agreement or both exists that 
the procedure is useful and beneficial 

1.  Echocardiography should be performed in patients for 
the diagnosis of mitral stenosis (MS), assessment of 
hemodynamic severity (mean gradient, MV area, and 
pulmonary artery pressure), assessment of concomitant 
valvular lesions, and assessment of valve morphology 
(to determine suitability for percutaneous mitral balloon 
valvotomy). (Level of Evidence: B)

2.  Echocardiography should be performed for reevaluation in 
patients with known MS and changing symptoms or signs. 
(Level of Evidence: B)

3.  Echocardiography should be performed for assessment 
of the hemodynamic response of the mean gradient 
and pulmonary artery pressure by exercise Doppler 
echocardiography in patients with MS when there is a 
discrepancy between resting Doppler echocardiographic 
findings, clinical findings, symptoms, and signs. (Level of 
Evidence: C)

Class IIa: Weight of evidence/opinion in favor of usefulness/
efficacy

Echocardiography is reasonable in the reevaluation of 
asymptomatic patients with MS and stable clinical findings 
to assess pulmonary artery pressure (for those with severe 
MS, every year; moderate MS, every 1 to 2 years; and mild MS, 
every 3 to 5 years). (Level of Evidence: C)
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Figure 48-18. A. Parasternal long-axis view of MS. The LA is enlarged, mitral opening is limited, and doming of the anterior mitral 
leaflet is present. B. Apical four-chamber view in mitral stenosis. The LA is markedly dilated. C. Parasternal short-axis plane in mitral 
stenosis. D. Transesophageal image showing doming of the anterior mitral valve leaflet. Ao, aorta; LA, left atrium; LV, left ventricle;
MS, mitral stenosis; RA, right atrium; RV, right ventricle.
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Chronic Mitral Regurgitation 
An initial 2D Doppler echocardiogram is indispensable 
in the management of the patient with chronic MR. The 
echocardiogram provides:

 i. a baseline estimation of LV and left atrial size; 
 ii. an estimation of LV ejection fraction; and 
 iii. approximation of the severity of regurgitation quanti-

fication of the severity of MR (Table 48-5), as recom-
mended by ACC/AHA Guidelines.

 v. an estimate of RVSP can be obtained from the TR peak 
velocity. 

Changes from these baseline values are subsequently used to 
guide the timing of MV surgery. 

The BP at the time of each study should be documented, be-
cause the afterload on the ventricle will affect the measured 
severity of the MR.

The initial TTE should disclose the anatomic etiology of 
the MR:

 i. A central color flow jet of MR with a structurally nor-
mal MV apparatus suggests the presence of functional 

Table 48-3 • Wilkins Score

Grade Mobility Subvalvular Thickening Thickening Calcification

1 Highly mobile value only 
leaflet tips restricted

Minimal thickening just 
below the mitral leaflets

Leaflets near normal in 
thickness (4 to 5 mm)

A single area of increased 
echo brightness

2 Leaflets mid and base 
portions have normal 
mobility

Thickening of chordal 
structures extending up to 
one third of the chordal length

Midleaflets normal, 
considerable thickening of 
margins (5 to 8 mm)

Scattered areas of brightness 
confined to leaflets margins

3 Value continues to move 
forward in diastole, mainly 
from the base

Thickening extending to the 
distal third of the chords

Thickening extending 
through the entire leaflets 
(5 to 8 mm)

Brightness extending into the 
midportion of the leaflets

4 No or minimal forward 
movement of the leaflets in 
diastole

Extensive thickening and 
shortening of all chordal 
structures extending down 
to the papillary muscles

Considerable thickening of 
all leaflets tissue (greater 
than 8 to 10 mm)

Extensive brightness 
throughout much of the 
leaflet tissue

Reprinted with permission from Wilkins GT, Weyman AE, Abascal VM, Block PC, Palacios IF. Percutaneous balloon dilatation of the mitral values an analysis of echocardiographic 
variables related to outcome and the mechanism of dilatation. Br Heart J. 1988;60:299–308(400). Adapted from Brown etal.

Table 48-4 • Severity of Mitral Stenosis

Mitral Stenosis

Mild Moderate Severe

Mean gradient 
(mm Hg)*

Less than 5 5–10 Greater 
than 10

Pulmonary artery 
systolic pressure 
(mm Hg)

Less than 30 30–50 Greater 
than 50

Valve area (cm2) Greater 
than 1.5

1.0–1.5 Less than 
1.0

Adapted from Bonow etal.

Indications for Transthoracic Echocardiography 
in Mitral Regurgitation

Class I: Evidence or general agreement or both exists that the 
procedure is useful and beneficial 

1.  Transthoracic echocardiography is indicated for 
baseline evaluation of LV size and function, RV and left 
atrial size, pulmonary artery pressure, and severity of MR in 
any patient suspected of having MR. (Level of Evidence: C)

2.  Transthoracic echocardiography is indicated for delineation 
of the mechanism of MR. (Level of Evidence: B)

3.  Transthoracic echocardiography is indicated for annual 
or semiannual surveillance of LV function (estimated
 by ejection fraction and end-systolic dimension) in 
asymptomatic patients with moderate to severe MR. 
(Level of Evidence: C)

4.  Transthoracic echocardiography is indicated in 
patients with MR to evaluate the MV apparatus and 
LV function after a change in signs or symptoms. 
(Level of Evidence: C)

5.  Transthoracic echocardiography is indicated to evaluate 
LV size and function and MV hemodynamics in the initial 
evaluation after MV replacement or MV repair. (Level of 
Evidence: C)

Class IIa: Weight of evidence/opinion in favor of usefulness/
efficacy

Exercise Doppler echocardiography is reasonable in 
asymptomatic patients with severe MR to assess exercise 
tolerance and the effects of exercise on pulmonary artery 
pressure and MR severity. (Level of Evidence: C)

Class III: Conditions for which evidence and/or 
general agreement exist that the procedure is not 
useful/effective

Transthoracic echocardiography is not indicated for routine 
follow-up evaluation of asymptomatic patients with mild 
MR and normal LV size and systolic function. (Level of 
Evidence: C)
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MR, which may be due to annular dilatation from LV 
dilatation or tethering of the posterior leaflet because 
of regional LV dysfunction in patients with ischemic 
heart disease. 

 ii. An eccentric color flow jet of MR with abnormali-
ties of the MV apparatus indicates organic MR. In 
patients with organic MR, the echocardiogram should 
assess the presence of calcium in the annulus or leaf-
lets, the redundancy of the valve leaflets, and the MV 
leaflet involved (anterior leaflet, posterior leaflet, or 
bileaflet). These factors will help determine the fea-
sibility of valve repair if surgery is contemplated. The 
system proposed by  Carpentier.

The anatomic and physiologic characteristics of the mitral 
valve help the surgeon plan the repair. Valve dysfunction 
is described on the basis of the motion of the free edge of 
the leaflet relative to the plane of the annulus (Carpentier’s 
classification):

 i. type I, normal; 
 ii. type II, increased, as in MVP; 
 iii.  type IIIA, restricted during systole and diastole; and 

type IIIB, restricted during systole.

Multiple indicators from the Doppler examination should 
be used to diagnose severe MR, including the

 i. color flow jet width and area; 
 ii. the intensity of the continuous-wave Doppler  signal;
 iii. the pulmonary venous flow contour;
 iv. the peak early mitral inflow velocity; and 
 v. quantitative measures of effective orifice area and 

 regurgitation volume (Figure 48-19).

In addition, there should be enlargement of the left ven-
tricle and left atrium in chronic severe MR.

When there is discrepancy (e.g., severe MR versus ischemic 
MR), or if the patient has poor images on TTE, then further 
assessment of the severity of MR may be done using cardiac 
catheterization, MRI, or TEE.

Aortic Stenosis

Echocardiography is indicated when there are symptoms 
that are suggestive of aortic stenosis (AS) or the presence 
of a systolic murmur that is grade 3/6 or greater or a single 
S2. Two-dimensional echocardiography (Figure 48-20) is 
valuable for evaluation of valve anatomy and function and 
determining the LV response to pressure overload. Doppler 
echocardiographic measurements of maximum jet velocity, 
mean transvalvular pressure gradient, and continuity equa-
tion valve area to determine the severity of aortic stenosis 
can be obtained in almost all patients. 

Doppler evaluation of AS severity (Table 48-6) requires 
meticulous attention to technical details, with the com-
monest error being underestimation of disease severity due 
to a nonparallel intercept angle between the ultrasound 
beam and high-velocity jet through the narrowed valve. 
When measurement of LV outflow tract diameter is difficult 
to obtain, the ratio of outflow tract velocity to aortic jet 
velocity can be substituted for valve area, because this ratio 
is, in effect, indexed for body size. A ratio range from 0.9 to 
1.0 is normal, with a ratio less than 0.25 indicating severe 
stenosis. Echocardiography is also used to determine LV size 

Table 48-5 • Severity of Mitral Regurgitation

Mitral Regurgitation

Mild Moderate Severe

Qualitative
Angiographic grade
Color Doppler jet area

Doppler vena contracta width (cm)

1+
Small, central jet (less than 

4 cm2 or less than 20% LA 
area)

Less than 0.3

2+
Signs of MR greater than mild 

present but no criteria for 
severe MR

0.3–0.69

3–4+
Vena contracta width greater 

than 0.7 cm with large 
central MR jet (area greater 
than 40% of LA area) or 
with a wall-impinging jet of 
any size, swirling in LA

Greater than or equal to 0.70

Quantitative (cath or echo)
Regurgitant volume (mL per beat)
Regurgitant fraction (%)
Regurgitant orifice area (cm2)

Less than 30
Less than 30
Less than 0.20

30–50
30–49
0.2–0.39

Greater than or equal to 60
Greater than or equal to 50
Greater than or equal to 0.40

Additional essential criteria
left atrial size
Left ventricular size

Enlarged
Enlarged

Adapted from Bonow etal.
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Figure 48-19. A. Proximal isovelocity surface area (PISA). See text for details. B. Magnified view (from the opical four-chamber plane) 
of mitral regurgitation (MR) demonstrating color Doppler flow convergence proximal to the mitral valve (PISA). FCR, flow convergence
region; Q, flow; r, radius of isovelocity hemisphere; Vr, velocity of  flow of distance r from the orifice, (Source; A, from Bargiggia GS, 
Tranconi L, Sohn Dj, et al. A new method for quantitation of mitral regurgitation based on color flow Doppler imaging of flow conver-
gence proximal to regurgitant orifice. Circulation. 1991;84:1481–1489. With permission.)

Figure 48-20. Parasternal long-axis plane demonstrating a thickened, stenotic AoV, Ao, aorta; 
AoV, aortic valve; LA, left atrium; LV, left ventricle.
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and function, degree of hypertrophy, and presence of other 
associated valvular disease. 

Aortic Regurgitation 

Acute AR
Echocardiography is crucial for confirming the presence and 
severity of the aortic valvular regurgitation, determining its 
etiology, estimating the degree of pulmonary hypertension 
(when tricuspid regurgitation is also present), and determin-
ing whether there is rapid equilibration of aortic and LV 
diastolic pressure. Evidence for rapid pressure equilibration 
includes a short AR diastolic pressure half-time (<300 ms), 
a short mitral deceleration time (<150 ms), or premature 
closure of the MV. Acute AR caused by aortic root dissec-
tion is a surgical emergency that requires prompt identifica-
tion and management. Transesophageal echocardiography is 
indicated when aortic dissection is suspected.

Chronic Aortic Regurgitation 
In asymptomatic chronic AR patients with preserved 
systolic function, echocardiography provides initial mea-
surements representing the baseline information with 
which future serial measurements can be compared. Key 
measurements that can be obtained at in such patients in-
clude semiquantitative assessment of the severity of AR 
by color flow jet area and width by Doppler echocardiog-
raphy, quantitative measurement of regurgitant volume, 
regurgitant fraction, and regurgitant orifice area. If the 
patient is asymptomatic and leads an active lifestyle and 
the echocardiogram is of good quality, no other testing is 
necessary. If the echocardiogram is of poor quality to as-
sess LV function, radionuclide angiography or cardiac mag-
netic resonance should be used in asymptomatic patients 
to measure LV ejection fraction at rest and estimate LV 
volumes (see Table 48-7).

Echocardiography can be used to determine indirect measures 
of severity of AR including the rate of decline in regurgi-
tant gradient measured by the slope of diastolic flow velocity 
(Figure 48-21), the degree of reversal in pulse wave velocity 
in the descending aorta, and the magnitude of LV outflow 
tract velocity. Occasionally, technically demanding assess-
ments can be made, including comparison of stroke volumes 
at the aortic valve with another uninvolved valve to provide 
a quantitative measurement of regurgitant fraction.

Using echocardiography and blood pressure, LV wall stress 
may also be estimated; however, such wall stress measure-
ments are difficult to reproduce, have methodological and 
conceptual problems, and it is recommended that these 
measurements not be used for diagnosis or management 
decision-making in clinical practice.

If the patient has severe AR and is sedentary or has equivo-
cal symptoms, exercise testing is helpful for assessing func-
tional capacity, symptomatic responses, and hemodynamic 
effects of exercise.

In patients who are symptomatic on initial evaluation, it is 
reasonable to proceed directly to TEE or cardiac catheter-
ization and angiography, if the echocardiogram is of insuf-
ficient quality to assess LV function or severity of AR.

ACC/AHA Guidelines.: Echocardiography is 
Indicated in Chronic Aortic Regurgitation

1.  Confirm the diagnosis of AR if there is an equivocal 
diagnosis based on physical examination,

2.  Determine the cause of AR and to assess valve morphology,
3. Semiquantitatively estimate the severity of AR,
4.  Determine LV dimension, mass, and systolic function,
5. Determine size of the aortic root.

ACC/AHA Recommendations for Echocardiography 
in Aortic Stenosis

Class I: Evidence or general agreement or both exist that the 
procedure is useful and beneficial 

1.  Echocardiography is recommended for the diagnosis and 
assessment of AS severity. (Level of Evidence: B)

2.  Echocardiography is recommended in patients with AS for the 
assessment of LV wall thickness, size, and function. (Level of 
Evidence: B)

3.  Echocardiography is recommended for reevaluation of 
patients with known AS and changing symptoms or signs. 
(Level of Evidence: B)

4.  Echocardiography is recommended for the assessment of 
changes in hemodynamic severity and LV function in patients 
with known AS during pregnancy. (Level of Evidence: B)

5.  Transthoracic echocardiography is recommended for 
reevaluation of asymptomatic patients: every year for severe 
AS; every 1 to 2 years for moderate AS; and every 3 to 5 years 
for mild AS. (Level of Evidence: B)

Table 48-6 • Severity of Aortic Stenosis

Indicator

Aortic Stenosis

Mild Moderate Severe

Jet velocity 
(m per second)

Less than 
3.0

3.0–4.0 Greater 
than 40

Mean gradient 
(mm Hg)*

Less than 25 25–40 Greater 
than 40

Valve area (cm2) Greater 
than 1.5

1.0–1.5 Less than 
1.0

Valve area index 
(cm2 per m2)

less than 
0.6

Adapted from Bonow etal.
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Role of Exercise Left Ventricular Ejection 
Fraction (LVEF) in Aortic Regurgitation
Exercise LVEF and the change in EF from rest to exercise are 
often abnormal, even in asymptomatic patients with aortic 
regurgitation; however, these have not been shown to have 
independent diagnostic or prognostic value when LV function 

at rest and severity of LV volume overload by echocardiogra-
phy are already known. One study that did suggest that the 
LVEF response to exercise as a predictor of symptomatic de-
terioration or LV dysfunction included many patients with 
NYHA functional Class II symptoms, LV systolic dysfunction 
(fractional shortening as low as 18%), and severe LV dilatation 

Table 48-7 • Severity of Aortic Regurgitation

Aortic Regurgitation

Mild Moderate Severe

Qualitative
Angiographic grade
Color Doppler jet width
Doppler vena contracta width (cm)

1+
Central jet width less 

than 25% of LVOT
< 0.3

2+
Greater than mild but 

no sign of severe AR
0.3–0.69

3–4+
Central jet, width greater 

than 65% LVOT
> 0.6

Quantitative (cath or echo)
Regurgitant volume (mL per beat)
Regurgitant fraction (%)
Regurgitant orifice area (cm2)

< 30
< 30
< 0.10

30–59
30–49
0.10–0.29

≥ 60
≥ 50
≥ 0.30

Additional essential criteria
Left ventricular size Increased

Adapted from Bonow etal.

Figure 48-21. CW Doppler tracing (from the apical transducer position) of severe AR. The pres-
sure half-time of the AR envelope is approximately 120 ms. AR, aortic regurgitation.
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( end-diastolic and end-systolic dimensions as high as 87 and 
65 mm, respectively). Hence, the predictive nature of this 
response in asymptomatic patients with normal LV systolic 
function and without severe LV dilatation has not been fully 
shown.

Tricuspid Regurgitation

In tricuspid regurgitation (TR), TTE is useful in 

 i. assessing tricuspid valve structure and motion; 
 ii. measuring annular size; and 
 iii. identifying other cardiac abnormalities that might 

 influence tricuspid valve function.

Doppler echocardiography allows estimation of (Figure 
48-22)
 i. severity of TR;
 ii. RV systolic pressure; and 
 iii. tricuspid valve diastolic gradient. 

However, it should be remembered that clinically insig-
nificant TR is detected by color Doppler imaging in many 
normal persons. This is not an indication for either routine 
follow-up or prophylaxis against bacterial endocarditis. 

Clinical correlation and judgment is needed to interpret the 
echocardiographic findings. 

RVSP >55 mm Hg are likely to cause TR with anatomically 
normal tricuspid valves, whereas TR occurring with RVSP 
<40 mm Hg is likely to reflect a structural abnormality of 
the valve apparatus. Estimation of RVSP combined with 
 information about annular circumference should further 
improve the accuracy of clinical assessment.

Mixed Single Valve Disease

Left ventricular geometry is important in assessing the • 
dominant lesion (stenotic versus regurgitant), which 
in turn influences management. For example, a small 
LV is inconsistent with chronic severe regurgitation.
Doppler assessment of the aortic valve and mitral valves • 
with mixed disease should provide a reliable estimate 
of the transvalvular mean gradient; however, there 
may be a significant discrepancy between the Doppler-
derived maximum instantaneous gradient and catheter 
peak gradient with mixed aortic valve disease.
Exercise hemodynamics estimated by Doppler • 
echocardiography may be helpful in managing mixed 

Figure 48-22. Continuous-wave Doppler of tricuspid regurgitation in a patient with pulmonary hyper-
tension. There is an increase in velocity of flow from the right ventricle into the right atrium to 5.4 m/s. 
Using modified Bernoulli equation the peak pressure gradient between the right ventricle during systole 
is 120 mm Hg. Assuming a right atrial pressure of 10 mm Hg, the right ventricular systolic pressure is 
130 mm Hg. In the absence of right ventricle outflow obstruction, this indicates there is severe pulmonary 
hypertension with a pulmonary artery systolic pressure of 130 mm Hg. (From Fig 222-4 in Harrison’s Prin-
ciples of Internal Medicine, McGraw Hill 17th edition.)
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valve disease. Mitral valve area can be measured ac-
curately by the half-time method in mixed MS/MR. 
Aortic valve area would be measured inaccurately at • 
the time of cardiac catheterization in mixed AS/AR 
if cardiac output were measured by either thermodilu-
tion or the Fick method. The valve area can be deter-
mined more reliably by the continuity equation from 
Doppler echocardiography in mixed AS/AR; however, 
the continuity equation calculation of valve area may 
not be completely independent of flow. 
Although valve area measurements by Doppler • 
echocardiography are more accurate than those 
obtained at cardiac catheterization, in general, the 
confusing nature of mixed valve disease makes cardiac 
catheterization necessary to obtain additional hemody-
namic information in most patients.

Prosthetic Heart Valves 
(Figures 48-23 and 48-24)

According to ACC/AHA Guidelines, TTE is done, prefer-
ably, before TEE because great additional information can be 

obtained regarding cardiac function and hemodynamics by 
TTE that may not be otherwise available and/or may help 
guide the TEE.

Echocardiography is the preferred imaging modality for: 

 1. definition of abnormalities of poppet motion, annular 
motion; 

 2. the presence of thrombus or fibrin; or 
 3. prosthetic leaks; or 
 4. stenoses. 

Prosthetic valve stenosis: Assessment should include Doppler 
technique; however, Doppler has limitations because eccen-
tric jets may cause recording of falsely low velocities, especially 
in valves with central occluders. On the other hand, elevated 
transvalvular velocities may be seen in some small-sized pros-
thetic valves (especially bileaflet valves) due to pressure re-
covery and may not accurately represent the hemodynamic 
gradient. It is important to keep in mind that transvalvular 
gradients vary with valve type, flow, size, and heart rate, even 

in the normally functioning prosthesis; individual valve flow 

characteristics must be considered in the diagnosis of obstruc-
tion. Reevaluation is often helpful in the individual patient. 

Prosthetic valve regurgitation: All prosthetic valves have 
some “in-built” regurgitation. Assessment of prosthetic valve 
regurgitation is often limited by prosthetic shadowing, par-
ticularly in the mitral position. Transthoracic Doppler and 
color are therefore less sensitive for detecting prosthetic valve 
regurgitation. TEE is particularly useful in such instances. 
Mechanical St. Jude’s valve in the mitral position displaying 

Figure 48-23. Apical two-chamber view of a mechanical 
prosthetic valve (mitral position) during systole. The LA is 
completely obscured by ultrasonic shadowing (arrows). LA, left 
atrium; LV, left ventricle.

Figure 48-24. Apical view of a bioprosthetic valve (arrow) in
the mitral position (two of the three prosthetic valve struts are 
apparent). Spontaneous echo contrast (SEC) is also present, 
secondary to systolic dysfunction and enlargement of the LV. 
LA, left atrium; LV, left ventricle.
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a peak early velocity of >1.9 m/s without signs of obstruc-
tion is 90% sensitive and 89% specific for significant valvular 
regurgitation. Regurgitation of prosthetic valve in the aortic 
position is readily detected by transthoracic Doppler echocar-
diography. It is important to differentiate between the nor-
mal, central regurgitation of many mechanical prostheses and 
pathological paravalvular leaks. Utilization of contrast may 
enhance the spectral recording of both right-sided regurgitant 
velocities as well as the extent of the regurgitant jet. 

Prosthetic valve endocarditis: Because of the reverberations, 
attenuation, and other image artifacts related to both mechan-
ical valves and bioprostheses, diagnosis of prosthetic valve 
endocarditis by the TEE is more difficult than diagnosis of 
endocarditis of native valves. TTE may be helpful only when 

there is a large or mobile vegetation or significant regurgitation 
in the case of mechanical valves. Thus, TTE cannot be used 
to exclude the presence of small vegetations and TEE with the 
superior imaging quality and posterior transducer position is 
preferred for the assessment of prosthetic valve infective endo-
carditis, especially of the mitral valve and of both mitral and 
aortic annular areas for abscesses. Doppler techniques offer 
important information about the functional consequences 
of endocarditis of prosthetic valves, such as the existence of 
paravalvular leaks. It should be noted, however, that para-
valvular leaks are not specific for endocarditis. Importantly, 
echocardiography may identify vegetations on native valves 
in patients with suspected prosthetic endocarditis. 

CHEST PAIN

Indications for Echocardiography in Patients 
with Chest Pain

Class I: Evidence or general agreement or both exists that the 
procedure is useful or beneficial

1.  Diagnosis of underlying cardiac disease in patients with 
chest pain and clinical evidence of valvular, pericardial, or 
primary myocardial disease 

2.  Evaluation of chest pain in patients with suspected acute 
myocardial ischemia, when baseline ECG is nondiagnostic 
and when study can be obtained during pain or soon after 
its abatement 

3.  Evaluation of chest pain in patients with suspected aortic 
dissection 

4.  Chest pain in patients with severe hemodynamic instability 

Class III: Conditions for which evidence and/or general 
agreement exist that the procedure is not useful/effective

1.  Evaluation of chest pain for which a noncardiac etiology is 
apparent Figure 48–22

2.  Diagnosis of chest pain in a patient with electrocardiographic 
changes diagnostic of myocardial ischemia/infarction Chetlin 
et al. ACC/AHA Guidelines for the Clinical Application of 
Echocardiography. Circulation. 1997;95.

HYPERTROPHIC CARDIOMYOPATHY

Hypertrophic cardiomyopathy (HCM) is myocardial hy-
pertrophy in the absence of a causative condition and is 
thought to be derived from genetic mutations that result in 
alterations in the cardiac myofilament. HCM is associated 
with marked genotypic, phenotypic, and clinical hetero-
geneity. Hypertrophy of the ventricular septum is the most 
common form of hypertrophy, with mid- ventricular and api-
cal forms of hypertrophy being far less common. The pattern 
of ventricular septal hypertrophy is highly  variable and can 
be divided into the morphological  subtypes:  reverse curva-
ture, sigmoid, and neutral (Figure 48-25).

Infective Endocarditis (Figure 48-26)

Echocardiography is useful for the detection and character-
ization of the hemodynamic and pathological consequences 
of infection. These include

valvular vegetations;• 
valvular regurgitation;• 

ACC/AHA Guidelines Regarding Endocarditis in TTE

Class I: Evidence or general agreement or both exists that the 
procedure is useful and beneficial 

1.  TTE to detect valvular vegetations with or without positive 
blood cultures is recommended for the diagnosis of 
infective endocarditis. (Level of Evidence: B)

2.  TTE is recommended to characterize the hemodynamic 
severity of valvular lesions in known infective endocarditis. 
(Level of Evidence: B)

3.  TTE is recommended for assessment of complications of 
infective endocarditis (e.g., abscesses, perforation, and 
shunts). (Level of Evidence: B)

4.  TTE is recommended for reassessment of high risk patients 
(e.g., those with a virulent organism, clinical deterioration, 
persistent or recurrent fever, new murmur, or persistent 
bacteremia). (Level of Evidence: C)

Class IIa: Weight of evidence/opinion in favor of usefulness/
efficacy

TTE is reasonable to diagnose infective endocarditis of a 
prosthetic valve in the presence of persistent fever without 
bacteremia or a new murmur. (Level of Evidence: C)

Class IIb: Usefulness/efficacy is less well-established by 
evidence/opinion

TTE may be considered for the reevaluation of prosthetic 
valve endocarditis during antibiotic therapy in the absence of 
clinical deterioration. (Level of Evidence: C)

Class III: Conditions for which evidence and/or general 
agreement exist that the procedure is not useful/effective

TTE is not indicated to reevaluate uncomplicated (including 
no regurgitation on baseline echocardiogram) native valve 
endocarditis during antibiotic treatment in the absence of 
clinical deterioration, new physical findings or persistent 
fever. (Level of Evidence: C)
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Figure 48-25. A. Parasternal long-axis view (during systole) of hypertrophic cardiomyopathy (HCM). Asymmetrical septal 
hypertrophy is present, as is systolic anterior motion of the anterior mitral valve leaflet (arrow). B. Parasternal short-axis view of 
HCM. Asymmetrical septal hypertrophy is present (arrows). C. Parasternal M-mode image from a patient with HCM, demon-
strating systolic anterior motion of the anterior mitral valve leaflet (arrows). D. Transesophageal image of HCM. The aMVL ap-
pears normal during diastole (upper panel), but systolic anterior motion occurs during systole (lower panel). E. Transesophageal 
M-mode tracing through the AoV. Midsystolic notching and partial closure of the valve leaflets is present. aMVL, anterior mitral
valve leaflet; Ao, aorta; AoV, aortic valve; IVS, interventricular septum; LA, left atrium; LV, left ventricle; RV, right ventricle.
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LV dysfunction; and • 
associated lesions such as abscesses, shunts, and • 
ruptured chordate. 

TEE is more sensitive in detecting vegetations than TTE 
(especially in patients with prosthetic valves) and in de-
termining the presence and severity of complications such 
as abscesses and perforations. In patients with prosthetic 
valves, it is reasonable to proceed directly to TEE as the 
first-line diagnostic test when endocarditis is suspected. 

Echocardiography may be useful in the case of culture-
 negative endocarditis or when the source remains unclear 
in persistent bacteremia.

Pericardial Disease

The pericardium typically responds to injury or disease by 
inflammation, which may result in an exudate (leading to 
pericardial effusion with or without tamponade or constric-
tion) or thickening. 

Indications for Echocardiography in Pericardial 
Disease

Class I Indications: Evidence or general agreement or both 
exists that the procedure is useful and beneficial 

1.  Patients with suspected pericardial disease, including 
effusion, constriction, or effusive-constrictive process

2.  Patients with suspected bleeding in the pericardial space, 
e.g., trauma, perforation, etc.

Indications for Echocardiography in Pericardial 
Disease (continued)

3.  Follow-up study to evaluate recurrence of effusion or to 
diagnose early constriction. Repeat studies may be goal 
directed to answer a specific clinical question

4.  Pericardial friction rub developing in acute myocardial 
infarction accompanied by symptoms such as persistent 
pain, hypotension, and nausea

Class IIa: Weight of evidence/opinion in favor of usefulness/
efficacy 

5.  Follow-up studies to detect early signs of tamponade in the 
presence of large or rapidly accumulating effusions. A goal-
directed study may be appropriate.

6.  Echocardiographic guidance and monitoring of 
pericardiocentesis

Class II b

7.  Postsurgical pericardial disease, including postpericardiotomy 
syndrome, with potential for hemodynamic impairment

8.  In the presence of a strong clinical suspicion and 
nondiagnostic TTE, TEE assessment of pericardial thickness 
to support a diagnosis of constrictive pericarditis

Class III: Conditions for which evidence and/or general 
agreement exist that the procedure is not useful/effective 
Recommendations

9.  Routine follow-up of small pericardial effusion in clinically 
stable patients

10.  Follow-up studies in patients with cancer or other terminal 
illness for whom management would not be influenced by 
echocardiographic findings

11.  Assessment of pericardial thickness in patients without 
clinical evidence of constrictive pericarditis

12.  Pericardial friction rub in early uncomplicated myocardial 
infarction or early postoperative period after cardiac surgery

Figure 48-26. A. Apical four-chamber view demonstrating a large tricuspid valve vegetation (arrow). B. Parasternal long axis view demon-
strating a vegetation (arrow) on the anterior valve leaflet; Ao, aorta; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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Pericardial Effusion (Figure 48-27)

Echocardiography is the procedure of choice for evaluat-
ing pericardial effusion—it provides semiquantitative as-
sessment and qualitative information of the condition’s 
distribution. The “echo-free” space seen around the heart 
in pericardial effusion can also be seen with focal epicardial 
fat. TTE is useful in pericardiocentesis, and TEE can be used 
when surface views are inadequate. Loculated effusions are 
often seen post-op and the classic signs of tamponade may 
not be apparent. In such instances elevated filling pressure 
and small chamber size suggests pericardial tamponade.

Pericardial Tamponade (Figure 48-28)

As pericardial effusions increase in size they may cause 
tamponade. Echocardiographic signs of pericardial effu-
sion often precede clinical signs. Signs of hemodynamic 
compromise in pericardial tamponade include right atrial 
invagination or collapse at the onset the onset of X descent 
and RV collapse in diastole. Although right atrial collapse 
is a sensitive sign of increased pressure in the pericardial 
space, diastolic RV collapse is more specific for hemody-
namic compromise in pericardial tamponade. Doppler 
signs of pericardial tamponade include marked respiratory 
variation in transvalvular flow velocities (Figure 48-28), 
LV ejection, and LV isovolumic times. Other signs include 
distension of inferior vena cava that does not diminish on 
deep inspiration. 

Constrictive Pericarditis

There is no single echocardiographic sign diagnostic of 
constrictive pericarditis—a combination of echocardio-
graphic and Doppler studies along with clinical features 
usually indicates the diagnosis of constrictive pericarditis. 
Echocardiographic signs include thickening of the pericar-
dium, dilatation of the vena cava, flattening of LV endocar-
dial motion in mid and late diastole, abnormalities of septal 
motion, mild left atrium enlargement with normal-sized left 
ventricle, and premature opening of the pulmonary valve. 
Doppler findings that support constriction include respira-
tory variations in flow velocities across the atrioventricular 
valves as well as across the LV outflow and pulmonary ve-
nous flow. 

Figure 48-27. Large pericardial effusion (PE) on parasternal 
long-axis imaging. 

Figure 48-28. A. RV compression (arrow) in cardiac tamponade (apical 4-chamber plane). A. M-mode image of cardiac tamponade 
and right ventricular diastolic collapse. The RV free wall (arrows) moves posteriorly toward the interventricular septum during diastole. 
Ao, aorta; E,  effusion; LA, left atrium; LV, left ventricle; RV, right ventricle.

A B
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THORACIC AORTA

The entire thoracic aorta can be visualized with echocar-
diography in most adults. Complete aortic visualization by 
combined transthoracic imaging (left and right parasternal, 
suprasternal, supraclavicular, and subcostal windows) and 
TEE frequently can be achieved. High-resolution images 
of the aortic root, the ascending aorta, and the descending 
thoracic and upper abdominal aorta can be obtained by 
TEE. A part of the aorta that cannot be visualized with 
echocardiography is a small segment of the upper ascend-
ing portion adjacent to the tracheobronchial tree. 
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• TEE plays an important role in the evaluation of aor-
tic dissection, prosthetic valve diseases, infective en-
docarditis, cardiac source of embolization, interatrial 
septum and cardiac masses. Other indications are 
intra-operative monitoring and guiding of interven-
tional procedures.

• TEE allows better definition of mitral valve mor-
phology and helps to identify patients who can ben-
efit from mitral valve repair. 

• The eccentric MR jet is usually toward a leaflet with 
restricted mobility or away from a leaflet with exces-
sive mobility.

• Criteria of severe MR include effective regurgitant 
orifice area ≥0.4 cm2, MR volume ≥60 mL, regur-
gitation fraction ≥50%, vena contracta >0.7 cm, 
pulmonary vein systolic flow reversal, and mitral re-
gurgitant color flow jet reaching the posterior wall of 
left atrium.

• Criteria of severe aortic regurgitation include regur-
gitant jet/LVOT ratio >65%, effective regurgitant 
orifice area ≥0.3 cm2, regurgitant volume ≥60 mL, 
regurgitation fraction ≥50%, vena contracta of >0.6
cm, and pan diastolic flow reversal in the thoraco-
abdominal aorta.

• Transthoracic echo provides limited views of 
the aorta, in contrast to TEE that provides high-

 resolution views of almost the entire length of the 
aorta.

• TEE findings that determine the need for surgery in-
clude size >5.5 cm for ascending aorta, >6.5 cm for 
descending aorta, or rapid rate of expansion (>0.5
cm in 6 months). Surgery is indicated at earlier stages 
in Marfan syndrome and bicuspid AV disease.

• If clinical suspicion of infective endocarditis is high 
(prosthetic valve, or staphylococcal bacteremia), 
then negative TTE will not rule out infective endo-
carditis and TEE should be performed. 

• Atheromas at highest risk of embolization are non-
calcified plaques that protrude more than 4 mm into 
the aortic lumen, with mobile components or ulcer-
ated surface. The presence of aortic atheroma of 
5 mm or larger increased the risk perioperative stroke 
rate by 6-fold.

• TEE can readily image the interatrial septum in mul-
tiple views, and is considered the primary method 
for the diagnosis and characterization of atrial septal 
defect and for monitoring of the procedure during 
percutaneous closure.

d PRACTICAL POINTS
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INTRODUCTION

The development of transesophageal echocardiography 
(TEE) has rapidly progressed from M-mode to real time 
two-dimensional (2D) and Doppler studies and recently 
to three-dimensional (3D) imaging. The transducer design 
evolved with the development of smaller, more flexible 
endoscopes, and the scanning capabilities improved from 
monoplane to biplane to multiplane and, more recent, to 
3D imaging. TEE obtains high resolution cardiac images, 
which has widened the diagnostic role of TEE and extended 
its role to the guiding and monitoring of interventional and 
operative procedures.

Indications

Transthoracic echocardiography (TTE) remains the pri-
mary diagnostic technique for echocardiographic evalu-
ation, whereas TEE is indicated for selected cases as 
complementary to TTE (approximately 5-10% of cases 
referred for echocardiography evaluation). These include 
the inability to obtain essential diagnostic information due 
to a poor transthoracic window or the inherent inability 
of TTE to evaluate an underlying pathology. TEE plays an 
important role in the evaluation of aortic dissection, pros-
thetic valve diseases, infective endocarditis, cardiac source 
of embolization, interatrial septum, and cardiac masses. 
Other indications are intraoperative monitoring and guid-
ing of interventional procedures.

Instrumentation

Preparations for TEE examination include discussion 
with the patient about the procedure, fasting for at least 
4 hours, and removal of loose dentures. AHA/ACC 
guidelines for prophylaxis against infective endocarditis 
do not include TEE as an indication for prophylaxis. The 
use of conscious sedation, topical anesthetic agents, and 
lubricants is recommended. The transducer should be in-
troduced gently, and the study should be initially targeted 
for resolving the primary issue for which TEE is being 
performed. Procedural risks are low in trained hands and 
include transient throat pain, laryngospasm, aspiration, 
mucosal injury, and esophageal rupture. Contraindications 
to TEE include esophageal stricture, diverticulum, large 
esophageal varices, a tumor, and recent esophageal or gas-
tric surgery.

NATIVE VALVULAR HEART DISEASE

TTE is the primary imaging modality for native valve dis-
ease. TEE is indicated when images of sufficient quality can-
not be obtained by TTE or when detailed morphologic data 
are required in the diagnosis or management of the patient.

Evaluation of Native Mitral Valve with TEE

The mitral valve apparatus is composed of the MV ring, leaf-
lets, chordae, and papillary muscles. The proper function of 
the MV requires the proper function and orientation of all 
these elements. The mitral valve ring has a dynamic and 
complex saddle shaped geometry. The anterior and posterior 
mitral valve leaflets have several indentations dividing them 
into 4 segments or scallops. There are two papillary muscles, 
anterolateral and posteromedial, with chordae extending from 
each to both anterior and posterior leaflets (Figure 49-1).

The complete evaluation of the mitral valve leaflets can be 
obtained through the following views;

 1. Mid esophageal 4 & 5 chamber views at 0 de-
grees; anteroflexion and retroflexion may be re-
quired

 2. Mid esophageal 2 chamber views at 90 degrees; slight 
right and left turn may be required

 3. Mid esophageal long axis view at 135 degrees; it cuts 
through the center of MV leaflets (A2 & P2)

 4. Transgastric short axis view provides a cross-section of 
the mitral valve and shows all scallops of both leaflets 
along with the commissures

Mitral Stenosis
TEE is routinely used before percutaneous mitral balloon 
valvuloplasty. It allows better definition of MV morphology 
with accurate scoring. TEE is also used for exclusion of signif-
icant mitral regurgitation (MR) and left atrial cavity or ap-
pendage thrombus. Evaluation and scoring of the severity of 
leaflet thickness, degree of leaflet mobility from margins only 
to the entire leaflet, leaflet calcification from margins only to 
the entire leaflet, and extent of involvement of subvalvular 
apparatus from proximal 3rd to distal 3rd allows a valve score 
that may then be used to determine the feasibility and suc-
cess of percutaneous balloon valvuloplasty (Figure 49-2).

TEE is rarely required for diagnosis of mitral stenosis or as-
sessment of severity. The underlying cause of mitral stenosis 
is rheumatic in 99% of cases in areas where rheumatic heart 
disease is rampant. Other causes include calcific mitral 
stenosis (which usually develops in the elderly), congeni-
tal mitral stenosis, carcinoid syndrome, systemic lupus ery-
thematosis, and mucopolysaccharidoses. Rheumatic mitral 
stenosis is characterized by valve thickening and calcifica-
tion (particularly of leaflet margins), commissural fusion, 
and chordal fibrosis and is frequently associated with MR or 
aortic valve disease.

Assessment of mitral stenosis severity can be done through 
measurement of the mitral valve area or a pressure gradi-
ent through the mitral valve as indicated in Table 49-1. 
The mitral valve area can be measured by planimetry, pres-
sure half time (Figure 49-3), continuity equation, proximal 



CHAPTER 49 /  Transesophageal Echocardiography 563   

isovelocity surface acceleration, and 3D TEE. Planimetry 
is difficult in patients with previous balloon valvuloplasty 
or heavy calcification, and pressure half time is unreliable 
immediately after percutaneous balloon valvuloplasty and 
with rapid increase in left ventricular diastolic pressure 
from other causes such as aortic regurgitation or in patients 
with reduced LV systolic and diastolic function. A continu-
ity equation ([TVILVOT × D2LVOT × 0.785] / TVIMV TVI 

= time velocity integral, LVOT = left ventricular outflow 
tract) can be used in the absence of mitral or aortic regurgi-
tation. The advent of 3D TEE allows precise delineation of 
mitral valve area by planimetry and overcomes the limita-
tion of 2D imaging with respect to oblique cut planes.

Mitral Regurgitation
TEE allows better definition of mitral valve morphology and 
helps to identify patients who can benefit from mitral valve 
repair. Feasibility of repair depends on the type, extent, and 
location of the underlying pathology (Figure 49-1). TEE 
allows better evaluation of the underlying etiology, mecha-
nism, and severity of MR. The recent introduction of live 
3D TEE has improved the utility of TEE in the evaluation 
of MR. Trivial MR is present in 70% of normal people (jet 
of a short duration not extending far from the closing mitral 
leaflets). The underlying cause of significant regurgitation 
may be due to a disease in mitral annulus, leaflets, chordae, 
or papillary muscles.
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Figure 49-1. TEE views of mitral valve obtained in multiple angles showing various scallops of the mitral 
valve from 0 degrees (B and D) to 54 degrees (C) and 141 degrees (A). P2 and A2 scallops of mitral valve 
are shown in B, prolapsing A3 scallop (white arrow) and normal P3 scallop in D, P1, P3, and A2 scallops 
as well as prolapsing P2 scallop (white arrow) are shown in C, and A1 and A2 scallops and prolapsing 
P2 scallop (white arrow) are shown in A. The numbers on the top right of each panel indicate the range 
of multiple imaging TEE angles that show the representative views. LA, left atrium; RA, right atrium; RV, 
right ventricle; LV, left ventricle.
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The jet of MR may be central or eccentric. The eccentric jet 
is usually ipsilateral to the leaflet with restricted mobility and 
contralateral to the leaflet with excessive mobility. Restricted 
leaflet motion may be organic as in rheumatic heart disease, or 
functional tethering of mitral valve leaflets due to displaced or 
ischemic papillary muscles as in dilated nonischemic or isch-
emic cardiomyopathy or in inferior, anterior, or lateral infarct 
with reverse remodeling of infarcted area that leads to dis-
placement of papillary muscle (Figure 49-4). Excessive leaf-
let mobility may be due to mitral valve prolapse or flail MV 
leaflet. The flail leaflet is due to rupture chord or, occasion-
ally, from rupture of papillary muscle due to acute myocardial 

infarction or trauma. This results in scallop of mitral valve 
leaflet or entire leaflet flowing freely in the left atrium during 
systole. Mitral valve prolapse results in systolic displacement 
of one or both mitral valve leaflets or scallops into the left 
atrium, beyond the plane of the mitral annulus. When pro-
lapse occurs, most often the middle  scallop of the posterior 
leaflet is involved (Figure 49-1, panel C). By allowing imag-
ing from multiple imaging angles from 0 to 180 degrees in the 
long axis plane as well as by imaging in the short axis plane of 
the mitral valve, TEE allows precise delineation of diseased 
leaflet scallops and, hence, valve reparability in patients with 
mitral valve prolapse (Figure 49-1, panels A-D).

The criteria of severe MR include vena contracta (neck) of 
MR jet of >0.7 cm, effective regurgitant orifice area ≥0.4 cm2 
(<0.2 is mild), MR volume ≥60 mL (<30 mL is mild), re-
gurgitation fraction ≥60% (<30% is mild), pulmonary vein 
systolic flow reversal, and mitral regurgitant color flow jet 
reaching the posterior wall of the left atrium. The area of re-
gurgitant jet, relative to the size of the left atrium, is a good 
indicator of severity of MR. However, it is affected by gain 

LA 

RA 

RV 

LV 

Figure 49-2. TEE four-chamber view showing thickening of margins of anterior and posterior mitral valve 
leaflets (arrowheads). The base and middle portions of the leaflets are normal (white arrows). LA, left 
atrium; RA, right atrium; RV, right ventricle; LV, left ventricle.

Table 49-1 • Echocardiographic Criteria for 
Assessment of Mitral Stenosis Severity

Mild Moderate Severe 

MVA (cm) >1.5 1–1.5 <1

Mean gradient 
(mm Hg)

<5 5–10 >10
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setting, pulsed repetition frequency, and direction of the jet. 
Effective regurgitation orifice arean can be measured through 
the proximal isovelocity surface area (PISA) method. Other 
less reliable signs of severity include dense continuous wave 
(CW) signal and cutoff sign of the MR signal on CW Doppler. 
TEE can help evaluate mechanical complications after acute 
myocardial infarction such as ruptured papillary muscle causing 
severe MR, free wall rupture and pseudo aneurysm formation 
when TTE evaluation often provides incomplete assessment.

Evaluation of Native Aortic Valve with TEE

At a level 30 to 35 cm from the teeth, the aortic valve can 
be examined in different views. The short axis view can be 
obtained at 30 to 60 degrees. This shows all three leaflets 
simultaneously and allows planimetry of the aortic valve 
(Figure 49-5), visualization of calcification, leaflet veg-
etation, and central or paravalvular aortic regurgitation. 
Subvalvular vegetation may be missed in the short axis view. 

Figure 49-3. Echo Doppler method of assessment of mitral valve area by pressure half time (black line) 
and peak and mean mitral valve gradients in a patient with rheumatic mitral stenosis.
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Figure 49-4. Eccentric mitral regurgitation jet hugging the interatrial septum and directed anteriorly due 
to a prolapsing P2 scallop of posterior mitral valve leaflet (white arrow). B shows central mitral regurgita-
tion in a patient with severe aortic stenosis and coronary artery disease with prior inferior myocardial in-
farction. LA, left atrium; LV, left ventricle.
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Visualization of paravalvular tissue in this view allows diag-
nosis of a paravalvular abscess as well. The proximal portion 
of the main coronary artery and its division into the left 
circumflex and left anterior descending coronary artery can 
be visualized in a significant number of patients (Figure 49-
6). Increasing the angle to 120 degrees provides a long axis 
view of the aortic valve and its relationship with the left 
atrium. Leaflet mobility, thickness, calcification, vegetation 
(Figure 49-7), and prolapse (Figure 49-8) can be seen. An 
increase in the aortic-left atrium space may indicate periaor-
tic hematoma (Figure 49-9) or abscess.

Transthoracic echo provides limited views of the aorta, in 
contrast to TEE, which provides high-resolution views of 
almost the entire length of the aorta. The short axis view 
of the ascending aorta appears circular at 0 to 45 degrees, 
and the long axis view is obtained at an angle of 90 to 120 
degrees. The distal ascending aorta may not be visualized 

well because the left main bronchus intervening between 
the esophagus and aorta. The entire descending aorta can be 
examined by slow withdrawal of the TEE probe.

Pathologies in the proximal and ascending aorta such 
as aortic dissection (Figure 49-10), aortic aneurysm 
(Figure 49-11), aortic hematoma, aortic graft (Figure 49-
12), and ascending aortic atheroma (Figure 49-13) can be 
seen. The use of color flow Doppler allows evaluation of 
the presence and location of the gradient due to obstruc-
tion, whether aortic, subaortic, or supraaortic, and calcula-
tion of the aortic valve area by a continuity equation. The 
presence, severity, and eccentricity of aortic insufficiency 
can be evaluated. Severity is assessed by vena contracta of 
aortic regurgitation jet, ratio of regurgitation jet width and 
left ventricular outflow tract diameter, effective regurgitant 
orifice area, aortic regurgitation jet density on CW Doppler 
and diastolic flow reversal in the thoraco-abdominal aorta 
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Figure 49-5. Short axis view of the aortic valve obtained during TEE. Noncoronary, left and right coronary 
cusps in a normal trileaflet aortic valve are shown in A. Note thickening of leaflet margins of left coronary 
cusp and restriction of cusp motion. B shows an example of bicuspid aortic valve with fish mouth appear-
ance in systole. NC, noncoronary; L, left; R, right coronary cusps; LA, left atrium; RA, right atrium; RV, 
right ventricle.
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Figure 49-6. Short axis view of aortic root just above the level of aortic valve showing the origin of left 
main coronary artery (A) and division into left circumflex coronary artery and left anterior descending 
coronary arteries in B. Left atrial appendage cavity is indicated by white asterisk in A. Ao, aortic root.
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(Figures 49-14, 49-15, 49-16 and 49-17). Criteria of se-
vere aortic regurgitation include, regurgitant jet/LVOT ratio 
>65%, effective regurgitant orifice area ≥0.3 cm2 (<0.1 
is mild), regurgitant volume ≥60 mL (<30 mL is mild), 

regurgitation fraction ≥50% (<30% is mild), vena con-
tracta of >0.6 cm (<0.3 is mild), and pan diastolic flow 
reversal in the abdominal aorta.

TEE evaluation of the thoracic aortic aneurysm should 
 include the size and morphology of the aneurysm 
(Figure 49-18) and associated aortic value diseases. The 
size of the aneurysm and annual expansion rate are the 
major TEE finding that determines the need for surgery: 
>5.5 cm for ascending aorta, >6.5 cm for descending aorta, 
or rapid rate of expansion (>0.5 cm in 6 months). Surgery 
is indicated at earlier stages in Marfan’s syndrome and bi-
cuspid AV disease.

TEE has a high sensitivity and specificity for diagnosis of 
aortic dissection. The most important diagnostic finding 
of aortic dissection is the presence of a mobile intimal flap 
(Figure 49-19). The entry site and, occasionally, the reentry 
point(s) can be seen. The differentiation between false and 
true lumen may be difficult. TEE can be performed quickly 
at bedside and allows evaluation of the potential compli-
cations such as hemopericardium, aortic regurgitation, and 
involvement of coronary arteries. False positive results are 
mostly due to reverberation arefact.

LV 

LA 

Ao

Figure 49-7. A close-up view showing a large mobile irregular 
vegetation protruding into the left ventricular outflow tract from 
the aortic valve (white arrow). LA, left atrium; LV, left ventricle; 
Ao, aortic root.

LV 

LA 

Ao

RVOT 

Figure 49-8. Long axis view obtained by TEE showing prolapse of right coronary cusp of aortic valve 
(white arrow). LA, left atrium; LV, left ventricle; RVOT, right ventricular outflow tract; Ao, aortic root.
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Intramural hematoma is a precursor for aortic dissection 
(usually in elderly patients with hypertension). It appears 
as an increased echodensity along the wall of the aorta 
corresponding to thrombus formation between the intima 
and adventitia without entry or exit points. Aortic pen-
etrating ulcer is the condition in which ulceration of an 
aortic atherosclerotic plaque causes penetration into the 
media. It is important to identify this lesion because it may 
result in an intramural hematoma or aortic rupture. The 
presence of color and pulsed wave Doppler flow within a 
ruptured aortic plaque in patients with chest pain can be 
used as diagnostic criteria for a penetrating aortic ulcer and 

to differentiate it from an intramural hematoma or aortic 
dissection.

Aortic rupture is a life-threatening complication of chest 
trauma. TEE has the same sensitivity and specificity of aor-
tography, computed tomography (CT), or magnetic resonance 
imaging (MRI). A pseudoaneurysm has a different appearance 
from that of a true aneurysm, with a sharply demarcated rupture 
site where the aorta communicates with the pseudoaneurysm.

Atherosclerotic plaques are common findings in elderly pa-
tients and were found to be an independent predictor of long-
term neurologic events. Aortic plaques have irregular surfaces 
and shapes and may be mobile (Figure 49-13). Mobile and 
thick protruding atheromas are associated with the highest risk 
of stroke. A strong association has also been identified between 
the extent and grade of aortic atherosclerosis with coronary 
artery disease. Diagnosis of aortic atheroma is important be-
fore cardiac surgery, as the atheroma may be dislodged by aortic 
cannula or other manipulations. Manual palpation has a low 
sensitivity, and TEE has been proposed as an intraoperative 
tool for diagnosis and grading of aortic atherosclerosis plaques.

Aortic Regurgitation
TEE allows better definition of the underlying e.g. bicuspid 
AV, infective endocarditis, rheumatic heart disease, Marfan’s 
syndrome and degenerative calcification and assessment of 
severity of aortic regurgitation. The primary tool for assess-
ment of aortic regurgitation severity is through measurement 
of the ratio of the jet width to the left ventricular outflow 
tract width in long axis views or the ratio of the regurgitation 

Ao
PA 

∗∗

LA 

Figure 49-9. TEE short axis view of proximal ascending aorta and pulmonary artery. Concentric echoden-
sity (double black asterisks) between aorta and left atrium, due to a periaortic hematoma, is shown in a 
patient with postaortic valve replacement. LA, left atrium; Ao, aorta; PA, pulmonary artery.

Ao

Figure 49-10. A dilated aortic root is shown in a 36-year-old 
male with bicuspid aortic valve and acute back pain. Aortic 
dissection flap is shown within the dilated aortic root (white 
arrow). Ao, aortic root.
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Figure 49-11. TEE views showing aortic root aneurysm in the short (A) and long axis (B) views. A central 
coaptation gap is shown in A resulting from aortic root enlargement. White arrow points at the origin 
of right coronary artery. LA, left atrium; LV, left ventricle; Ao, aortic root; PA, pulmonary artery; RA, right 
atrium; Ao, aortic root.
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Figure 49-12. TEE long axis views showing normal appearances of ascending aortic graft (black arrows) 
in two different patients. Note the shadowing from the anterior wall of the aortic graft (white asterisk in A). 
LA, left atrium; LV, left ventricle; Ao, aortic root.

area at the valve orifice to the aortic orifice area in short axis 
views. Effective regurgitation orifice (ERO) can be calculated 
also by the proximal PISA profile of the aortic regurgitant jet 
(Figures 49-15 and 49-16). Measurement of regurgitation 
volumes and fractions can be obtained from the continuity 
equation using mitral inflow (if there is no significant MR). 

Aortic Stenosis
Aortic stenosis is usually associated with thickened aortic 
valve leaflets, systolic “doming,” and decreased excursion 
of aortic valve leaflets (stenosis is probably severe if leaflet 
separation is less than 8 mm). The most common causes of 
aortic stenosis are bicuspid aortic valve and degenerative 
calcific aortic stenosis. Bicuspid aortic valve appears as fish 
mouth in the short axis view during systole (Figures 49-5 
and 49-20). A “raphe” may give the appearance of three leaf-
lets in diastole. Coarctation may be associated with bicuspid 
aortic valve and should be excluded. Calcific aortic stenosis 
involves calcification on the aortic side of the leaflets with 
resultant leaflet immobility. Other possible causes include 

rheumatic heart disease and subvalvular or supravalvular ob-
struction. Rheumatic aortic stenosis is usually associated with 
mitral valve disease and fusion of commissures. In patients 
with subaortic stenosis, the membrane in the left ventricular 
outflow tract can be visualized more clearly by TEE.

Measurement of the aortic valve area can be done through 
the continuity equation using the time velocity integral of 
the left ventricular outflow tract and area and the time ve-
locity integral of the aortic valve (Figure 49-21). An aortic 
valve area less than 1 cm2 is considered severe. This method 
is not affected by aortic regurgitation severity and cardiac 
output but not valid in cases with dynamic or fixed subaor-
tic obstruction. Measurement of valvular gradients will vary 
depending on the stroke volume.

LVOTTVI × LVOTarea = stroke volume = AVA TVI × AVAarea

TEE has an advantage over TTE in that it allows assess-
ment of the aortic valve area by planimetry in a significant 
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number of patients, unlike TTE. In those with severe val-
vular calcification, particularly those with bicuspid valve, 
planimetry is not feasible even with TEE.

INFECTIVE ENDOCARDITIS

Infective endocarditis is a life-threatening disease with sig-
nificant morbidity and mortality. Echocardiography plays a 
primary role in the diagnosis and follow-up of patients with 
endocarditis. The following echocardiographic findings are 

considered by Duke Criteria to be major criteria for diag-
nosis of infective endocarditis, oscillating intracardiac mass 
on native (Figure 49-7) or prosthetic valve (Figures 49-22 
and 49-23) intracardiac periannular abscess and new partial 
dehiscence of prosthetic valve.

TEE has a sensitivity of 95% for vegetations more than 1 
mm in size, whereas TTE has a sensitivity of 50%. If clini-
cal suspicion of infective endocarditis is high (prosthetic 
valve, or staphylococcal bacteremia), then negative TTE 
will not rule out infective endocarditis and TEE should be 

LA 

Ao

LV 

A B

Figure 49-15. Color Doppler showing quantitative assessment of aortic insufficiency by proximal isovelocity surface area (PISA) 
method. A shows central aortic regurgitation jet by color Doppler and measurement of PISA radius (distance between white plus signs)
and B shows aortic regurgitant jet by continuous wave Doppler. Peak velocity of aortic regurgitant jet is 400 cm/sec. Ao, aortic root; LA, 
left atrium; LV, left ventricle.

LA 

Ao

Figure 49-13. TEE view of ascending aorta showing marked 
calcification with acoustic shadowing as well as aortic athero-
mata (small white arrows) in an 89-year-old male undergoing 
aortic valve replacement and coronary artery bypass surgery 
for severe symptomatic aortic stenosis. Patient underwent a 
successful 3-vessel coronary artery bypass surgery and 23 mm 
 Carpentier-Edwards aortic valve magna prosthesis. Postop-
eratively, patient remained comatose and developed left sided 
hemiparesis with right frontal infarct on computed tomography.

LA 

Ao

LV 

Figure 49-14. Color Doppler showing severe aortic insuf-
ficiency (bright blue and orange flow) in the left ventricular 
outflow tract in a patient with aortic valve vegetation. Note 
that the aortic regurgitant color Doppler jet fills the entire left 
ventricular outflow tract. Ao, aortic root; LA, left atrium; LV, left 
ventricle.
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LA 

Ao

LV 

Figure 49-16. Color Doppler showing quantitative assessment of an eccentric aortic insufficiency jet 
by proximal isovelocity surface acceleration method. Note that the aortic regurgitation jet is directed to-
ward the anterior mitral valve leaflet and running under the leaflet. Ao, aortic root; LA, left atrium; LV, left 
 ventricle. Effective regurgitant orifice area = A = 6.28 × r2 × V/peak velocity of aortic regurgitant jet, re-
gurgitant volume of aortic regurgitation = A × velocity time integral of aortic regurgitant jet, where r is the 
radius of PISA (shown by double headed white arrow), V = aliasing velocity (in this case = 36.4 cm/sec).

Figure 49-17. Diastolic flow reversal in the lower thoracic aorta of a patient with acute Type A aortic 
 dissection and severe aortic regurgitation.
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performed. In the setting of a prosthetic valve, TEE should 
be performed as the diagnostic method of choice. TEE is 
also indicated if optimal echocardiographic windows can-
not be obtained (morbid obesity, etc). TEE may miss very 
small vegetations, paravalvular abscesses, and paravalvular 
fistulae, particularly when the study is performed early in 
the patient’s illness.

Vegetations are usually found on the edge of the involved 
valve and are often on the low pressure side of a regurgi-
tant valve (left ventricular outflow side of aortic valve and 
atrial side of mitral valve). Vegetations may also form at 
the site where the regurgitant jet hits the myocardial wall. 
Prosthetic valve vegetations usually involve the paravalvu-
lar ring (Figures 49-22 and 49-23) and may cause abscess 

formation. Bioprosthetic valves may have evidence of in-
fection along the valve ring but also may involve the valve 
leaflets themselves (Figure 49-24).

Follow-up TEE is recommended when a patient develops 
clinical features suggestive of complications, for example, 
symptoms of congestive heart failure and new atrioventricular 
block. An increase in vegetation size on serial echocardiog-
raphy is associated with an increased risk of complications. 
Extension of infective endocarditis beyond the valve annu-
lus predicts a higher morbidity and mortality rate. In native 
aortic valve infective endocarditis, extension occurs through 
the weakest portion of the annulus, which is near the mem-
branous septum in aortic valve endocarditis. Abscesses may 
progress to fistulous tracts, pericarditis, and myocardial ab-
scess. The sensitivity of TTE for detecting paravalvular ab-
scess is low.

Acute congestive heart failure occurs more frequently in aor-
tic valve infections (30%) than with mitral (20%) or tricuspid 
valve endocarditis (5%). Congestive heart failure may de-
velop acutely from perforation of or bioprosthetic valve leaf-
let, rupture of infected mitral chordae, or sudden intracardiac 
shunts from fistulous tracts or prosthetic valve dehiscence. 
Congestive heart failure also may develop more insidiously 
as a result of progressive worsening of valvular insufficiency. 
Congestive heart failure is associated with a high mortality 
rate.

Preoperative surgical planning for patients with infective 
endocarditis will benefit from echocardiographic delinea-
tion of the mechanisms of valvular dysfunction or regions 
of myocardial disruption. Postoperative TEE should confirm 
the adequacy of the repair or replacement and document 
the successful closure of fistulous tracts.

∗

Figure 49-19. Intimal dissection flap in the descending tho-
racic aorta. Color flow Doppler allows assessment of perfusing 
lumen, which in this case is for the narrower of the two lumens 
shown by white asterisk.

Ao An 

A B

Figure 49-18. Descending thoracic aortic aneurysm measuring 7 × 8 cm shown in the transverse view in A and in the longitudinal 
view in B. Note marked stasis manifested as spontaneous contrast in A and B and thrombus lining the wall of the aorta (white arrows
in A and B).
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PROSTHETIC VALVE DISEASE

Imaging of prosthetic valves is usually suboptimal with TTE 
due to the acoustic shadowing from the mechanical prosthe-
sis. TEE provides high resolution images of the valve and 
paravalvular structures. Different views for each valve are es-
sential for evaluation of prosthetic valves and surrounding 
structures.

Failures of the occluder or leaflet to open or coapt properly 
may result from pannus overgrowth, vegetation, or throm-
bus formation (Figures 49-25 and 49-26). Dehiscence of 
the prosthetic valve appears as excessive motion (rocking 
motion) of the sewing ring. Adjacent echolucent structures 
may be an abscess or a fistula.

TEE provides a reliable indirect assessment of the pros-
thetic valve performance through peak velocity and pressure 

AVA=0.72cm2A BLA 
LA 

RA RA 

RVOT 
RVOT 

Figure 49-20. An example of a patient with a stenotic bicuspid aortic valve. Marked thickening of leaflet 
margins and restriction of cusp excursion is shown in A. Planimetry of AVA is shown in B. AVA was calcu-
lated at 0.72 cm2 by planimetry (B). RA, right atrium; LA, left atrium; RVOT, right ventricular outflow tract.
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Figure 49-21. Case example of a 92-year-old male who underwent aortic valve replacement for severe 
aortic stenosis. Intraoperative measurement of aortic valve area by continuity equation is shown. Mea-
surement of left ventricular outflow tract diameter (A), left ventricular outflow tract velocity (B), and aortic 
valve velocity and gradient (C) is shown. Calcified aortic valve is shown in the short axis view. Severe aortic 
stenosis with an aortic valve area of 0.5 cm2 was calculated. Note that the presence of heavy calcification 
may make planimetry of aortic valve area difficult.
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gradients (Figure 49-27), effective valve orifice area, and 
regurgitation jets (valvular or paravalvular). The pros-
thetic valve velocities and pressure gradients are variable, so 
echocardiography should be done before hospital discharge 
as a baseline for follow up. The prosthetic valves are rela-
tively stenotic with effective valve orifice less than native 
valve. A higher than expected gradient may be due to valve 

obstruction or high cardiac output states. Assessment of ef-
fective valve orifice area and obstruction index, in such cases, 
will help to differentiate valve obstruction from other causes, 
since the effective valve orifice area is load independent.

The effective valve orifice area (EOA) can be evaluated using 
the continuity equation. A body surface area normalized 
EOA <0.85 cm2/m2 (EOA/body surface area) for an aortic 
valve prosthesis indicates prosthesis–patient mismatch—a 
term which indicates that the prosthesis chosen is too small. 
Many prosthetic valves have a small regurgitant flow char-
acterized by a uniform color without aliasing. Significant 
regurgitation may be due to disk/ball variance, dehiscence, 
stuck valve, and paravalvular leaks. In general, signs indicat-
ing increased forward flow through the mitral prosthesis with LA 

Ao

LV 

Figure 49-23. Three chamber view, obtained in the same pa-
tient as in Figure 49-22, showing prosthetic aortic valve with 
echo dense material representing vegetation (white arrows) 
protruding above the valve and below the valve into left ven-
tricular outflow tract. Ao, ascending aorta; LA, left atrium; LV, 
left ventricle.
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Figure 49-24. A bioprosthetic aortic valve is shown in short 
axis view. Echodense vegetations are seen within the valve ring 
(black arrow). Tricuspid annuloplasty ring (white arrows) is also 
shown. LA, left atrium; RA, right atrium; RV, right ventricle; PA, 
pulmonary artery.

LA

∗

Figure 49-25. Vegetation protruding from prosthetic mitral 
valve into the left atrium during systole (white asterisk). Mitral 
valve disks are shown by white arrow heads. The vegetation 
partially blocks the mitral annulus and prevents disks from fully 
closing in systole. LA, left atrium.

LA

Figure 49-22. A moderate size vegetation measuring 14 × 19 
mm is shown on a prosthetic aortic valve in short axis view. LA, 
left atrium.
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evidence of decreased forward cardiac output across the aor-
tic valve point to severe MR (e.g.,  mitral inflow time velocity 
integral >40 cm with diminished aortic time velocity inte-
gral, mean mitral diastolic gradient >5–7 mm Hg, and short 
isovolumic relaxation time). St. Jude’s valve may have three 
to five small back flow jets from the commissures and central 
portion of the valve. In general, prosthetic aortic valve jets 
are <1 cm2 in area and project less than 1.5 cm beyond ori-
gin, whereas prosthetic mitral valve jets are less than 2 cm2 in 
area and project less than 2.5 cm beyond origin. TEE should 
be performed in a patient with a mechanical or a biopros-
thetic valve who develops a significant new murmur, signs 
of increased forward flow across the valve in the absence of a 
high systemic cardiac ouput state and or develops hemolysis. 
TEE is able to delineate presence, location and severity of 
paravalvular leaks. 3D TEE provides excellent surgical types 
views of paravalvular leaks. In addition TEE is also used for 
guidance during percutaneous closure of paravalvularleaks.

CARDIAC SOURCE OF EMBOLI

Of the 500,000 strokes yearly in the United States, 85% are 
of ischemic origin. About 20% of these ischemic strokes have 
a cardioembolic origin and 40% are of undetermined cause 
(cryptogenic stroke). Cardiac embolism is the most common 
cause of acute limb ischemia. Evaluation of a cardiac source 
of embolism is a common indication for TEE study.

Cardiac sources of emboli include left atrial appendage throm-
bus (Figure 49-28), left ventricular thrombus (mostly api-
cal), endocarditis, prosthetic valve thrombosis, atrial masses 
(Figure 49-29), fibrinous valve threads, and protruding or ul-
cerative aortic atheroma (Figure 49-30). Potential causes of 
cryptogenic stroke include patent foramen ovale, atrial septal 
aneurysm, and pulmonary arteriovenous shunt. The associa-
tion of stroke with mitral annular calcification, mitral valve 
prolapse, and papillary fibroelastoma is not clear.

Patients with no history or clinical evidence of cardiac disease 
have an extremely low likelihood of positive findings on T T E. 
Even though TEE is superior to T T E in identifying potential 
sources of emboli in patients without known cardiac disease, 
the overall yield is increased to only 1.6%. Some authorities 
recommend TEE evaluation of embolic events as the initial 
diagnostic test for patients younger than 45 to 55 years of age.

LA

Figure 49-26. Vegetation on prosthetic mitral valve during 
diastole. The vegetation partially blocks the bileaflet disks and 
prevents disks from fully opening.

Figure 49-27. Markedly increased diastolic gradient across 
prosthetic mitral valve due to vegetation partially blocking 
 diastolic mitral inflow.

∗

Figure 49-28. A triangular shaped thrombus (black asterisk) tak-
ing the shape of the left atrial appendage apex is shown in a pa-
tient with dilated cardiomyopathy and severe mitral  regurgitation.
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Left atrial appendage thrombus is a common source of cardiac 
emboli. It is usually associated with atrial flutter or fibrillation 
and left atrium dilation. The left atrial appendage is a complex 
multilobed structure with pectinate muscle, therefore, several 
TEE multiple imaging planes should be used (Figure 49-31). 
TEE evaluation of the left atrial appendage includes presence 
of thrombi and pulse wave Doppler flow patterns. Patients with 
normal flow patterns within the left atrial appendage (normal 
46 ± 18 cm/s) have a low likelihood of thrombus formation.

Systemic embolization occurs in 25% of cases with infective 
endocarditis. Many studies have attempted to identify a high 
risk subset of infective endocarditis patients. The highest risk 
cases are those with large vegetation in anterior mitral leaf-
let due to staphylococci or fungi. Atrial myxoma is the most 

common cardiac tumor and may be associated with embolism. 
Polypoid and prolapsing tumors are more likely to embolize. It 
may also serve as a nidus for platelet and fibrin aggregation.

Atheromas at highest risk of embolization are noncalcified 
plaques that protrude more than 4 mm into the aortic lumen, 
with mobile components or an ulcerated surface. The pres-
ence of aortic atheroma of 5 mm or larger increased the risk 
perioperative stroke rate by sixfold. Patients presenting with 
systemic embolic events and found to have mobile aortic 
atheromas on TEE have a high incidence of recurrent sys-
temic events (25%).

Patent foramen ovale (PFO) as a common cause of stroke re-
mains somewhat controversial. There may be a higher like-
lihood of stroke among patients with larger size PFO, with 
evidence of a larger amount of shunting, or who also have an 
atrial septal aneurysm. Direct TEE visualization is considered 
the gold standard for PFO diagnosis, but peripheral injection 
of agitated saline with TTE has also been used to detect a right-
to-left shunt. A Valsalva maneuver or repeated cough should 
be used to increase the diagnostic yield (Figure  49-32). An 
atrial septal aneurysm is a redundant and mobile membranous 
portion of the atrial septum with an excursion of more than 
15 mm and a base width of 15 mm. The autopsy incidence is 
1%. It is usually associated with PFO.

TEE GUIDED CARDIOVERSION

Atrial fibrillation is the most common chronic atrial ar-
rhythmia with a prevalence of 5% in the population older 
than 65 years. The annual rate of ischemic stroke is 5%, 
which is 5 times that of the population without atrial fibril-
lation. Risk factors for stroke in cases with atrial fibrillation 
are valvular heart disease, congestive heart failure, previous 
stroke, age, hypertension, and diabetes mellitus.

LA
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Figure 49-29. TEE views showing a globular mass attached to the interatrial septum at the region of 
fossa ovalis. The mass protrudes across the mitral valve causing turbulent color Doppler flow. LA, left 
atrium; RA, right atrium; RV, right ventricle; SVC, superior vena cava.

Ao

Figure 49-30. Protruding atheromata (white arrows) and 
thickened intimal medial layer in the aortic arch in a patient 
with transient ischemic attack. Ao, aorta.
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Atrial fibrillation is the most common cardiac source of em-
boli, and more than 90% of these emboli arise from the left 
atrial appendage. Twelve percent of patients with atrial fibril-
lation may have left atrial appendage thrombus and 2% may 
have left atrial cavity thrombus. The duration of atrial fibrilla-
tion and the presence of mitral stenosis are important risk fac-
tors for thrombus formation. These patients have an increased 
left atrium size, larger left atrial appendage with multiple lobes, 
and decreased appendage flow velocities. The likelihood of 

thrombus formation is highest in those with a spontaneous 
echocontrast in the left atrium. Right atrial appendage has a 
wide neck with a lower incidence of thrombus formation.

The left atrial appendage is a complex structure that can be 
readily imaged with TEE. TEE is also better than TTE for de-
tection of thrombus within the body of the left atrium, es-
pecially the upper left atrial wall near the pulmonary veins. 
The right atrial appendage can be imaged with TEE. TEE can 
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Figure 49-31. Left atrial appendage views in four separate patients showing variation in anatomy 
and size. Prominent pectinate muscles are present in A and B (white arrows). Multilobed appendage 
(white asterisks) in each lobe, like a cauliflower, is present in B. C and D show small appendages with 
no  prominent pectinate muscles.
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Figure 49-32. A TEE of the interatrial septum with color Doppler is shown in A. A small amount of flow 
(white arrow A) is seen in the region of foramen ovale, suggesting the possibility of patent foramen ovale. 
A saline contrast injection (B) shows a small amount of negative contrast in the right atrium due to L to 
R flow (black arrow) and a small number of bubbles (within the white circle in B) entering the left atrium 
from the patent foramen. LA, left atrium; RA, right atrium.
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evaluate the underlying structural heart disease. Multislice 
computed tomography and cardiac magnetic resonance imag-
ing appear to be less reliable than TEE for evaluation of these 
structures.

The risk of embolism is 3 to 7% among patients who did not 
receive prophylactic anticoagulation before cardioversion. 
The risk is higher in patients with an atrial fibrillation dura-
tion of more than 48 hours or in those with a high risk of 
embolism. The conventional management of these patients 
is empiric anticoagulation for 3 weeks before cardiover-
sion. The other option is a TEE guided strategy to exclude 
the presence of left atrial thrombus before cardioversion. 
Drawbacks of the conventional method are longer dura-
tion of atrial fibrillation, longer duration of anticoagulation, 
and lack of resolution of thrombi in 20%. A subtherapeu-
tic international normalized ratio during this period should 
trigger the initiation of another 3 weeks of anticoagulation. 
Drawbacks of the TEE guided approach are the semiinvasive 
approach and the rare possibility of false positive or negative 
results. The ACUTE (The Assessment of Cardioversion 
Using Transesophageal Echocardiography) and ACE 
(Anti coagulation in Cardioversion of Non-Valvular Atrail 
Fibrillation) trials proved that TEE guided cardioversion is a 
safe and effective alternative to the conventional method.

Patients with long-standing atrial fibrillation or valvular 
heart disease are not likely to remain in sinus rhythm after 
cardioversion and are more likely to have a left atrial stun-
ning. Stunning of the left atrium is a delay in recovery of atrial 
mechanical activity with low left atrial appendage Doppler 
velocities despite reversion to sinus rhythm. These patients 
are at high risk of thromboembolism. Full anticoagulation is 
recommended at the time of cardioversion and continued for 
at least 3 weeks after cardioversion to sinus rhythm.

TEE guided ablation can be used as an alternative or supple-
mental to angiographic guided ablation. It can guide trans-
septal puncture, delineate pulmonary vein ostia, exclude 
left atrial thrombus, and monitor for complications such 
as cardiac tamponade during percutaneous intervention. 
Pulmonary vein stenosis is a rare but potentially life-threat-
ening complication of catheter ablation. It may be diagnosed 
by TEE on the basis of dynamic evaluation of the pulmonary 
vein blood flow. TEE enables reliable, cost-effective, nonin-
vasive follow-up in such patients.

ACUTE CORONARY SYNDROME

The role of TEE in acute coronary syndromes is limited for 
patients with suspected aortic dissection. Additional appli-
cations of TEE in the assessment of coronary artery disease 
include detection of anomalous coronary arteries, detection 
and mapping of coronary artery fistulas, and coronary artery 

pseudoaneurysms (Figure 49-33). Visualization of proximal 
coronary vessels is possible with TEE (Figure 49-6). The 
left main coronary artery can be visualized in more than 
85% of patients.

Assessment of Mechanical Complications 
of Acute Myocardial Infarction

Mechanical complications of myocardial infarction include 
left ventricular free wall rupture (Figure 49-34), formation 
of a ventricular septal defect, and development of significant 
MR. These complications often occur in the early days after 
myocardial infarction and usually result in adverse hemody-
namic consequences and poor prognosis. TTE is the primary 
tool for evaluation of these patients with suspected acute 
complications. TEE is indicated whenever the data obtained 
from TTE are not sufficient, due to poor image quality, or fur-
ther diagnostic detail on the underlying pathology is needed. 
TEE monitoring during surgical repair of complication of 
myocardial infarction listed above is also helpful.

Intraoperative Echocardiography 
During Coronary Artery Bypass Surgery

The use of TEE during coronary artery bypass surgery is as-
sociated with improved outcome among high risk patients 
undergoing emergency surgery or associated with hemody-
namic disturbances. TEE may be particularly useful during 
off pump coronary artery bypass surgery, where hemody-
namic instability and coronary ischemia are possible during 
positioning of the heart for distal coronary anastomosis.

LA

RA

∗

Figure 49-33. TEE showing a large cystic mass (white asterisk) 
with stasis and thrombus compressing the right atrium and 
basal right ventricle in a 38-year-old male with a history of St. 
Jude’s mitral valve replacement 3 years prior to presentation fol-
lowing a failed repair who presented with fatigue and decreased 
exercise tolerance of 6 weeks duration. ECG showed new infe-
rior q waves compared to a year ago. A right coronary psuedoa-
neurysm with inferior wall myocardial infarction was diagnosed 
on coronary angiography. LA, left atrium; RA, right atrium.
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TEE can assist at each stage of coronary artery bypass sur-
gery. It supplements an incomplete cardiac workup and 
assists in the conduct of circulatory management and vas-
cular cannulation including correct placement of coronary 
sinus catheters (Figure 49-35), an endoaortic clamp, and 
an intraaortic balloon pump. The presence of atheromatous 
plaques in the ascending aorta is associated with increased 
risk of postoperative stroke Figure 49-13, and modification 
of the surgical technique is required to avoid disruption of 
the plaque.

Monitoring of ventricular function and ischemia is essential 
during coronary artery bypass surgery. Patients who exhibit 
new wall motion abnormality during bypass surgery are at 

increased risk of morbidity and mortality. Other possible 
causes of new wall motion abnormalities are cardiac pacing, 
bundle branch block, and distortion of the heart.

CONGENITAL HEART DISEASE

Congenital heart disease comprise of cardiac birth defect and 
occurs in about 1% of live births. TTE provides adequate 
information in the majority of patients. TEE plays an im-
portant role in selected cases with congenital heart disease 
(Figure 49-36). It allows better definition of interatrial sep-
tum, pulmonary veins, patent ductus arteriosus, and chordal 
attachment and has been used during such interventions as 
closure of an atrial septal defect, patent ductus arteriosus, 
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Figure 49-34. Left ventricular pseudoaneurysm in a patient post lateral wall myocardial infarction. Thin 
anterolateral wall communicating with a pseudoaneurysm space (white asterisk) is shown in A to D. In-
jection of Optison contrast agent that traverses the pulmonary circulation to appear into LV cavity shows 
contrast appearing in the pseudoaneurysm (white arrow) due to communication with the left ventricular 
cavity (B). C shows color Doppler flow from the pseudoaneurysm into the LV cavity and D shows color 
flow entering into the pseudoaneurysm from LV cavity in systole. To and fro flow into pseudoaneurysm is 
therefore present in systole and diastole.
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and aortic and pulmonic balloon valvuloplasty. TTE is often 
superior to TEE in the evaluation of a ventricular septal de-
fect. The use of TEE in children is restricted to carefully 
selected cases, because the TTE usually provides excellent 
images and TEE is requires general anesthesia. Cyanotic pa-
tients must be monitored with particular care during TEE.

An atrial septal defect makes up approximately 10% of con-
genital heart disease. Types of atrial septal defect include 
secundum type, premium type, sinus venosus type, and 
coronary sinus defect. TTE is associated with a significant 
percentage of false positive and negative results. TEE can 
readily image the interatrial septum in multiple views and 

RA

RV RA

LAA B

SVC

Figure 49-35. A shows tricuspid inflow view by TEE during coronary sinus cannulation. White arrow 
in A points to the coronary sinus. B shows coronary sinus cannula (white arrow) placed in the coronary 
sinus. RA, right atrium; RV, right ventricle; LA, left atrium; SVC, superior vena cava.
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Figure 49-36. Tetralogy of Fallot in a 24-year-old Hispanic female. TEE views show overriding aorta (A), 
right ventricular dilation and hypertrophy (B), ventricular septal defect (C), and markedly turbulent flow 
across right ventricular outflow tract due to subpulmonic stenosis (D). Left to right flow across VSD is 
also shown (D). LA, left atrium; RA, right atrium; RV, right ventricle; LV, left ventricle; PA, pulmonary ar-
tery; Ao, aortic root.
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is considered the primary method for diagnosis of an atrial 
septal defect. TEE is recommended in any patient with an 
unexplained dilation of the right side of the heart. The fol-
lowing views can be used for evaluation of the interatrial 
septum: four chamber view, short axis view of the aortic 
valve, and bicaval view (Figure 49-37).

Diagnosis of an atrial septal defect should include the fol-
lowing anatomical data—site, size, associated anomalies, 
and feasibility of percutaneous closure—and the following 
hemodynamic data—the degree of shunt and pulmonary ar-
tery pressure. A premium atrial septal defect is a part of a par-
tial or complete endocardial cushion defect. A sinus venosus 
defect is frequently associated with anomalous pulmonary 
venous drainage. A coronary sinus defect may be associated 
with persistent left-sided superior vena cava, secundum atrial 
septal defect, and rarely, unroofed coronary sinus.

TEE plays an important role in patient selection for percuta-
neous closure of an atrial septal defect and monitoring of the 
procedure. A margin of at least 5 mm is required for success-
ful closure. The size of the defect will determine the size of 
the occlusive device. The defect may be oval, and the larg-
est diameter should be used. Before the device is released, 
one should exclude the residual shunt and obstruction of 
the mitral valve, coronary sinus, and right upper pulmonary 
vein orifice.

CRITICAL ILLNESS

TTE is recommended for critically ill patients with un-
explained hemodynamics or hypoxemia and cases with a 
clinical suspicion of serious underlying heart pathology. The 
yield of TTE is lower in critically ill cases, particularly in 
the mechanically ventilated cases. TEE is indicated in cases 
with poor acoustic window or cases with a suspicion of endo-
carditis, prosthetic valve malfunction, or aortic dissection.

TEE can provide important hemodynamic data, for ex-
ample, right atrial and pulmonary artery pressures, hepatic 
veins, inferior vena cava, left ventricular systolic function, 
and ventricular preload. With positive pressure ventilation, 
the jugular venous pressure may be increased and left ven-
tricular preload decreased. In post cardiac surgical patients, 
TEE can detect focal cardiac tamponade that is very dif-
ficult to evaluate by TTE due to poor images from chest 
wall bandages, chest tubes, and a poor acoustic window 
due to pericardial hematoma. TEE can detect a dynamic 
left ventricular outflow gradient that develops particularly 
in patients post mitral valve repair and post aortic valve 
replacement for aortic stenosis. Management in these pa-
tients, who are often hypotensive with decreased cardiac 
output, is volume repletion, beta-blockade, and calcium 
channel blockade rather than diuretics and inotropes. TEE 
plays an important role in the case of left ventricular as-
sist device implantation. It is essential for case selection, 
guiding the procedure, optimizing device performance, and 
evaluating device dysfunction.

The main pulmonary artery, right pulmonary artery, and 
proximal part of the left pulmonary artery can be evaluated 
with TEE. Thrombi within these segments can be readily 
imaged with TEE. These thrombi can be occasionally seen 
as a thrombus in transit within the right atrium. Blunt chest 
injury may commonly result in myocardial contusion, trau-
matic ventricular septal defect, tricuspid/mitral valve trauma, 
and hematoma or dissection of the aorta. Deceleration may 
result in an injured thoracic artery despite lack of external 
evidence of chest trauma.

Intraoperative TEE

Echocardiography was introduced into the cardiac operating 
room in the early 1980s with epicardial scanning. Recently, 
TEE has been widely used by anesthesiologists during car-
diac surgery and in the early postoperative period. After the 

Figure 49-37. A secundum atrial septal defect with anterior and posterior margins (white arrows) is 
shown in A. Left to right flow across the atrial septal defect and measurement of atrial septal defect size 
in the anteroposterior plane is shown in B.
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patient is anesthetized, the TEE probe is inserted to obtain 
baseline data about the underlying pathology and associated 
pathologies. TEE offers the advantage of not interfering 
with the surgical procedure, and it also allows continuous 
monitoring during surgery.

Intraoperative TEE after induction of anesthesia may not 
be the best method to reliably identify severity of mitral, 
aortic, or tricuspid regurgitation due to the afterload reduc-
ing effect of cardiac anesthesia. Hence, a decision on the 
severity of valvular regurgitation should not be made for 
the first time in the operating room but, rather, should be 
identified prior to surgery. On the other hand, severity of 
stenotic lesions can be reliably identified during prebypass 
TEE findings, which can help in decision making about the 
surgical procedure. New findings are likely to alter surgery 
or management in 4% of cases. It is of particular importance 
in cases undergoing reconstructive cardiac surgery. These 
surgeries are individualized procedures and the outcome is 
less predictable than that of valve replacement. TEE has 
also been recommended to help determine the extent of 
ventricular myomectomy to be performed in patients with 
hypertrophic obstructive cardiomyopathy. The presence of 
atheromatous plaques in the ascending aorta is associated 
with increased risk of postoperative stroke, and modifica-
tion of the surgical technique is required to avoid disrup-
tion of the plaque.

Continuous monitoring of the left ventricular function can 
be done with TEE without interfering with the surgical 
field. Several authors have documented the value of TEE in 
the early detection of myocardial ischemia. In the growing 
area of “off-pump” bypass surgery, TEE is an indispensable 
tool for the monitoring of surgical procedures. TEE is very 
helpful in guiding correct positioning of the balloon tip in 
the descending aorta during insertion.

After the patient comes off the bypass pump, TEE is 
repeated to assess the results of the operation. TTE is 
often unsatisfactory after open chest surgery for various 
reasons including the presence of air and tubes in the 

operative field. It prompts immediate revision of signifi-
cant residual defects and helps in weaning patients from 
cardiopulmonary bypass or ventricular assist devices. It 
is especially useful for the detection of air in the left side 
of the heart before removal of aortic cannula, evaluation 
of global and regional function, assessment of the filling 
status of the left ventricle, and detection of pericardial 
effusion or hematoma within the pericardial space after 
an operation.

Other Indications

TEE is superior to TTE in delineating cardiac masses and 
masses adjacent to the heart, such as in the pulmonary arter-
ies and mediastinum (Figure 49-38). It is particularly useful 
for differentiating structural features, such as the site of at-
tachment, consistency in cystic versus solid, and infiltration 
into surrounding structures, that are useful for differentiat-
ing thrombi and benign from malignant neoplasms. TEE is 
also useful in the detection of thrombi lying in the proximal 
portion of the pulmonary arteries. TEE affords a clear view 
into the superior vena cava and thrombi attached to pace-
maker wires or intravenous lines.

Three-dimensional TEE

Recently, live TEE technology has been introduced. The 
utility of this method is being evaluated, however, the 
technique appears to be beneficial compared to 2D TEE in 
the evaluation of mitral valve and paravalvular structures. 
Delineation of mitral valve scallop/scallops involved helps 
in planning and determining feasibility of surgical repair. 
Location and extent of paravalvular leaks in patients with 
bioprosthetic and prosthetic valves (Figures 49-39 and 
49-40) seem to be significantly enhanced by 3D TEE com-
pared to 2D TEE, thus allowing determination of feasibility 
of percutaneous repair as well as allowing guidance during 
the procedure. TEE allows assessment of the size and shape 
of an atrial septal defect, thus assisting with planning an ap-
propriate procedure and placement of an interatrial septal 
device of correct size.

A B

Figure 49-38. Tumor in a 27-year-old Asian female infiltrating superior vena cava causing turbulent color 
Doppler flow (A). Location of primary tumor is shown in right pulmonary artery in B (colored arrowheads).



CHAPTER 49 /  Transesophageal Echocardiography 583   

LA LA

Figure 49-39. Bileaflet St. Jude’s valve is shown in the mitral position in a 35-year-old female with 
history of rheumatic valve disease and prosthetic mitral and aortic valves. Prosthetic mitral valve 
disks are shown in systole in a closed position (white arrows). A gap (white arrowhead) in the 
 paravalvular tissue with paravalvular systolic flow is seen located in the medial position between 
mitral valve and aortic valve. LA, left atrium.

MV

PV leak
orifice

Figure 49-40. Three-dimensional TEE showing a bileaflet valve in the mitral position. Loca-
tion and extent of paravalvular leak is clearly visualized. The leak is present between prosthetic 
aortic and mitral valves and is closer to aortic than the mitral valve.
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Stress Echocardiography
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INTRODUCTION

Stress echocardiography is a universally employed modal-
ity in the noninvasive diagnosis and risk stratification of 
patients with suspected or known coronary artery disease. 
New applications continue to be established for this tech-
nique more than 20 years after the initial studies that in-
troduced stress echocardiography as a versatile, safe, and 

accurate technique for the diagnosis of coronary artery 
 disease (CAD).

In the setting of a fixed coronary obstruction, an increase 
in myocardial oxygen demand produced by exercise or 
catecholamine stress results in myocardial oxygen supply-
demand imbalance and ischemia. Reduction in myocardial 
thickening and wall motion is a relatively early manifesta-
tion of ischemia, usually preceding the development of elec-
trocardiographic abnormalities and symptoms. Myocardial 
oxygen supply-demand imbalance is greatest in the suben-
docardium, the inner myocardial layer that contributes the 
most to myocardial wall thickening. Regional reductions in 
myocardial thickening and wall motion are readily detected 
by two-dimensional echocardiography, which utilizes mul-
tiple tomographic imaging planes to assess function in all 
coronary artery distributions. Digital image acquisition and 
storage permits easy and direct visual comparison of cine 
loops obtained at baseline and with stress to determine the 
presence or absence of abnormalities in wall thickening or 
wall motion. Regional function is graded using a system that 
assigns a higher score with increasing severity of wall motion 
abnormality (1 = normal, 2 = hypokinetic, 3 = akinetic) 
and a 16- or 17-segment representation of the left ventricle 
(Figure 50-1). Myocardial segments can be grouped ac-
cording to their coronary supply (left anterior descending 
[LAD], right coronary [RCA], and left circumflex [LCX]) 
with the recognition that there is variability in coronary 
supply of various segments including the apical lateral (LAD 
or LCX territory) and apical inferior (LAD or RCA terri-
tory) segments. Visual assessment of wall thickening and 
wall motion is a challenging exercise even for those with 
Level 2 or 3 training in echocardiography. Interpretation of 
at least 100 stress echocardiograms under the supervision of 
an expert is considered the minimum experience necessary 
before independent interpretation of studies. Considerably 
more experience is desirable as the accuracy of wall motion 
analysis has been shown to be greatest in those who have 
extensive experience in the technique.

• Bicycle stress echocardiography enables imaging 
during peak exercise which may improve the sen-
sitivity for detection of singie vessel  disease.

• Contrast agents may improve endocardial border 
visualization and are recommended when 2 or 
more segments in a particular echocardiographic 
view are not adequately visualized.

• Stress –induced wall motion abnormalities may 
occur because of ischemia in the absence of 
 obstruction of major coronary vessels.

• Appropriateness criteria for stress echocardiog-
raphy have been published which provide a re-
source for determining appropriate indications 
for performance of stress echocardiography.

• The “biphasic” wall motion response to dobu-
tamine has a high positive predictive value for 
detection of myocardium that will improve in 
function with revascularization.

• The utility of stress echocardiography for risk 
stratification of patients with known or suspected 
coronary disease has been documented in numer-
ous studies.

d PRACTICAL POINTS
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STRESS METHODS

Various means of producing myocardial stress can be used 
with echocardiography. As a general rule, exercise is pre-
ferred over nonexercise methods if the patient can perform 
adequate dynamic exercise. Knowledge of the patient’s exer-
cise capacity contributes significant prognostic information. 
Table 50-1 lists the major modalities of stress and their rela-
tive utility, advantages, and disadvantages.

Initial exercise echocardiography studies were conducted 
with treadmill exercise, which has the advantage of being 
the most familiar form of exercise in this country. The dis-
advantage of treadmill exercise is that imaging is limited to 
the postexercise period where rapid image acquisition is re-
quired by an expert sonographer. The success of treadmill 
exercise echocardiography hinges on the fact that wall mo-
tion abnormalities produced by demand ischemia persist for 
at least a short time after exercise is completed. The persis-
tence of wall motion abnormalities poststress is in part due 
to myocardial stunning, which depends on the severity and 
extent of obstructive CAD.

The use of bicycle exercise permits imaging during exercise 
that, theoretically, might provide a higher sensitivity than 
treadmill exercise. Peak heart rate–systolic blood pressure 
product is often comparable between the two forms of ex-
ercise with the achieved heart rate higher with treadmill 

exercise and systolic blood pressure higher with bicycle 
exercise, owing to an element of isometric stress with the 
latter method. There are few head-to-head comparisons of 
the sensitivity of peak bicycle exercise imaging and post-
treadmill exercise imaging. Peak bicycle exercise imaging 
may yield more extensive wall motion abnormalities in 
those with coronary disease and have enhanced sensitivity 
for detection of single vessel disease compared with tread-
mill exercise. Bicycle exercise also has the advantage of 
permitting Doppler interrogation during exercise, enabling 
evaluation of left ventricular diastolic function and valvu-
lar function.

Pharmacologic stress echocardiography is primarily utilized 
in patients who cannot perform dynamic exercise. In this 
country, dobutamine is the most widely used agent. In the 
most commonly employed dosing regimen, dobutamine is 
first given at a low dose (5 μg/kg/min) and then increased 
to 10 μg/kg/min after 2 to 3 minutes. The dose is increased 
by 10 μg/kg/min increments every 2 to 3 minutes thereafter 
to a peak dose of 40 or 50 μg/kg/min. This dosing protocol, 
although never achieving a steady state drug level, provides 
a progressive increase in heart rate that simulates the in-
crease in heart rate with exercise. In approximately 30% 
of patients, supplemental atropine, in divided doses up to a 
total of 2.0 mg, is needed to block vagal suppression of the 
heart rate response to dobutamine. Dobutamine stress has 
the advantage of being physiologically similar to exercise 

Horizontal
long axis

(4 chamber)
Apex

Apical lateral

Basal
anterolateral

Basal
inferoseptal

Mid-
inferoseptal

Apical septal

Mid-
anterolateral

17

Vertical
long axis

(2 chamber)

Apical anteriorApical inferior

Mid-anteriorMid-inferior

Basal anteriorBasal inferior

Apex

17

Basal Anteroseptal

Anterior

Anterolateral

InferolateralInferior

Inferoseptal
12

3

4 5

6

Mid-cavity Anteroseptal

Anterior

Anterolateral

InferolateralInferior

Inferoseptal
78

9

10 11

12

Apical Anterior

LateralSeptal

Inferior

13

14

15

16

Figure 50-1. Diagram of 17-segment representation of the left ventricle with basal, mid, and apical short 
axis planes and 4 chamber and 2 chamber planes. (Adapted from Cerqueira MD et al, 2001.)
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and is similar to the hemodynamic stress experienced by pa-
tients undergoing noncardiac surgery.

Dobutamine stress requires placement of intravenous access 
and is more labor and time intensive than exercise stress. 
Studies have shown that dobutamine stress may have de-
creased sensitivity in patients with concentric remodeling 
where LV cavity size is small and relative wall thickness 
is increased. In this setting, vasodilation caused by dobu-
tamine may decrease wall stress and reduce the frequency of 
ischemia in patients with limited disease. Accelerated dobu-
tamine and atropine infusion protocols have been shown 
to safely allow reduction in the duration of stress. Reversal 
of the effects of dobutamine using intravenous metoprolol 
or esmolol is routinely employed in many laboratories. This 
limits the duration of side effects experienced by the patient, 
effectively treats symptomatic ischemia, and reduces the 
time required for postinfusion monitoring. Studies have also 
shown that ischemic wall motion abnormalities may be un-
masked by beta-blocker administration and imaging shortly 
after giving beta-blockers may enhance the sensitivity of the 
test. The safety of dobutamine stress echocardiography has 
been investigated in a number of large-scale studies. Life-
threatening complications occur in 1 of every 2,000 studies. 

The contraindications to dobutamine stress are similar to 
those for exercise stress. Laboratories should be prepared to 
rapidly reverse dobutamine stress in individuals with a his-
tory of symptomatic ischemia or severe coronary disease.

Vasodilator stress echocardiography utilizing high dose 
dipyridamole (0.84 mg/kg over 10 min) infusion with sup-
plemental atropine is an alternative to dobutamine stress in 
patients who cannot exercise. The method is less commonly 
employed in the United States compared to Europe in part 
because of the low cost of dobutamine in this country, the 
requirement for high dose dipyridamole, and unfamiliarity 
with the vasodilator method. There are few comparative 
studies that have investigated the accuracy of dobutamine 
versus vasodilator stress in the same patient population. The 
available data suggest that adenosine stress has lower sensi-
tivity than dobutamine stress. The safety of vasodilator stress 
is well validated and it has the advantage of permitting easier 
assessment of myocardial perfusion using echocardiographic 
contrast agents compared to dobutamine stress. Currently, no 
contrast agents have been approved for use in this country 
for assessment of myocardial perfusion, but a wealth of stud-
ies have demonstrated the utility of vasodilator stress with 
contrast perfusion imaging for detection of coronary disease. 

Table 50-1 • Stress Echo Modalities

Method Procedure Advantages Disadvantages Sensitivity Specificity
Treadmill rest, immediate 

postexercise imaging
most familiar type 
of stress

imaging after exercise 
requires sonographer 
expertise for rapid 
image acquisition

high high

Supine or upright 
bicycle

rest, early stage, peak 
and post imaging

permits peak exercise 
imaging, valve function 
can be assessed

lower peak heart rates 
than treadmill, supine 
exercise difficult in lung 
disease patients

high; may be 
higher than 
with treadmill, 
more extensive 
ischemia than 
with treadmill

high

Dobutamine doses to 40 or 50 μg/
kg/min; atropine often 
needed; rest, low, peak 
dose imaging

similar BP, HR changes 
to exercise, high quality 
images, valve function 
can be assessed

requires IV access, 
higher rate of side 
effects than exercise

moderate to 
high; reduced 
in patients 
with concentric 
remodeling

high

Vasodilator, 
adenosine,
dipyridamole

0.84 mg/kg dip dose; 
atropine needed; rest, 
early stage, late stage 
imaging

shorter infusion 
times compared to 
dobutamine, coronary 
flow, myocardial 
perfusion can be 
assessed

requires IV access, 
less physiologic than 
dobutamine stress

moderate
to high

high

Transesophageal 
pacing

pacing catheter 
required; pacing 
up to 100% of age-
predicted max HR; 
imaging at rest, 85% 
of max HR, max HR

short duration 
of stress

requires swallowing 
of pacing catheter, 
atropine may be 
needed for AV block

very high high
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Vasodilator stress also enables assessment of coronary flow 
velocity using transthoracic Doppler recordings of the left 
anterior descending coronary artery. This technique is under-
utilized in the United States but has been shown to be a use-
ful adjunct to wall motion analysis for detection of coronary 
disease.

Transesophageal atrial pacing stress echocardiography is 
an alternative method to pharmacologic stress in patients 
who cannot exercise. The feasibility, safety, and accuracy 
of this method has been well validated in studies primar-
ily from the Mayo Clinic. A specially designed catheter is 
placed orally or intranasally into the midesophagus after 
topical anesthesia. Pacing thresholds in the range of 10 mA 
are usually required and are generally well tolerated. Very 
high sensitivity for coronary disease can be obtained by 
echocardiographic imaging at paced rates of 85% and 100% 
of the patient’s age predicted maximal heart rate. Pacing 
stress echocardiography requires a shorter duration of stress 
compared with pharmacologic stress, and higher quality 
images may be obtained in the absence of respiratory arti-
fact and cardiac motion that may result from vasodilator or 
dobutamine stress, respectively. Pacing stress echocardiog-
raphy has the disadvantage of being invasive and atropine 
may be required in some individuals because of AV nodal 
block. Studies have also shown that effective stress can be 
achieved in patients with permanent pacing devices and an 
atrial lead.

Pacing stress echocardiography using a ventricular lead 
can provide desired levels of stress but necessitates assess-
ment of wall motion in the setting of dysynchronous septal 
contraction, as would be encountered in a patient with left 
bundle branch block. Assessment of ischemic wall motion 
abnormalities is more difficult in the setting of abnormal 
septal motion and requires evaluation of septal thickening 
and apical wall motion to distinguish between septal dysyn-
chrony and LAD ischemia.

Additional forms of stress have been combined with echocar-
diography including arm ergometry, handrip, cold pressor, 
mental stress, squatting, and ergonovine stimulation. The 
use of handgrip at peak exercise has been shown to be a use-
ful adjunct to pharmacologic stress by increasing wall stress. 
The safety and utility of ergonovine stress echocardiography 
have been demonstrated for detection of patients with coro-
nary vasospasm.

ECHOCARDIOGRAPHIC DETECTION 
OF CORONARY ARTERY DISEASE

We have briefly described the process of assessment of re-
gional function with echocardiography in the introduction. 
A detailed description of analysis of regional function is 

beyond the scope of this review. However, a basic knowl-
edge of factors that influence both global and regional left 
ventricular function is important for both those who refer 
patients for stress echocardiography and those who are en-
gaged in interpretation of these studies. Studies utilizing 
quantitative techniques have shown that there is regional 
heterogeneity in the timing and magnitude of wall motion 
and thickening between different regions of the myocardium 
in normal individuals without coronary disease. Myocardial 
segments that are in close proximity to the mitral or aortic 
annulus may appear to contract less in radial or transverse 
planes than segments that are not tethered to fibrous struc-
tures. Motion of the entire heart (cardiac translation) can 
occur with marked increases in global left ventricular con-
tractility that occur with dobutamine stress, making detec-
tion of ischemic wall motion abnormalities more difficult.

Knowledge of the normal ventricular volume responses to 
the various modalities of stress can aid in identification of 
patients with cardiovascular disease. Normal subjects un-
dergoing treadmill exercise typically have smaller end sys-
tolic volumes and increased ejection fraction postexercise 
compared to baseline. An increase in end-systolic volume 
or lack of improvement in global function may indicate the 
presence of extensive ischemia or an underlying cardiomyo-
pathy. Figure 50-2 is an example of a patient with LAD 
ischemia who has apical cavity dilation with stress. Bicycle 
exercise produces variable changes in cardiac volumes. A 
reduction in end-systolic volume and a prominent increase 
in ejection fraction are less likely to occur in normal indi-
viduals with bicycle exercise compared with treadmill stress. 
Dobutamine stress produces greater increases in global con-
tractility than either treadmill or bicycle stress and reduc-
tion in cavity volume is the rule in normal individuals. 
Cavity dilation is infrequent with dobutamine stress even in 
the setting of left main disease. Modest declines in systolic 
blood pressure are common with dobutamine and vasodila-
tor stress and are not specific markers of ischemia.

Accuracy of Stress Echocardiography

Data pooled from numerous stress echocardiography studies 
employing coronary angiography as the reference standard 

Figure 50-2. Rest and posttreadmill stress 4-chamber images 
at end systole in a patient with ischemia in the LAD distribution. 
The apex is dilated and severely hypokinetic with stress.
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have shown values for sensitivity and specificity in the mid 
80% range for the noninvasive technique. The high speci-
ficity is maintained in subject populations, such as women, 
in whom other noninvasive testing modalities may have a 
higher rate of false positives. Potential causes of both false 
negative and false positive stress echocardiograms are listed 
in Table 50-2. When stress echocardiography is being per-
formed for diagnostic purposes in a stable patient, withdrawal 
of medications that would blunt the heart rate response to 
stress is recommended to reduce the frequency of inadequate 
stress. Suboptimal echocardiographic images may account for 
some false negative studies. The use of commercial contrast 
agents has been shown to enhance endocardial border detec-
tion in patients with technically limited studies and is recom-
mended in patients when at least two or more segments in a 
particular view cannot be adequately visualized. Laboratories 
should have protocols in place to quickly identify appropriate 
patients, perform contrast injection and imaging, and moni-
tor for any adverse effects. The safety of contrast agents was 
called into question in 2008 by an FDA “black box” warn-
ing. Restrictions in the use of contrast agents issued in that 
warning have subsequently been relaxed based on recently 
published studies documenting the safety of contrast agents.

Although some false positive studies may result from chal-
lenges in wall motion assessment, a significant proportion 
of false positive studies is due to myocardial ischemia in 
the absence of obstruction of epicardial coronary vessels. 
The presence of microvascular disease and the reduction 
in capillary density, which occurs in patients with left ven-
tricular hypertrophy and cardiomyopathy, may account for a 

higher-than-expected incidence of stress-induced wall mo-
tion abnormalities in the absence of large vessel coronary 
obstruction in these populations. Coronary vasospasm may 
be provoked by exercise and infrequently by dobutamine. 
False positive studies may also result from difficulty in dis-
tinguishing ischemic wall motion abnormalities from those 
produced by tethering of myocardial segments to less mobile 
structures such as the mitral annulus. As previously men-
tioned, dysynchronous contraction produced by left bundle 
branch block and right ventricular pacing can be confused 
with septal wall motion abnormalities from ischemia.

CLINICAL APPLICATIONS

Stress echocardiography is utilized in a broad variety of clini-
cal settings. Suggested guidelines for the appropriate use of 
stress echocardiography were published in 2008 (see Suggested 
Readings). A technical panel of clinician-experts graded vari-
ous indications for stress echocardiography based on informa-
tion from published literature. Grades assigned by the expert 
panel were used to categorize indications for stress echocar-
diography as appropriate, uncertain, and inappropriate. Some 
of the indications considered appropriate for stress echocar-
diography are shown in Table 50-3. The appropriateness doc-
ument did not include a rating for all possible applications of 
stress echocardiography and it is expected that indications for 
stress echocardiography will be periodically reassessed in the 
future. Indications where stress echocardiography is currently 
considered inappropriate are shown in Table 50-4.

Detection of Coronary Artery Disease

The use of stress echocardiography for detection of CAD is 
most appropriate in symptomatic individuals with a high or 
intermediate pretest probability of disease. Stress echocar-
diography may also yield useful information in lower pretest 
probability cohorts who have uninterpretable electrocardio-
grams (ECG) or in those who cannot exercise. The high 
specificity of stress echocardiography enables identifica-
tion of patients without significant disease among those 
who have equivocal or abnormal stress ECGs. Women with 
atypical symptoms are a group in whom the high specificity 
of stress echocardiography may prove useful.

In general, stress echocardiography is considered inappropri-
ate in low or intermediate risk patients (as determined by the 
Framingham score) who are asymptomatic. The diagnostic 
value of stress echocardiography is considered uncertain in 
high risk asymptomatic individuals based on a relative lack 
of data in this subset of patients. This subset would include 
many subjects with diabetes. In spite of questions about the 
utility of stress echocardiography in asymptomatic subjects, a 
number of studies have shown that stress echocardiography 
has significant prognostic value in patients with diabetes.

Table 50-2 • Potential Causes of False Negative and 
False Positive Stress Echocardiograms

False negative

Inadequate stress (heart rate <85% age-predicted max, 
rate-pressure product <20,000)

Beta-blocker treatment and other antiischemic medications
Concentric remodeling (small left ventricular cavity and 

increased relative wall thickness)
Single vessel or branch vessel disease 

(especially nondominant left circumflex disease)
Incomplete visualization of segments in a coronary territory
Hyperdynamic function at rest (mitral, aortic regurgitation)

False positive

Microvascular disease (diabetes, advanced cardiomyopathy, 
left ventricular hypertrophy)

Coronary vasoconstriction
Septal dyssynchrony (left bundle branch block, RV pacing, 

post open-heart surgery)
Marked increases in LV wall stress (hypertensive response 

to stress, LV outflow obstruction)
Tethering of the basal septum, inferior wall (mitral annular 

calcification, mitral valve replacement, repair)
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Table 50-3 • Appropriate Indications for Stress Echocardiography

1. Detection of CAD or risk assessment in 
symptomatic patients

low pretest probability, ECG uninterp. or unable to exercise/intermediate or high 
pretest probability/prior stress ECG uninterpretable

2. Detection of CAD or risk assessment in 
asymptomatic patients

uncertain or inappropriate

3. Detection of CAD or risk assessment in 
asymptomatic patients: populations with defined 
comorbidities

new onset CHF + moderate CAD risk, normal systolic function/new onset afib 
with moderate to high CAD risk/nonsustained vent. tachycardia with moderate 
to high CAD risk

4. Risk assessment in patients with prior 
noninvasive or invasive testing

reevaluation of pts with known CAD and worsening symptoms/symptomatic pts 
with coronary stenosis of unclear significance/asymptomatic with prior Agatson 
calcium score ≥400

5. Risk assessment: preoperative evaluation 
before noncardiac surgery

intermed risk surgery + intermed predictors, ≤4 MET ex capacity/high risk 
surgery + <4 MET ex capacity

6. Risk assessment: following acute coronary 
syndrome

unstable angina/NTSEMI—stable patient no immed plans for cath

7. Risk assessment: postrevascularization symptomatic pt not in early postprocedure period

8. Assessment of myocardial viability ischemic LV dysfunction with known CAD, no contraindications to revascularization

9. Assessment of hemodynamics dobutamine to evaluate equivocal aortic stenosis with low output/symptomatic 
pts with mild mitral stenosis/asymptomatic severe aortic or mitral regurg. with 
resting LV size, function not meeting surgical criteria

Table 50-4 • Inappropriate Indications for Stress Echocardiography

1 Detection of CAD or risk assessment in 
symptomatic patients

low pretest probability, ECG interp. or able to exercise/in acute chest 
pain—high pretest probability, ECG-ST elevation

2 Detection of CAD or risk assessment in 
asymptomatic patients

low or moderate CAD risk by Framingham score

3 Detection of CAD or risk assessment in asymptomatic 
patients: populations with defined comorbidities

valve disease requiring surgery with moderate CAD risk/new onset afib 
with low CAD risk

4 Risk assessment in patients with prior noninvasive 
or invasive testing

annual stress echo—no or stable symptoms with prior normal
exam/stress echo <1 yr interval with no or stable symptoms to assess
CAD severity/asymptomatic with prior Agatson score <100

5 Risk assessment: preoperative evaluation before 
noncardiac surgery

low risk surgery/intermed risk surgery with no clinical predictors
high risk surgery—asymptomatic ≤1 year after normal invasive/
noninvasive study or previous revascularization

6 Risk assessment: following acute coronary 
syndrome

asymptomatic after revascularization—routine evaluation prior 
to hospital discharge

7 Risk assessment: postrevascularization asymptomatic <5 years post CABG
asymptomatic <2 years post PCI

8 Assessment of viability/ischemia see Table 50-3, the only indication that was assessed was in those with 
known CAD and eligible for revascularization, which was considered 
appropriate

9 Assessment of hemodynamics severe aortic or mitral stenosis/severe aortic insufficiency or mitral 
regurgitation with symptoms or with severe LV enlargement or 
dysfunction

Risk Assessment in Patients with Prior 
Invasive or Noninvasive Testing

Stress echocardiography has demonstrated utility in de-
termining the functional significance of disease detected 
by coronary angiography or coronary calcium scanning 
(Table 50-3, indication 4). Reevaluation of a patient with 

known CAD with stress echocardiography is considered ap-
propriate in the presence of new or worsening symptoms. 
Serial testing at intervals of less than or equal to 1 year is 
considered inappropriate (Table 50-4, indication 4) in pa-
tients with a previously abnormal stress imaging study and 
no or stable symptoms. Serial testing on an annual basis 
is also discouraged in those who have a normal baseline 
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stress exam based on studies showing that these patients 
remain at low risk for cardiac events for at least a 2- to 
3-year period.

Risk Assessment: Preoperative 
Evaluation Before Noncardiac Surgery

The ACC/AHA 2007 Guidelines on Perioperative 
Evaluation for Noncardiac Surgery deemphasized the role 
of stress imaging studies in preoperative risk stratification 
of patients before noncardiac surgery. The stress echo ap-
propriateness criteria published in 2008 and included in 
Table 50-3 were drafted without the benefit of the 2007 
Perioperative Guidelines document. Stress echocardiogra-
phy in patients with one or more clinical predictors ( diabetes 
mellitus, renal insufficiency, cerebrovascular disease, isch-
emic heart disease, or history of congestive heart failure) is 
now considered optional and reserved for cases where pa-
tient management may be affected. Patients with ischemia 
on stress echocardiography may benefit the most from peri-
operative beta-blockade. The results of the Coronary Artery 
Revascularization Prophylaxis (CARP) trial indicated that 
revascularization provides little benefit in reduction of peri-
operative events in the majority of patients with established 
CAD undergoing noncardiac surgery. However, the finding 
of extensive ischemia (≥5 segments) on a stress echocar-
diogram may identify those with triple vessel or left main 
disease in whom revascularization may improve both peri-
operative and long-term outcome.

Risk Assessment: Following 
Acute Coronary Syndrome

Stress echocardiography may provide valuable information 
after acute coronary syndrome in patients who have not 
already undergone coronary angiography and revasculariza-
tion. Patients without inducible ischemia with preserved 
global left ventricular systolic function are at lower risk. 
Those with reduced global function, large areas of nonvi-
able myocardium, or ischemia are at increased risk. Stress 
echocardiography is not recommended prior to discharge 
in asymptomatic individuals who have been revascularized 
after acute coronary syndrome. Stress echocardiography 
may provide useful information on the functional signifi-
cance of multivessel disease in patients in whom only the 
culprit  vessel was revascularized.

Risk Assessment: Postrevascularization

Evaluation of a symptomatic patient after coronary artery by-
pass grafting (CABG) or percutaneous coronary intervention 
(PCI) is, in general, considered an appropriate indication for 
stress echocardiography. Testing of asymptomatic individuals 
less than 5 years after CABG or less than 2 years after PCI is 
considered inappropriate. The appropriateness of evaluating 

asymptomatic individuals 5 or more years after CABG or 2 
or more years after PCI was considered uncertain based on 
the lack of available data in these population groups.

Assessment of Myocardial Viability

The utility of stress echocardiography for the assessment 
of myocardial viability has been documented in numerous 
 studies. Testing is usually reserved for those patients with 
significant ischemic left ventricular dysfunction who are 
potential candidates for revascularization, in the hope that 
ventricular function and prognosis will improve with revas-
cularization of viable myocardium. Dobutamine echocar-
diography is the most commonly used ultrasound modality 
for assessment of viability. The uncoupling of the inotropic 
and chronotropic effects of dobutamine at low doses (≤10 
μg/kg/min) permits improvement of contractile function in 
stunned or hibernating myocardium without major increases 
in heart rate and myocardial oxygen demand. In the setting 
of coronary obstruction, higher doses of dobutamine produce 
ischemia with worsening of function in regions that exhib-
ited contractile reserve with low dose dobutamine. The “bi-
phasic response” with improvement of function at low doses 
and worsening of function at higher doses of dobutamine 
has been shown to have a high positive predictive value for 
identifying viable myocardium that will have functional re-
covery with revascularization. Other inotropic agents and 
vasodilators, such as dipyridamole, have been successfully 
used as alternatives to dobutamine for assessment of contrac-
tile reserve. Contractile reserve, although a highly specific 
marker for functional recovery, is a less sensitive marker for 
tissue viability than perfusion imaging using single photon 
emission computed tomography or metabolic imaging using 
positron emission tomography. Echocardiographic contrast 
perfusion agents also enable assessment of myocardial vi-
ability. However, no agents are currently approved for use in 
the United States for this purpose.

Assessment of Hemodynamics

Stress echocardiography combined with Doppler imaging is 
likely underutilized in the assessment of patients with val-
vular heart disease. Dobutamine echocardiography may be 
particularly useful in patients with low flow or low gradient 
aortic stenosis. Patients with low gradient aortic stenosis 
(which may be defined by valve area <1.0 cm2, reduced ejec-
tion fraction [<40%], and mean pressure gradient <30 to 40 
mm Hg) may have severe stenosis causing left ventricular 
dysfunction or moderate stenosis with another cause for ven-
tricular dysfunction. In the former condition, aortic valve 
replacement may result in substantial improvement in left 
ventricular function once the marked increase in afterload 
caused by severe stenosis is relieved. In the latter condition, 
calculated valve areas may be falsely low because the reduced 
ventricular function may not generate the energy required 
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to fully open stiff, partially immobile leaflets. Dobutamine 
stimulation in relatively low doses up to 20 μg/kg/min may be 
used to distinguish the two conditions. An increase in valve 
area to >1.0 cm2 with dobutamine suggests that the aortic 
stenosis is not severe. An increase in aortic jet velocity to 
>4.0 m/sec or mean gradient to >40 mm Hg along with a 
valve area that remains <1.0 cm2 indicates severe stenosis. 
The absence of contractile reserve with a marginal or no in-
crease in ejection fraction with dobutamine is a poor prog-
nostic sign and predicts a poor surgical outcome.

Stress echocardiography is not indicated in patients with 
severe aortic stenosis and preserved left ventricular systolic 
function. In patients who have equivocal or no apparent 
symptoms and moderate to severe stenosis, assessment of ex-
ercise capacity and observation for symptoms may provide 
some useful clinical information. In this situation, the addi-
tive value of assessment of global and regional function with 
echocardiography is uncertain.

Bicycle exercise or dobutamine stress may provide useful 
information in individuals with confusing symptoms and 
moderate mitral stenosis. Both modalities of stress enable con-
tinuous or intermittent monitoring of valve hemodynamics 

during stress with bicycle exercise being more physiologic. 
The finding of marked increases in mitral valve gradient 
and pulmonary pressures coupled with symptoms of dyspnea 
indicate an individual in whom the stenosis is functionally 
limiting. The presence of oxygen desaturation provides con-
firmatory evidence. Treadmill or bicycle stress is also consid-
ered useful in patients with asymptomatic mitral or aortic 
regurgitation who have not had significant enough changes 
in resting ventricular function or size to merit surgery. The 
findings of reduced ejection fraction with stress or increases 
in end-systolic volume and lower than expected exercise 
capacity identify individuals who will soon need surgery to 
avoid significant postoperative left ventricular dysfunction.

STRESS ECHOCARDIOGRAPHY 
FOR ASSESSMENT OF PROGNOSIS

The prognostic value of stress echocardiography has been 
documented in many large and small observational studies 
totaling tens of thousands of patients. Assessment of exer-
cise capacity, ischemic threshold, and regional and global 
function with stress enables risk stratification of patients 
into low, intermediate, and high risk groups (Table 50-5). 

Table 50-5 • Stress Echocardiography Predictors of Risk

Very Low Risk* MI, 
 Cardiac Events <1%/y

Low Risk* MI, Cardiac 
Death <2%/y

Factors Increasing Risk† High risk‡ RR ≥ 4- Fold 
Over Low Risk

Normal exercise 
echocardiogram
result with good 
exercise  capacity

7 METs men
5 METs women

Normal pharmacologic stress 
echocardiogram result with 
adequate stress, defined as 
achievement of HR ≥85%
age-predicted maximum 
for dobutamine stress, and 
low to intermediate pretest 
probability of CAD

Increasing age
Male sex
Diabetes
High pretest probability
History of dyspnea or CHF 
History of myocardial infarction
Limited exercise capacity 
Inability to exercise 
Stress ECG with ischemia Rest WMA 
LV hypertrophy
Stress echocardiography with 

ischemia
Reduced baseline EF 
No change or increase ESV 

with stress§

No change or decrease EF 
with stress§

Increasing wall-motion score 
with stress

Extensive rest WMA 
(4-5 segments of LV)

Baseline EF < 40% Extensive 
ischemia (4-5 segments of LV)

Multivessel ischemia
Rest WMA and remote ischemia
Low ischemic threshold

Ischemia with 0.56 mg/kg 
dipyridamole or 20 μg/kg/min 
dobutamine or based on heart 
rate//

Ischemic WMA, no change or 
decrease inexercise EF§

CAD, Coronary artery disease; CHF, congestive heart failure; ECG, electrocardiogram; EF, ejection fraction; ESV, end-systolic volume; HR, heart rate; LV, left ventricular; 
METs,metabolic equivalents; MI, myocardial infarction; WMA, wall-motion abnormalities.
*High pretest probability of CAD, poor exercise capacity or low rate-pressure product, increased age, angina during stress, LV hypertrophy, history of infarction, history of CHF, 
andanti-ischemic therapy are factors known to increase risk inpatients with normal stress echocardiogram results.
†The degree to which each factor increases risk is variable.
‡Cut-off values for high-risk group are approximate values derived from available studies. Studies have shown that increased rest and low-and peak-dose wall-motion scores can 
identify individuals at high risk, especially those with reduced global LV function, but threshold values used to define patients at high risk have been variable (eg, peak exercise scores 
range from 1.4 to >1.7).
§For treadmill and dobutamine stress.
//Low ischemic threshold based on HR for dobutamine stress has been defined invarious studies as ischemia with HR <60% of age-predicted maximum, HR < 70% of age-
 predicted maximum, orat HR <120/min.
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Patients with good exercise capacity and a normal exercise 
echocardiogram (no baseline or stress-induced wall motion 
abnormalities) are at very low risk with a less than 1% an-
nual rate of myocardial infarction or cardiac death. These 
subjects remain at low risk for at least several years follow-
ing their stress study. The risk of patients with normal exer-
cise echocardiograms who have diabetes, advanced chronic 
 kidney disease, or poor exercise capacity may increase after 
2 to 3 years following their stress study.

Provided that adequate stress is achieved, a normal phar-
macologic stress echocardiogram also identifies patients 
at low risk. However, because of a higher pretest preva-
lence of CAD, individuals who cannot exercise, such as 
those with peripheral vascular disease, remain at slightly 
higher risk compared to those who have normal exercise 
echocardiograms.

Poor exercise capacity, a history of infarction, and the pres-
ence of resting and/or stress-induced wall motion abnormal-
ities identify patients at increased risk. Risk progressively 
increases with an increasing amount of myocardium with 
resting and/or stress-induced wall motion abnormalities. 
A reduction in global function at rest or with stress, evi-
dence for multivessel disease with baseline or stress-induced 
wall motion abnormalities in more than one coronary ter-
ritory, and cavity dilation with stress are markers of high 
risk. Echocardiographic assessment of left ventricular wall 
thickness, left atrial volume, and diastolic function provide 
additional risk stratification information.

RESEARCH ADVANCES

Recent advances in three-dimensional (3D) echocardiogra-
phy include real-time image acquisition that has extended 
the application of 3D imaging to stress echocardiography. 
An advantage of 3D full-volume imaging is that more re-
gions of the left ventricle can be assessed than are possible 
using two-dimensional (2D) imaging. In addition, more ac-
curate chamber volumes can be obtained. Disadvantages of 
the 3D technique include lower frame rates and the need for 
high quality images.

The reliance on qualitative visual assessment of regional 
wall thickening and motion has been viewed as a limitation 

of stress echocardiography. The accuracy and reproduc-
ibility of visual assessment of regional function are de-
creased in the hands of nonexperts. A potential solution 
to this problem is the development of quantitative analy-
sis techniques, which are an increasing focus of research. 
Automated border detection, tissue Doppler imaging, and 
most recent, strain and strain rate imaging are advanced 
methods of assessing regional function that are now avail-
able on most ultrasound manufacturers’ systems. Strain and 
strain rate imaging enable assessment of the magnitude of 
regional shortening or thickening and the velocity of re-
gional shortening in localized areas of the myocardium. 
Strain and strain rate imaging are not affected by tethering 
and translational cardiac motion, which complicates visual 
assessment of regional function. These newer, quantitative 
methods have shown promise as adjuncts to visual assess-
ment of regional function in an increasing number of pub-
lished investigations.
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• Cardiac PET is increasingly being used in clinical 
practice.

• O-15 labeled water is an ideal radiotracer with linear 
uptake in relation to myocardial blood flow. 

• Myocardial perfusion imaging with N-13 ammonia 
and rubidium-82 PET is highly sensitive and specific 
for identification of obstructive CAD. 

• The overall diagnostic accuracy of PET MPI is higher 
compared to nonattenuation corrected SPECT (from 
higher specificity). 

• The prognostic value of MPI with PET is excellent 
and comparable to that described with SPECT. 

• Cardiac PET imaging with FDG is the most accurate 
test for diagnosis of myocardial viability.

• Assessment of inotropic contractile reserve with low 
dose dobutamine improves the specificity of identifi-
cation of viable myocardium. 

• There are no published randomized clinical studies 
demonstrating the utility of viability assessment in 
predicting recovery of function and outcomes follow-
ing revascularization. However, extensive literature 
supports the role of viability assessment with FDG 
PET in predicting improvement in left ventricular 
ejection fraction, heart failure symptoms, and natu-
ral history following revascularization. 

• The prognostic value of FDG imaging depends not 
only on the magnitude of viable myocardium, but 
also on several other factors, such as the baseline left 
ventricular ejection fraction, degree of remodeling of 
the left ventricle, and time to revascularization.

d PRACTICAL POINTS

INTRODUCTION

Cardiac positron emission tomography (PET) is a well-
validated technique to evaluate myocardial perfusion and 
metabolism. Although long viewed as a research technique, 
the clinical use of cardiac PET imaging has increased signifi-
cantly over the past five years. This is being driven primarily 
by increasing availability of PET scanners driven by oncol-
ogy applications. Also, rubidium-82, a generator-produced 
perfusion radiotracer, as well as F-18-labeled fluoro-deoxy-
glucose (FDG) enables the use of PET in institutions without 
a cyclotron. PET images have higher spatial and temporal 
resolution and depth-independent attenuation correction. 
Each of these factors has contributed to the growing interest 
and clinical use of cardiac PET. 

Positron emission tomography is a radionuclide technique 
wherein a radioactive tracer emitting positrons (511-kEV 
gamma rays) is used to study myocardial blood flow or physi-
ology. The positrons travel a few millimeters in the tissue, 
collide with neighboring electrons, and release two 511-kEV 
photons. These pairs of photons are imaged in a coincidence 
detection mode using a PET scanner. PET scanners are avail-
able in two different configurations: a dedicated PET scan-
ner or a hybrid PET/CT scanner. Dedicated PET scanners 
use a rotating line source or a germanium (Ge) rod source 
for transmission imaging, whereas PET/CT scanners use a 
low-dose CT scan of the chest for transmission imaging and 
attenuation correction. The majority of new PET scanner 
installations are hybrid PET/CT scanners. Cardiac PET 
scans have a spatial resolution on the order of 4–8 mm.
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PET RADIOTRACERS

There are several radiotracers available for cardiac PET im-
aging. Of these the FDA approved radiotracers for clinical 
use include N-13 ammonia and rubidium-82 (myocardial 
perfusion tracers) and FDG (myocardial glucose metabolism 
tracer) (Table 51-1). 

N-13 Ammonia

This is a cyclotron-producing radiotracer with a half-life 
of 9.96 minutes. The exact mechanism of N-13 ammo-
nia transport into the myocytes is not known. It has been 
suggested that N-13 ammonia undergoes passive diffusion 
across the cell membrane or active transport via the so-
dium potassium ATPase pump. It is an excellent radiotracer 
with a very high extraction fraction and linear uptake in 
relation to myocardial blood across a wide range of blood 
flow values. Myocardial blood flow can be well-assessed 
semiquantitatively (visually), and it also can be quanti-
fied using tracer kinetic modeling (myocardial blood flow 
in mL/gm/min). N-13 ammoniaís relatively long half-life 
enables its use with in either exercise or pharmacological 
stress testing. 

Rubidium-82

This is a generator-produced radiotracer with a half-life of 
76 seconds. It is supplied by a strontium generator, which 
is replaced every 4 weeks (due to the long half-life of the 
parent compound strontium, 28 days). Rubidum-82 has 
thallium-like kinetics and enters the myocyte via the myo-
cardial K-channels. Rb-82 is a good radiotracer with an 
adequate extraction fraction and plateau peak radiotracer 

concentration at high blood flow values. The short  half-life 
makes it ideal for use with pharmacological stress testing, 
but less amenable to use in exercise stress imaging.

O-15 Water

This is a cyclotron-produced radiotracer with a half-life of 
2.15 minutes. This is an ideal radiotracer for imaging myo-
cardial blood flow, because of its linear uptake in relation 
to myocardial blood flow even at high flow rates induced 
by vasodilator stress. This radiotracer is freely diffusible and 
makes semiquantitative interpretation of images difficult 
(due to the need for subtraction of background blood pool 
activity). However, myocardial blood flow can be well quan-
tified using tracer kinetic modeling. O-15 water is therefore 
widely used in research studies for quantitative estimation of 
myocardial blood flow.

F-18 Fluoro-deoxy Glucose (FDG)

This is the primary radiotracer used clinically for myocardial 
viability assessment with PET. FDG is a cyclotron-produced 
radiotracer with a half-life of 109 minutes, permitting trans-
portation of unit doses to sites without an on-site cyclotron. 
FDG competes with glucose and is transported into the myo-
cyte by facilitated transport via glucose transporters, and then 
it becomes trapped in the myocyte following phosphorylation 
by hexokinase. The magnitude of FDG uptake is indicative 
of myocardial glucose uptake and metabolism and is used 
clinically to study myocardial viability. Patients are typically 
studied in a glucose-loaded state. Appropriate preparation of 
patients with insulin and glucose is critical to ensure adequate 
image quality. Details of the preparation of a patient for the 
FDG PET study are beyond the scope of this chapter; readers 

Table 51-1 • Commonly Used PET Radiotracers

Radiotracer Half-Life Type of Stress Uptake Mechanism Imaging Process

Perfusion tracers

N-13 ammonia* 10 min Exercise or 
Pharmacological

Passive diffusion Perfusion

O-15 water 2 min Pharmacological Passive diffusion Blood flow, perfusible 
tissue

Rubidium-82* 75 sec Pharmacological Active uptake K+ like Perfusion, viability

Metabolic tracers

F-18 fluorodeoxy 
glucose*

110 min Passive Glucose transport, 
hexokinase

C-11 palmitate 20 min Oxidative metabolism 
(TCA cycle turnover)

C-11 acetate 20 min Fatty acid metabolism

C-11 glucose 20 min Glucose metabolism

*FDA approved radiotracers for clinical use.
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are referred to published guidelines on this topic at http://www.
asnc.org/imageuploads/Imaging%20Guidelines%20PET.pdf. 

CARDIAC PET IMAGE ACQUISITION

Myocardial perfusion imaging is frequently performed when 
patient is at rest and in conjunction with stress (frequently, 
pharmacological stress) to image the flow heterogeneity be-
tween the normal and the diseased myocardial territories. 
Myocardial viability assessment involves assessment of rest-
ing myocardial blood flow in conjunction with myocardial 
glucose metabolic assessment using FDG. Cardiac PET ac-
quisition involves a scout scan to localize the heart position, 
followed by a transmission scan for attenuation correction, 
and then injection of the radiotracer, followed by the emis-
sion image. A stress test (pharmacological or exercise) is 
performed when indicated and the same steps are repeated.

INDICATIONS 

The primary applications of cardiac PET are to image myo-
cardial perfusion, myocardial viability, and several research 
applications. Indications for cardiac PET as per ACC/AHA 

guidelines are shown in Table 51-2.1 Emerging data suggest 
that due to its superior image quality and diagnostic accuracy, 
PET myocardial perfusion imaging may be helpful in the 
study of specific subgroups of individuals, such as those re-
quiring pharmacological stress testing, overweight and obese 
individuals, and women2. A detailed account of the research 
applications of PET is beyond the scope of this chapter.

CLINICAL APPLICATIONS 
OF CARDIAC PET

Diagnosis of Coronary Artery Disease (CAD) 
by PET Myocardial Perfusion Imaging (MPI)

Myocardial perfusion imaging (MPI) with PET offers high 
spatial and temporal resolution images with accurate and 
depth-independent attenuation correction. Exercise or phar-
macological MPI with PET is a highly sensitive test for the 
detection of obstructive CAD (sensitivity 89%; range 83–
98%).2 The reported specificity of PET MPI is 86% (range 
73–100%).2 The sensitivity of PET MPI appears to be simi-
lar to that of single photon emission computed tomography 
(SPECT) MPI (89% vs 89%), while its specificity appears to 

  Table 51-2 • Indications for Cardiac PET Imaging1

Test Class Level

1. Myocardial Perfusion PET

Myocardial perfusion PET for the diagnosis of patients with an intermediate 
likelihood of CAD and/or risk stratification of patients with an intermediate 
or high likelihood of CAD 

a. Adenosine or dipyridamole myocardial perfusion PET in patients for whom an 
appropriately indicated myocardial perfusion SPECT study has been found to be 
equivocal for diagnosis or risk stratification

MPI, PET I B

b. Adenosine or dipyridamole myocardial perfusion PET for patients to identify the 
extent, severity, and location of ischemia as the initial diagnostic test in patients who 
are unable to exercise

MPI,

PET

IIa B

c. Adenosine or dipyridamole myocardial perfusion PET for patients to identify the 
extent, severity, and location of ischemia as the initial diagnostic test in patients who 
are able to exercise but have an LBBB or an electronically paced rhythm

MPI,

PET

IIa B

2. Evaluation of Heart Failure and Myocardial Viability

Assessment of myocardial viability for consideration of revascularization in 
patients with CAD and left ventricular systolic dysfunction who do not have angina MPI, PET I B

Assessment of the co-presence of CAD in patients without angina MPI, PET IIa B

Predicting improvement in regional and global left ventricular function after 
revascularization

Perfusion plus PET 
FDG imaging

I B

Predicting improvement in HF symptoms after revascularization Perfusion plus PET 
FDG imaging

IIa B

Predicting improvement in natural history after revascularization Perfusion plus PET 
FDG imaging

I B

CAD, coronary artery disease; LBBB, left bundle branch block; MPI, myocardial perfusion imaging; PET, positron emission tomography; SPECT, single photon emission 
tomography; FDG, F-18 fluorodeoxy glucose.

http://www.asnc.org/imageuploads/Imaging%20Guidelines%20PET.pdf
http://www.asnc.org/imageuploads/Imaging%20Guidelines%20PET.pdf
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be much higher (75% vs 86%)1. The improved specificity of 
PET MPI is related to accurate attenuation correction com-
pared to SPECT (which lacks attenuation correction) and 
results in a higher overall diagnostic accuracy.3 But, with 
the increasing use of attenuation-corrected SPECT and 
SPECT/CT, these differences may diminish. Finally, data 
suggest that PET MPI may be superior to SPECT MPI for 
identification of multi-vessel CAD, using changes in ejec-
tion fraction from rest to peak vasodilator stress with rubid-
ium-82,4 as well as with noninvasive estimates of CFR5 and 
CT coronary angiography in combined PET and cardiac CT 
angiography studies2. A decrease in left ventricular ejection 
fraction from rest to peak stress in conjunction with MPI 
(perfusion defects) was superior to MPI alone in identifica-
tion of multi-vessel CAD on rubidium-82 PET imaging.4

Assessment of Prognosis with PET MPI

Myocardial perfusion imaging is helpful not only in iden-
tifying presence and severity of underlying CAD, but also 
in assessing risk of future cardiac events. Several studies 
have demonstrated that the prognostic value of MPI with 
rubidium-82 PET6–9 is comparable to that with SPECT. A 
normal PET study is associated with an excellent progno-
sis. All cause mortality and cardiac events increased with 
increasing scan abnormality. Risk-adjusted models demon-
strated that summed stress scores on rubidium-82 PET imag-
ing constituted a strong predictor of cardiac events.6–9 

Assessment of Myocardial 
Viability with PET Imaging

Ischemic heart disease is the most common cause of left 
ventricular systolic dysfunction. Loss of myocardial muscle 
mass from infarction and scarring may result in left ventric-
ular systolic dysfunction. However, it is now well recognized 
that in certain individuals with ischemic heart disease, left 
ventricular systolic dysfunction is reversible with revascu-
larization and termed as hibernating or stunned myocar-
dium. There are several techniques used to identify viable 
myocardium (Table 51-3). With PET imaging we can as-
sess myocardial perfusion, myocardial metabolism, myocar-
dial scar, and myocardial contractile reserve using low dose 
dobutamine FDG PET imaging.

Myocardial Perfusion
Nuclear techniques of SPECT and PET use intracellular 
radiotracers for imaging myocardial perfusion. Therefore, 
the presence of myocardial perfusion indicates preserved 
cell membrane integrity and myocardial viability. The 
negative predictive value of a normal myocardial perfu-
sion study for excluding ischemic cardiomyopathy is high, 
~100%.1 However, some of these studies used old technol-
ogy and small numbers of patients. Hence, although a nor-
mal perfusion study should theoretically obviate the need 

for a coronary angiogram, this point remains controversial.1 
Perfusion deficits and segmental wall-motion abnormali-
ties suggestive of CAD are commonly present in patients 
with a nonischemic cardiomyopathy on noninvasive imag-
ing.10 Therefore, the positive predictive value of an abnor-
mal MPI to diagnose underlying ischemic cardiomyopathy 
is only ~40–50%.1 In individuals with preserved resting 
myocardial perfusion and reduced left ventricular ejection 
fraction, evaluation of ischemic burden may be necessary 
if underlying ischemia (and stunning) is to be excluded as 
a cause of heart failure symptoms and left ventricular sys-
tolic dysfunction. Also, in patients with reduced myocardial 
perfusion, quantitative evaluation of radiotracer uptake on 
myocardial perfusion images can be a useful guide for dif-
ferentiating viable from nonviable myocardium. Myocardial 
regions with mild perfusion defects (>50% of normal) show 
a high probability of viability, whereas regions of moderate 
to severe myocardial perfusion defects are best evaluated by 
metabolic assessment11,12.

Myocardial Metabolism
Assessment of myocardial metabolism with FDG PET is the 
traditional gold standard test for evaluation of myocardial 
viability. Typical protocols include perfusion imaging (N-13 
ammonia or rubidium-82) in conjunction with metabolic 
imaging (FDG). Although not desirable, at institutions 
without access to N-13 ammonia or rubidium-82, MPI with 
technetium-99m SPECT can be compared to FDG imaging 
(SPECT with high energy collimator or PET). 

Clinical protocols for assessment of myocardium with PET 
are performed by submitting the subject to a 6-hour fast 
and glucose loading. To meet its metabolic needs, normal 
myocardium uses free fatty acids in the fasting state and 
switches to glucose in the glucose-loaded state. Ischemic 
myocardium in contrast uses glucose both in the fasting and 

Table 51-3 • Techniques to Assess Myocardial Viability

Process Studied Technique Used 

Myocardial perfusion N-13 ammonia, rubidium-82, 
O-15 water, technetium-99m, 
thallium-201

Contractile reserve Dobutamine (echocardiogram, 
MRI, SPECT or PET)

Metabolic function (PET) Glucose metabolism–FDG

Oxidative metabolism–C-11 
acetate

Fatty acid metabolism–C-11 
palmitate

Myocardial scar Delayed hyperenhancement 
on gadolinium-enhanced CMR 
or contrast-enhanced multi-
detector cardiac CT study
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glucose-loaded states. Scarred myocardium is not metaboli-
cally active, as the myocytes are nonviable, and demon-
strates no glucose uptake. The following imaging patterns 
may be observed with perfusion and metabolism imaging in 
the glucose-loaded state (Table 51-4). Normal myocardium 
demonstrates normal blood flow and normal FDG uptake 
and serves as a reference segment for comparison of FDG 
uptake in the abnormal segments. Reduced blood flow with 
a concordant reduction in glucose utilization (match pat-
tern) signifies nonviable/scar tissue and correlates with a 
low probability of improvement following revascularization. 
Reduced blood flow with normal or increased glucose utili-
zation (mismatch pattern) signifies viable and hibernating 
myocardium and portends a high probability of improvement 
following revascularization. In myocardial segments with ab-
normal systolic function, relatively normal blood flow with 
normal or decreased glucose utilization (reverse mismatch) 
suggests myocardial stunning and viable myocardium. 

DIAGNOSTIC VALUE OF PET 
FOR VIABILITY ASSESSMENT

Several studies have demonstrated that FDG PET has excel-
lent sensitivity (88%; range 73–100%) and good specific-
ity (73%; range 33–100%) to identify viable myocardium.13 
Using the patterns of perfusion metabolism mismatch and match 
to indicate recovery of function or not, respectively, the av-
erage positive predictive value for predicting improvement 
in segmental function after revascularization was 76% (range 
52–100%), whereas the average negative predictive value 
was 82% (range 67–100%).13 In contrast, techniques relying 
on assessment of contractile reserve are less sensitive and 
more specific than FDG PET at predicting improvement in 
regional function following revascularization; for example, 
low dose dobutamine echocardiography has a sensitivity of 
84% and specificity of 81%.1 However, when compared to 
other techniques, FDG PET appears to be slightly more ac-
curate overall.14 Using MPI with PET, the average positive 
predictive accuracy for predicting functional recovery after 
revascularization was 63% (range 45–78%), with an average 
negative predictive value of 63% (range, 45–100%).13 

PROGNOSTIC VALUE 
OF FDG PET IMAGING

One of the important goals of viability imaging is to iden-
tify individuals with left ventricular systolic dysfunction in 
whom revascularization may improve clinical outcomes. 
This is especially pertinent because these individuals are 
at high clinical risk with increased risk of peri- and postop-
erative complications following coronary revascularization. 
At present we lack randomized clinical trials evaluating 
the value of revascularization based on viability assessment 
in individuals with left ventricular systolic dysfunction. 
However, several (albeit retrospective) studies of patient 
cohorts that have been revascularized have demonstrated 
that a baseline amount of viability determined by FDG PET 
imaging predicts improvement in left ventricular ejection 
fraction,15–17 functional status,18 symptoms, 19,20 and overall 
survival21 following revascularization. Patients with PET 
mismatch pattern and subsequent revascularization had 
significantly lower mortality rates compared to those with 
nonviable or viable but nonrevascularized territories.21–24 
In addition, there are several factors25 that affect our abil-
ity to identify improvement following revascularization, 
including the nature of underlying coronary anatomy and 
suitability of target vessels for successful revascularization. 
These include the following.

Baseline Left Ventricular Ejection Fraction

A great majority of patients included in the published stud-
ies of myocardial viability assessment in predicting out-
comes are individuals with mild to moderate left ventricular 
dysfunction (left ventricular ejection fraction >30%), with 
<10% of patients with severe left ventricular dysfunction. 
The accuracy of viability assessment appears to be lower in 
individuals with severe left ventricular dysfunction.14 

Amount of Myocardial Viability

Amount of viability required to predictimprovement in 
heart failure or left ventricular ejection fraction has also 
been studied. Mismatch involving >17–20% of the left 
ventricle has been shown to be associated with post revas-
cularization improvement in left ventricular ejection frac-
tion. Likewise, a perfusion metabolic mismatch involving 
≥18% of the left ventricle on quantitative analysis was 
76% sensitive and 78% specific for identification of sig-
nificant improvement in heart failure following coronary 
artery bypass surgery.

Amount of Myocardial Scar

The quantitative assessment of myocardial scar on FDG im-
aging has been shown to be inversely related to the likelihood 
of improvement in function following revascularization.26 

Table 51-4 • Flow Metabolic Imaging Patterns in 
Glucose-Loaded State 

Function Flow
Glucose
Metabolism

Normal Normal Normal Normal

Hibernation Reduced Reduced Normal or 
increased

Scar Reduced Reduced Reduced

Stunning Reduced Normal Reduced 
or normal
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Extent of Left Ventricular Remodeling

Individuals with extensive left ventricular remodeling 
(echocardiographic left ventricular end diastolic dimension 
>7 cm) appear to have worse outcomes following revascu-
larization. In one study, a preoperative end systolic volume 
index (index to body surface area) of >100 mL/m2 by con-
trast ventriculography was a predictor of mortality and post-
operative heart failure.27 

Time to Revascularization
A long waiting time for revascularization was shown to be as-
sociated with a high mortality rate and absence of improve-
ment in left ventricular function following revascularization. 
Therefore, once hibernating myocardium is identified early 
revascularization may be desirable.28 In the PARR-2 study 
(36 patients), mortality rates were significantly increased in 
patients that were revascularized late (> 6 weeks) compared 
to patients revascularized early (<= 6 weeks). Also, left ven-
tricular ejection fraction increased in the patients with early 
revascularization, but not in the late group. 
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Nuclear Cardiac Imaging: 
A Primer
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INTRODUCTION

Over the past decade, the number of nuclear cardiac imaging 
procedures in the United States has exceeded the number of 
noncardiac ones by a significant margin. Myocardial nuclear 

imaging is a noninvasive technique that uses the properties 
of radioactive tracers in providing valuable cardiac diagnostic 
and prognostic data related to myocardial perfusion and ven-
tricular function. Recently, positron emission tomographic 
(PET) cardiac imaging has become a favored technique im-
plemented in modern clinical practice to assess myocardial 
viability prior to surgical and percutaneous coronary revas-
cularization. This chapter will review the basics of cardiac 
nuclear imaging and its role in clinical cardiology.

PERFORMANCE OF CARDIAC 
NUCLEAR IMAGING

Radioactive Nuclear Tracers

Several radioactive nuclear tracers have been implemented 
in nuclear cardiac imaging and vary substantially in their 
properties. After administration to the body, nuclear trac-
ers get extracted from the blood stream by the heart in an 
amount that is proportionate to myocardial blood perfusion. 
Due to their instability, once inside the cells, they undergo 
spontaneous decay. This fundamental property of the radio-
active agents generates electromagnetic energy (photons) 
that exits the body in the form of X-rays and gamma rays. 
When these high energy electromagnetic rays are captured 
by highly specialized detectors, they can be converted to pro-
duce nuclear images. The ideal tracer should be nontoxic, 
readily available, and able to emit high energy photons with-
out exposing the patient to significant radiation risk.

Gamma Camera (Illustration 52-1)

The gamma camera is used to capture photons and convert 
their energy into actual images. A standard gamma camera 
consists of three major components: a lead collimator, so-
dium iodide crystals, and photomultiplier tubes. The metal 

• Reversible defects are the hallmark of ischemia. 
Partial reversibility is seen in nontransmural scars.

• The severity of the defect reversibility is further 
classified based on the difference in the summed 
scores between rest and stress images.

• Thallium-201 has redistribution properities, which 
allow its use in the assessment of viability.

• Techneitium-99m labeled agents have a higher 
energy, which makes them less susceptible to at-
tenuation artifacts than Thallium-201.

• Attenuations from breast tissue, the chest wall, 
the diaphragm, and the patient’s motion are 
common causes of artifact.

• Prone images can help decrease diaphragmatic 
attenuation artifacts.

• Patients with left bundle branch block or paced 
rhythm have dyssynchronous septums that result 
in septal artifacts, which are augmented with in-
creased heart rate. Stress testing with vasodilators 
in this patient cohort can help reduce the artifact.

• Patients with normal stress SPECT have less than 
a 1% annual risk of cardiac death and nonfatal 
myocardial infarction.

d PRACTICAL POINTS
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honeycomb-shaped collimator has holes that help filter low 
energy, scattered photons produced by tissue attenuation. 
This allows the focus of the high energy emitted photons 
originated from the myocardial cell to reach the iodide crys-
tals. Spatial resolution of the images increases when the ratio 
of the hole’s diameter to length decreases. This of course 
happens at the expense of count sensitivity (number of pho-
tons striking the crystal per unit of time). When photons 
exit the collimator, they strike the sodium iodide crystals and 
generate light proportionate to the quantity and energy of 
the photons. The function of the photomultiplier tubes is 
to convert light produced by the iodide crystal into energy 
after amplifying it thousands of times. Special circuits and 
software convert the energy produced into actual images that 
reflect the nuclear activities in the myocardium. Only signals 
from a predetermined energy range finally get processed into 
actual images in order to eliminate the “fuzzy” effect of scat-
tered photons, which tend to have a lower energy level.

MYOCARDIAL SPECT IMAGING

SPECT images are planar images obtained from multiple 
fixed cameral projections in relation to the body (anterior, 
left anterior oblique, and left lateral). Myocardial nuclear 
images then get processed in short axis, vertical long axis, 
and horizontal long axis. Using this method, the left ven-
tricle is divided into the standard 17 segments (Figures 52-1 
and 52-2). Each segment is given a score from zero to four 
depending on its uptake of the nuclear tracer. A score of zero 
is given to segments with normal nuclear uptake and a score 
of four is given to complete absence of nuclear uptake. Scores 

of one, two, and three are given to mild, moderate, and se-
vere decreases in nuclear uptake, respectively. Rest and stress 
images are analyzed carefully and a summed score is given. 
Reversible defects are the hallmark of ischemia and imply 
defects present at stress and absent at rest. On the contrary, 
fixed defects are the ones present at both rest and exercise 
and imply scar tissue. Partial reversibility is seen in nontrans-
mural scars. Reverse redistribution, where the defect seen at 
rest disappears at stress, is seen in acute myocardial infarction 
and with artifact (Table 52-1). The severity of the defect 

Electronics and computer

Photomultiplier tube

Sodium iodide crystal

Collimator

Image displayed 
on monitor

Lead housing ensures 
only gamma-rays from 
patient are deteced

Gamma camera

Illustration 52-1. Major components of Gamma camera
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Figure 52-1. Cardiac plane definition and display for tomo-
graphic imaging modalities. Source: American Heart Associa-
tion scientific statement, Circulation. 2002;105:539. (From AHA, 
there is fee required, appreciate your help/advise)
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reversibility is further classified based on the difference in 
the summed scores between rest and stress images: low, if the 
summed scores difference between rest and stress images is 
less than three; moderate, when between three and seven; 
and severe, when more than seven.

MYOCARDIAL PET IMAGING

Positron emission tomographic cardiac imaging has been in-
creasingly implemented in clinical practice in recent years. It 
is the preferred noninvasive technique to assess left ventricu-
lar myocardial viability prior to coronary revascularizations. 
In contrary to SPECT, nuclear tracers in PET eject a posi-
tron (positive particle) that interacts with a nearby electron 
(negative particle), causing annihilation of the two original 
particles and the production of paired high energy (511 KeV) 
photons. These coupled photons split, exiting the body in op-
posite directions, exactly 180°s apart. PET cameras consist of 
multiple circular formations of gamma ray detectors capable 
of distinguishing coupled photons produced by the same an-
nihilation event from other uncoupled photons produced by 
tissue attenuations (Illustration 52-2). In addition to its role 
in the assessment of myocardial perfusion, PET has an advan-
tage over SPECT of evaluating myocardial metabolic activity 
through the uptake of 2- fluoro-2-deoxyglucose (FDG) by the 
viable cells. Perfusion-metabolic mismatch is the hallmark of 
viable myocardium (presence of perfusion defect and preserved 
uptake of FDG) (Table 52-2). This property has become in-
creasingly important in guiding revascularization and restoring 
blood flow to areas of viable myocardium, which subsequently 
improves left ventricular function. The PET technique is supe-
rior to SPECT in achieving a spatial and temporal resolution 
of myocardial perfusion imaging due to the ability of identifi-
cation and correction of attenuation artifacts.

ECG-GATED IMAGING 
PROCESSING TECHNIQUE

ECG-gated images are obtained with an electrocardiogram 
gating technique that allows the integrating of the cardiac 
cycle into image acquisition and processing. The R-R intervals 
of the patient’s actual ECG are divided into 8 or 16 frames. 
Images of each frame from each cardiac cycle are added up, 
averaged, and reconstructed over a predefined period of time. 
By doing that, the gated technique provides us with a dynamic 
assessment of the wall motion and global ejection fraction 
of the ventricle. This technique can be used in both SPECT 
and PET images. Technetium-99m Sestamibi is the preferred 
nuclear tracer in gated SPECT studies due to its high count 
rate, whereas Nitrogen-13 Ammonia is the preferred tracer for 
gated PET imaging due to its long tissue retention.

RADIONUCLIDE VENTRICULOGRAPHY

Nuclear cardiac images are helpful in the assessment of 
ventricular function, wall motion, and chamber sizes. Two 
techniques are commonly used: first-pass imaging and gated 
radionuclide ventriculography (multiple-gated acquisition 
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Figure 52-2. Diagram of vertical long-axis (VLA, approximating 
the two-chamber view), horizontal long-axis (HLA, approximat-
ing the four-chamber view), and short-axis (SA) planes showing 
the name, location, and anatomic landmarks for the selection 
of the basal (tips of the mitral valve leaflets), mid-cavity (papil-
lary muscles), and apical (beyond papillary muscles, but before 
 cavity ends) short-axis slices for the recommended 17-segment 
system. (Source: American Heart Association scientific state-
ment, Circulation. 2002;105:539. From AHA, fee applied)

Table 52-1 • Simplistic Approach in Interpreting 
Stress SPECT Study

Rest SPECT Stress SPECT Conclusion

Normal Normal Normal

Normal Abnormal Reversible defect (ischemia)

Abnormal Abnormal Fixed defect (scar)

Abnormal Normal Seen in acute myocardial 
infraction consider artifact
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[MUGA]). In the first-pass imaging technique, a bolus of the 
radioactive tracer is given intravenously, and then a series 
of nuclear images is acquired by a high count camera while 
the nuclear tracer bolus passes through the cardiac chambers. 
The measurement of the heart chamber’s size is averaged 
over 5 to 15 beats and calculated. The left ventricular ejec-
tion fraction can be calculated from the following formula:

LVEF = (end diastolic counts – end systolic counts / end 
diastolic counts).

First-pass studies can also be used to assess myocardial isch-
emia by comparing regional wall motion in response to 
exercise.

In MUGA, red blood cells are labeled with the nuclear 
tracer and injected into the patient through an intravenous 
route. Using the patient’s own ECG, dynamic images are 
obtained over hundreds of cardiac cycles and then averaged 
together. This will allow the images to be played in a ciné 
loop that provides time-averaged calculations of the ejec-
tion fraction using the same formula as in the first-pass im-
aging technique. Similar to the first-pass technique, stress 
MUGA images can be used to assess ischemia by analyzing 
regional wall motion in response to stress compared to rest.

RADIOACTIVE TRACERS

SPECT Radioactive Tracers

Thallium-201
Property similar to Potassium
Requires cyclotron for production
Long half life (73 hours)
Low energy produced (80 KeV) makes it susceptible 

to scatter and attenuation artifacts
Long half life prohibits the use of high doses
Redistribution property allows its use in the assessment 

of viability

Technetium-99m Labeled Agents
Does not require cyclotron for production
Higher energy (140KeV) makes it less susceptible to 

 attenuation artifacts than Thallium-201
Shorter half life allows administration of higher doses 

than Thallium-201
High count rate allows its use in acquiring ECG-gated 

studies
Minimum retribution, not commonly used in viability 

assessment

PET RADIOACTIVE TRACERS 
FOR PERFUSION ASSESSMENT

Rubidium-82

Metabolized similar to potassium
Does not require cyclotron for production
Very short half life (76 seconds), on site production 

needed

Table 52-2 • Simplistic Approach in Interpreting 
Viability PET Study

Perfusion Metabolism Conclusion

Normal Normal Normal

Abnormal Normal Viable

Abnormal Abnormal Scar

Positron
511 keV

Gamma ray

Positron
Emission and 
Positron-Electron
Annihilation

Annihilation

511 keV
Gamma ray

Gamma ray detectors

511 keV
gamma ray

511 keV
gamma ray

Object injected 
with positron emitting

radionuclide

PET scanner

Electron

Basic physics of positron emission tomography

Illustration 52-2. Basic physics of positron emission tomography (PET).
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Nitrogen-13 Ammonia

Requires cyclotron for production
Short half life (10 minutes), on site production needed
Long tissue retention allows its use in ECG-gated studies

Oxygen-15 water

Requires cyclotron for production
Short half life (2.1 minutes), on site production needed
Uptake by tissue is linear to blood flow

PET RADIOACTIVE TRACERS 
FOR METABOLISM ASSESSMENT

2-fluoro-2-deoxyglucose (FDG)

Metabolized similar to glucose
Trapped inside the viable cells after phosphorylation to 

FDG-6-phosphate
Uptake indicates viability in areas of compromised 

 perfusion

ASSESSMENT OF VIABILTY 
WITH THALLIUM-201

A unique property of Thallium-201 is the delayed redistri-
bution. After the initial increase in blood concentration fol-
lowing its injection, Thallium-201 leaves the blood stream 
and enters the cells. Thallium-201 then leaves the cell and 
returns to the blood stream when its blood concentration 
decreases. The area of the myocardium with an impaired 
flow slows down Thallium-201’s ability to move in and out 
of the cells. As a result of this phenomenon, areas that first 
had a perfusion defect might get better nuclear uptake on 
delayed images. This implies a viable tissue and suggests fur-
ther benefits from revascularizations.

IMAGING PROTOCOLS

Several imaging protocols are used in clinical practice. 
These include a same-day rest and stress with single iso-
tope, a 2-day protocol with the same isotope, or a dual iso-
tope study where different isotopes are used for stress and 
rest. During acquisitions, a total of 60 to 64 projections is 
acquired over a 180° arc while the patient is in a supine 
 position. Prone images are sometimes performed to decrease 
the chance of diaphragmatic attenuation artifact. Several 
types of artifact can potentially occur during acquisitions of 
images. These can be related to the patient or to the equip-
ment. Attenuations from breast tissue, the chest wall, the 
diaphragm, and the patient’s motion are common causes of 
artifact. The dyssynchronous septum in patients with a left 

bundle branch block or a paced rhythm can cause a septal 
artifact, which can be augmented by increasing the heart 
rate; therefore, stressing with vasodilators (adenosine or 
dipyridamole) can reduce the problem of septal artifact.

CLINICAL APPLICATION OF 
NUCLEAR CARDIAC IMAGING

Diagnostic Assessment

Stress SPECT is most useful in diagnosing coronary artery 
disease in patients who belong to the intermediate risk cat-
egory. The sensitivity and specificity of myocardial perfu-
sion SPECT in detecting coronary artery disease is 87% and 
73% for exercise SPECT and 89% and 75% in vasodilator 
SPECT, respectively. Stress SPECT has an advantage over 
stress echo in patients with poor echo windows due to obe-
sity and chronic pulmonary disease or in patients with a 
paced rhythm or left bundle branch block.

Prognostic Assessment

Stress SPECT prognostic values have been studied and 
validated extensively in the past. It is already proven that 
patients with normal stress SPECT have less than a 1% an-
nual risk of cardiac death and nonfatal myocardial infarc-
tion. This does not hold true, however, in patients with 
diabetes and those with abnormal ECG responses to stress 
with vasodilators. Both the size and severity of the perfusion 
defects are major factors in determining the prognosis of pa-
tients with known coronary artery disease. Prognostic values 
of stress SPECT are well validated in the elderly, women, 
and diabetic patients as well as those undergoing noncardiac 
surgeries.

FUTURE DIRECTIONS

Incorporations of nuclear cardiac imaging techniques into 
new diagnostic modalities, such as CT technology, offer the 
promise of comprehensive diagnostic and prognostic car-
diac assessments of patients with known or suspected heart 
disease. The expanding of PET technology will allow us to 
further evaluate patients with microvascular dysfunction.

LIMITATIONS

Despite the vast improvement in cardiac imaging tech-
niques, it still requires skills in patient selection, preparation, 
image acquisition, and interpretation of data. The need of 
an on-site cyclotron in addition to the short half life of some 
tracers limits its use to large medical facilities. Radiation ex-
posure, increased time consumption, and the high costs of 
material and equipment used in performing nuclear studies 
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make it less appealing when compared to other imaging mo-
dalities such as echocardiography and MR.

Suggested Readings

 1. American Heart Association, American College of 
 Cardiology, and Society of Nuclear Medicine. Standardiza-
tion of cardiac tomographic imaging. Circulation. 1992;86:
338–339.

 2. American Society of Nuclear Cardiology. Imaging guide-
lines for nuclear cardiology procedures, Part 2. J Nucl Cardiol. 
1999;6:G47–G84.

 3. Standardized myocardial segmentation and nomenclature for 
tomographic imaging of the heart: A statement for healthcare 
professionals from the Cardiac Imaging Committee of the 
Council on Clinical Cardiology of the American Heart As-
sociation. Circulation. 2002 Jan 29;105(4):539–542.
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• Exercise is the preferred form of stress for SPECT-
MPI; however, vasodilators are preferred in patients 
with LBBB and paced ventricular rhythm, due to the 
possibility of perfusion defects with higher heart 
rates.

• The average sensitivity is 87% and specificity 73% for 
exercise SPECT and similar for vasodilators SPECT.

• A normal scan is generally associated with a less than 
1%  annual risk of cardiac death or MI, depending on 
the clinical state.

• In occasional patients, the possibility of extensive 
CAD can be “missed” due to balanced reduction of 
flow. Some of these patients have other high risk 
markers, such as LV transient ischemic dilation, a 
rest to poststress fall in LVEF, or increased lung 
uptake tracer.

• Mildly abnormal scans have been reported to be as-
sociated with an intermediate risk for MI but a low 
risk for subsequent mortality.

• Survival benefit was present for patients undergo-
ing medical therapy versus revascularization in the 
setting of no or mild ischemia, whereas patients un-
dergoing revascularization had an increased benefit 
over medical therapy in patients with moderate to 
severe ischemia.

• The risk of cardiac events in diabetics with abnormal 
SPECT-MPI is higher than in nondiabetics through-
out the range of perfusion abnormalities.

• When the coronary artery calcium score is less than 
400, the rate of SPECT-MPI abnormalities is low; 
however, when the score exceeds 400, the rate of an 
ischemic SPECT-MPI is elevated.

• In patients presenting to the ED with chest pain with a 
low-intermediate likelihood of an ACS, a normal SPECT-
MPI study has a 99% negative predictive value.

• SPECT-MPI can be used to distinguish viable but 
nonfunctioning myocardium that can improve with 
revascularization from nonviable myocardium.

d PRACTICAL POINTS

The major applications of cardiovascular stress testing with 
single-photon emission computed tomography (SPECT) 
or positron emission tomography (PET) myocardial perfu-
sion imaging (MPI) include the detection of significant 
coronary artery disease (CAD) as well as the assessment of 
short- and long-term prognosis, that is, to separate patients 
at high risk from those at low risk for future events in order 
to guide patient management decisions. Since its beginnings 
in the early 1970s, clinical nuclear cardiology has evolved 

substantially, gaining both technical sophistication and en-
hanced imaging capabilities. It is important that in parallel 
to these developments, an extensive literature supporting 
the clinical and cost-effectiveness of this modality has de-
veloped. Today, state-of-the-art nuclear cardiology allows for 
the objective measurement of both myocardial function and 
relative regional myocardial perfusion at rest and stress, pro-
viding accurate risk assessment in a wider variety of patient 
subsets. The most commonly performed imaging procedure 
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for cardiovascular nuclear perfusion is SPECT, but increas-
ingly PET is also being used for this purpose. This chapter 
will primarily deal with SPECT-MPI; however, almost all 
comments apply equally to PET-MPI.

The SPECT or PET cameras capture the timing and location 
of the photon/crystal interaction, convert the information 
into digital data, and reconstruct the data into a three-dimen-
sional volume set that is most commonly displayed as a series 
of slices (tomograms). The final SPECT or PET displays repre-
sent the distribution of perfusion in the myocardium. The use 
of ECG-gating during acquisition (“gated SPECT” or “gated 
PET”) allows assessment of ventricular function as well as per-
fusion. PET-MPI is usually combined with computed tomog-
raphy (CT) (PET/CT), and SPECT/CT is becoming  more 
common. The addition of the CT is usually for attenuation 
correction (reducing artifact caused by nonuniform soft tissue 
attenuation) as well as for assessing coronary artery calcium.

EXERCISE AND PHARMACOLOGIC 
STRESS TO INDUCE CORONARY 
HYPEREMIA

The basic physiologic concept underpinning of the use of rest 
and stress MPI for assessment of myocardial perfusion is that 
coronary arteries with significant stenosis cannot increase 
blood flow maximally during stress, thus causing a relative 
perfusion deficit when compared with regions supplied by 
nonstenosed vessels. Typically, coronary stenosis has been de-
fined using a 50% diameter narrowing, but it is increasingly 
being recognized that a 70% stenosis criterion more accurately 
defines a threshold for inducible ischemia. SPECT- and PET-
MPI generally do not detect subclinical coronary atheroscle-
rosis without stenosis, with the possible exception of regions 
supplied by a rupture-prone plaque, in which vasoconstric-
tion rather than vasodilation might be seen with stress.

Exercise is the preferred form of stress for SPECT-MPI, as 
it provides information on functional capacity, exercise-
 induced ECG changes, arrhythmias, blood pressure and heart 
rate response, as well as heart rate recovery, all of which have 
important diagnostic and prognostic implications. In patients 
with exertional symptoms, it also provides an opportunity to 
provoke and reproduce ischemic symptoms during maximal 
physical effort and correlate these with the presence, loca-
tion, and extent of perfusion abnormalities on SPECT. A list 
of high risk ECG stress test variables is shown in Table 53-1.

Pharmacologic stress agents are broadly divided into two types: 
vasodilator agents, which include dipyridamole, adenosine, 
and regadenoson; and adrenergic agents such as dobutamine. 
With rubidium-82 PET, only pharmacologic stress is avail-
able due to the very short half-life of the tracer. Although 
exercise is the preferred modality for inducing coronary hy-
peremia with SPECT-MPI, a substantial number of patients 

have exercise limitations or cannot achieve more than 85% 
of the maximum predicted heart rate for age, lowering the 
workload achieved and, thus, the sensitivity of SPECT-MPI. 
When normal, submaximal-stress SPECT-MPI studies must 
be considered nondiagnostic due to the possibility that po-
tential ischemia was not provoked. The ACC/AHA/ASNC 
guidelines for the clinical use of cardiac radionuclide imaging 
consider inability to exercise in a patient with intermediate-
to-high likelihood of CAD as a Class 1 indication for the 
use of pharmacologic stress. Other Class I indications for 
vasodilator (adenosine, regadenoson, or dipyridamole) stress 
SPECT-MPI include patients with left bundle branch block 
(LBBB) or paced ventricular rhythm, as these patients may 
have heart-rate related perfusion defects on exercise or dobu-
tamine SPECT-MPI without having CAD.

Adenosine is a potent coronary vasodilator. Its vasodilatory ef-
fect is predominantly mediated by stimulation of A2a  receptors. 
It has a short half-life of less than 10 seconds and a rapid onset 
of action. Regadenoson is a selective A2a adenosine receptor 
agonist that has recently been approved by FDA for vasodi-
lator stress SPECT-MPI. It is administered as a single rapid 
intravenous injection followed by tracer injection, and the 
protocol is completed in less than 1  minute. Recent studies 
have demonstrated that the image quality and diagnostic ac-
curacy of regadenoson and adenosine SPECT-MPI are  similar. 
Dipyridamole acts indirectly by blocking the intracellular 
transport of adenosine and inhibiting adenosine deaminase, 
responsible for intracellular breakdown of adenosine.

When possible, low level exercise is generally combined with 
vasodilator stress testing. Although no definite advantage in 
the diagnostic yield has been demonstrated, this addition is 
associated with fewer side effects and less extracardiac tracer 
uptake, improving image quality and the ability to image ear-
lier after stress.

Intravenous graded dobutamine infusion is used in patients 
in whom vasodilator pharmacologic stress is contraindicated 
because of bronchospastic airways disease or being under the 
influence of methyxanthines, which may block the action of 
the vasodilators. Dobutamine has a relatively rapid onset of 

Table 53-1 • High Risk Exercise Stress ECG Variables

1. Achievement of <4 METS
2. ST-segment depressions appearing in greater than 5 leads
3. ≥2.0-mm ST-segment depression
4. ≥1.0-mm ST-segment depression in stage 1 of Bruce 

Protocol
5.  ST-segment depression lasting longer than 5 minutes 

in the recovery period
6.  An abnormal exercise blood pressure response to 

increasing levels of work load
7. Exercise-induced ventricular arrhythmias
8. Poor heart rate recovery when exercise ceases
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action with a half-life of approximately 2 minutes and is used 
in a stepwise fashion to a maximum of 40 mcg/kg/min. At low 
dose of dobutamine infusion (5-10 mcg/kg/min), there is an 
increase in myocardial contractility, thus allowing viability 
assessment. At higher dose (beyond 10 mcg/kg/min), there is 
a progressive increase in heart rate and contractility, leading 
to an increase in oxygen demand and myocardial blood flow.

The standard contraindications to pharmacologic stress are 
listed in Table 53-2. Vasodilator stress protocols are shown 
in Table 53-3.

SPECT/PET IMAGE ANALYSIS 
AND INTERPRETATION

SPECT/PET-MPI images are generally interpreted by vi-
sual analysis, with semiquantitative visual analysis being 

recommended. Increasingly, quantitative computer analysis 
is used in conjunction with visual interpretation, provid-
ing automatic objective interpretation and minimizing the 
subjectivity in image interpretation. For visual analysis, the 
important elements include the presence, size, location, and 
severity of the perfusion defect and whether the defect is 
reversible (present only at stress images implying stress-in-
duced myocardial ischemia), or fixed (non-reversible pres-
ent both at stress and rest images, often implying infarcted 
or scarred myocardium). For semiquantitative visual analy-
sis, the left ventricle is divided into a 17-segment model 
(Figure 53-1); each segment is assigned a perfusion score. 
A commonly used scoring system is as follows: 0 = normal 
perfusion, 1 = mildly reduced perfusion, 2 = moderately re-
duced perfusion, 3 = severely reduced perfusion, and 4 = 
absence of tracer uptake. Scores of all 17 segments are added 
to both stress and rest images to create a summed stress score 
(SSS) and a summed rest score (SRS). SSS represents the 
extent and severity of stress perfusion defect while SRS rep-
resents the extent of resting hypoperfusion or infarction. 
The summed difference score (SDS) derived by subtracting 
SRS from SSS represents the extent and severity of stress-
induced myocardial ischemia (Figure 53-2). Quantitative 
analysis of SPECT-MPI or PET-MPI is generally displayed 
by creating a polar-map display of myocardial perfusion at 
rest and stress. The quantitative perfusion study can show 
the extent and severity of a global perfusion abnormality, an 
abnormality within vascular territories, as well as the extent 
of a reversible and fixed defect (Figure 53-3). With either 
quantitative or visual perfusion defect assessments, the per-
centage myocardium abnormal stress and rest and the per-
centage myocardium ischemia can be expressed, allowing a 
more intuitive understanding of the magnitude of perfusion 
defect that was provided by the SSS, SRS, and SDS.

ECG gating of SPECT- or PET-MPI is now routinely used to 
complement the perfusion information by providing assess-
ment of both global and regional systolic function includ-
ing left ventricular ejection fraction (LVEF), end-diastolic 
volume, and end-systolic volume (ESV). Diastolic function 
parameters such as peak filling rate (PFR), time to PFR, 
peak ejection rate (PER), time to PER, and so on can also 
be assessed but are less commonly used.

SENSITIVITY AND SPECIFICITY OF 
EXERCISE AND PHARMACOLOGIC 
SPECT-MPI AND PET-MPI FOR 
DETECTION OF CAD

A pooled analysis from the 2003 ACC/AHA/ASNC radio-
nuclide imaging guidelines involving 4,480 patients from 
33 studies undergoing exercise SPECT-MPI demonstrated a 
sensitivity of 87% (range from 71 to 97%) and specificity of 
73% (range from 36 to 100%) for detecting CAD defined 

Table 53-2 • Contraindications to Pharmacologic 
Stress Testing

Contraindications to dipyridamole or adenosine

Severe obstructive lung disease
Second- or third-degree AV block without a functioning 

pacemaker
Acute MI or unstable coronary syndrome (<24 hr)
Systolic blood pressure < 90 mm Hg
Hypersensitivity to adenosine or dipyridamole
Intake of xanthine-containing compounds within the 

previous 12 hr

Contraindications to dobutamine

Acute coronary syndrome (<4 d)
Severe aortic stenosis or hypertrophic obstructive 

cardiomyopathy
Uncontrolled hypertension
Uncontrolled atrial arrhythmias
Uncontrolled heart failure
Severe ventricular arrhythmias
Large aortic aneurysms
Narrow-angle glaucoma, myasthenia gravis, obstructive 

uropathy, or obstructive gastrointestinal disorders

Source: Elhendy A et al, J Nucl Med. 2002;43:1634–1646.

Table 53-3 • Vasodilator Stress Protocol

Stressor Dose Duration
Isotope
Injection

Dipyridamole 142 mcg/
kg/min

4 min by hand 
infusion or pump

3 min after 
completion
of infusion

Adenosine 140 mcg/
kg/min

5 or 6 min 
infusion by pump

at 3 min into 
infusion

Regadenoson 0.4 mg i.v. bolus in 
10 sec followed 
by saline flush

30 sec after 
saline flush 
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by greater than 50% stenosis. The relatively low specificity 
of SPECT-MPI may be related to artifacts and motion dur-
ing image acquisitions but in most studies is related to post-
test-referral bias (verification bias) in which patients with 
positive studies are much more likely to undergo coronary 
angiography. Verification bias also has the effect of raising 
the apparent test sensitivity. Methods for correcting for veri-
fication bias have been described but, to date, have not been 
employed in most literature reports. To assess the specificity 
of stress SPECT/PET-MPI, the “normalcy rate” is commonly 
employed, which is defined by the frequency of the test being 

normal in subjects with a very low pretest likelihood of CAD 
(<5%). The normalcy rate of SPECT-MPI and PET-MPI has 
consistently been above 90%. Attenuation correction with 
PET or SPECT and the use of ECG gating can improve the 
accuracy of SPECT/PET-MPI. For SPECT-MPI, prone imag-
ing, as a complement to supine imaging, also improves test 
specificity by shifting soft-tissue attenuation.

The sensitivity and specificity of vasodilator pharmacologic 
stress SPECT-MPI are similar to those reported with exercise 
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Figure 53-1. Standard segmental myocardial display for semiquantitative visual analysis in a 17-segment model.

Summed scores
Summed stress score (SSS) = sum of 20/17 stress scores
Summed rest score (SRS) = sum of 20/17 rest scores
Summed difference score (SDS) = SSS – SRS

Degree of abnormality by % myocardium stress
Normal                SSS* 0–3 (<5% myo)
Mildly abnormal               SSS* 4–7 (5–10% myo)
Moderately to severely abnormal    SSS* >8 (>10% myo)

*17 segment model

Semiquantitative global indices of hypoperfusion

Figure 53-2. Scoring perfusion defects in each individual seg-
ment for deriving summed perfusion parameters, which incor-
porate the global extent and severity of perfusion abnormality. 
(Adapted from Berman DS et al, 2004.)
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Figure 53-3. Quantitative stress polar maps of STRESS MPI 
showing typical vascular perfusion patterns. Black represents 
 regions of quantitative perfusion defect when compared to 
 normal limit files.
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SPECT-MPI. The 2003 ACC/AHA/ASNC radionuclide 
imaging guidelines summarize sensitivity and specificity from 
17 studies involving 2,465 catheterized patients. The average 
sensitivity was 89% and specificity was 75%, results similar 
to exercise SPECT-MPI studies, uncorrected for verification 
bias. The diagnostic accuracy of dobutamine SPECT-MPI 
studies are similar to exercise and vasodilator stress SPECT-
MPI. PET-MRI appears to have slightly higher sensitivity and 
specificify than SPECT-MPI.

RISK STRATIFICATION

Principles

A risk-based approach is a newer, widely used paradigm in 
the management of patients with suspected CAD in whom 
symptoms are nonlimiting. As a general guideline, risk cate-
gories, as defined by ACC/AAHA stable angina guidelines, 
are based on annual cardiac mortality: (1) low risk (less than 
1% per year), (2) intermediate risk (1-3% per year), and 
(3) high risk (greater than 3% per year). With respect to 
appropriate selection of patients for risk stratification, the 
basic concept underlying the use of nuclear stress testing is 
that only those patients who can be successfully stratified 
in terms of survival benefit would be appropriate for stress 
SPECT-MPI. Since the mortality risk for patients undergo-
ing revascularization is at least 1%, symptomatic patients 
with a less than 1% annual mortality rate would not ap-
pear to accrue a survival benefit with revascularization. A 
greater than 3% annual mortality rate is a threshold to iden-
tify patients with symptoms whose mortality rate might be 
improved by revascularization. Thus, SPECT-MPI is most 
appropriate in patients with less than l% annual mortality 
and intermediate or high likelihood of CAD. Depending 
on the underlying clinical risk of the patients being tested, 
the exact level of these risk thresholds would vary. Many of 
the major determinants of prognosis in CAD are assessed by 
measurements of stress-induced perfusion and function, in-
cluding extent of infarcted myocardium and of jeopardized 
(“ischemic”) myocardium (supplied by vessels with hemo-
dynamically significant stenosis) and the degree of jeopardy 
(severity of the individual coronary stenosis). As suggested 
above, the stability (or instability) of the CAD process is 
an additional factor influencing the ability of a coronary 
vessel to increase flow during stress. It has been observed 
that most myocardial infarctions occur in regions supplied 
by vessels with less than 50% diameter narrowing before the 
acute event and thus might not be expected to produce a 
perfusion defect; in general, MPI is insensitive for detecting 
less than 50% stenoses. Nonetheless, a normal SPECT-MPI 
is associated with a low risk of either cardiac death or nonfa-
tal myocardial infarction (MI). A vasoconstrictive response 
to stress due to endothelial dysfunction in unstable plaques 

may explain the ability of a normal SPECT to be associ-
ated with low cardiac death rate. Additional factors include 
that patients with severe CAD may have more numerous 
mild plaques subject to rupture than patients without severe 
stenosis.

RISK STRATIFICATION IN PATIENTS 
WITH SUSPECTED OR KNOWN CAD

Stress SPECT-MPI is an integral part of the evaluation of 
symptomatic patients for CAD and is commonly used in pa-
tients at intermediate postexercise treadmill testing (ETT) 
risk or with resting ECG abnormalities. As with diagnos-
tic testing, if the patient’s rest ECG is uninterpretable for 
 purposes of stress testing, direct referral to SPECT-MPI is 
effective in prognostic stratification.

Incremental Prognostic Value of SPECT-MPI

The clinical value of SPECT-MPI for prognostic assessment of 
CAD results from the incremental or added prognostic infor-
mation yielded by this modality over all pretest data (clinical, 
historical, and stress data). Stress SPECT-MPI variables have 
been shown to have incremental prognostic value when added 
to prognostic stress ECG variables such as Duke Treadmill 
Score, a well-established and validated instrument that in-
tegrates the presence and magnitude of exercise-induced ST 
segment depression, exercise duration, and the presence of 
limiting angina. In a group of 2,200 patients with suspected 
CAD referred for exercise nuclear testing, information from 
SPECT-MPI added incremental prognostic information to 
each of the Duke Treadmill Score risk categories (low, inter-
mediate, and high) (Figure 53-4). Studies have also demon-
strated the incremental prognostic value of SPECT-MPI over 
clinical, stress, and even angiographic data.

Prognostic Value of Normal SPECT-MPI

A synthesis of available data reveals that a normal scan is 
generally associated with a less than 1% annual risk of car-
diac death or MI. A metanalysis of the prognostic value of a 
normal stress perfusion scan (N = 29,788) reveals that the 
annual risk of MI or cardiac death after a normal perfusion 
scan is 0.5% (95% CI 0.3-0.7%). This low event rate as-
sociated with a normal scan is critical in applying nuclear 
test information to risk stratification, since in the absence 
of limiting symptoms, patients with normal perfusion scans 
can often be managed conservatively.

Despite the low risk associated with normal SPECT stud-
ies, a limited number of studies have reported somewhat 
higher levels of risk. A study examining predictors of risk 
and its temporal characteristics in a series of 7,376 patients 
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with normal stress SPECT-MPI identified the use of 
pharmacologic stress and the presence of known CAD 
(Figure 53-5A), diabetes mellitus (in particular, female 
diabetics), and advanced age as markers of increased risk 
and shortened time to a hard event (e.g., risk in the 1st 
year of follow-up was less than in the 2nd year). Hence, 
a dynamic temporal component of risk was present and 
the existence of a “warranty” period for specific patient 
groups was defined (Figure 53-5B). This increased risk 
after normal SPECT in subsets of patients is due to the 
presence of comorbidities that increase baseline risk of all 
patients (diabetes mellitus, age, inability to exercise, prior 
CAD, and dyspnea as the presenting symptom). In oc-
casional patients, extensive CAD is “missed” due to bal-
anced reduction of flow. The latter would lead to a severe 
underestimation of the extent of ischemia by SPECT-MPI. 
Although many of these patients can be detected by ancil-
lary markers, such as LV transient ischemic dilation, a rest 
to poststress fall in LVEF, or increased lung tracer uptake, 
in some patients with high-risk anatomic lesions, SPECT-
MPI will appear normal. In an observational registry of 
SPECT-MPI, 13% of patients with left main coronary ar-
tery disease were not identified as being at high risk by 
SPECT-MPI.

Extent of Perfusion 
Defect and Outcome

Mildly Abnormal SPECT-MPI
Mildly abnormal scans have been reported to be associated 
with an intermediate risk for MI but a low risk for subse-
quent mortality; however, risk assessment in an individual 
patient is improved by taking into account findings other 
than those of the scan alone. The presence of high risk 

clinical or historical markers identifies a subset of patients at 
greater risk for any level of scan abnormality, that is, prescan 
data yield incremental prognostic information over SPECT-
MPI results (Figure 53-6). Hence, although patients with 
mildly abnormal SPECT-MPI results generally are at low 
risk of cardiac death, the risk has been shown to be higher 
in a variety of subgroups with significant comorbidities and 
presentations (e.g., advanced age, diabetes mellitus, atrial 
fibrillation, pharmacologic stress, reduced LV function, and 
dyspnea).

Moderately to Severely Abnormal SPECT-MPI
This category of scan abnormality is associated with the 
highest levels of risk. Anticipated patient risk is great-
est in patients with high risk cardiovascular comorbidi-
ties, increased left ventricular size, reduced LV function, 
extensive scar, and so on. As discussed below, patients 
with extensive ischemia appear to be those most likely to 
benefit from revascularization as opposed to conservative 
management. 

USING SPECT-MPI FOR MEDICAL 
DECISION MAKING: IDENTIFICATION 
OF TREATMENT BENEFIT

A major step forward is the recently evolved paradigm in-
dicating that rather than identify patient risk, the role of 
SPECT-MPI in a testing strategy is the identification of 
patients who may accrue a survival benefit from revascu-
larization as opposed to those who lack a survival benefit 
from this procedure and, conversely, which patients will 
have a superior survival with medical therapy alone. In 
a study examining 10,627 patients without prior MI or 
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revascularization who underwent stress SPECT-MPI, a 
survival benefit was present for patients undergoing medi-
cal therapy versus revascularization, in the setting of no 
or mild ischemia, whereas patients undergoing revascu-
larization had an increasing survival benefit over patients 
undergoing medical therapy, when moderate to severe 
ischemia was present (>10% of the total myocardium 
ischemia) (Figure 53-7). This survival benefit was par-
ticularly striking in higher risk patients. These results 
have been extended to incorporate gated SPECT-MPI 
EF information. In assessing treatment options in an in-
dividual patient, cardiac risk factors, comorbidities, and 
EF all have to be considered along with ischemia in order 

to determine the potential advantages of a specific thera-
peutic strategy. 

Use of SPECT-MPI in Guiding 
Decisions for Catheterization

SPECT-MPI results considerably influence post–SPECT-
MPI clinical decision making. In patients undergoing 
SPECT-MPI, the extent and severity of reversible defects 
are the principal factors driving subsequent resource utili-
zation, with statistical analysis suggesting that more than 
80% of the information governing the decision for cath-
eterization comes from the amount of ischemia observed. 
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Among patients with normal scans, only a small propor-
tion undergo early post–SPECT-MPI cardiac catheter-
ization, usually as a result of clinical symptomatology. 
Regarding the  cost-effectiveness of this approach, Shaw 
et al, in a  multicenter study of 11,249 patients, showed 
that strategies of direct referral to catheterization and re-
ferral to SPECT-MPI with selective subsequent catheter-
ization produced a substantial reduction (31-50%) in costs 
for all levels of pretest clinical risk in favor of the nonin-
vasive approach (Figure 53-8), with essentially identical 
outcomes as assessed by cardiac death and MI rates.

A recent landmark study addressed how SPECT test-
ing may shape clinical outcomes in the nonrandomized 
nuclear substudy of the Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation 
(COURAGE) trial. In the nuclear substudy, there were 
suggestive data that in the patients with moderate-to-se-
vere ischemia by SPECT-MPI (>10% using a computer-
based quantitative measure of ischemia), there may be 
a benefit in event-free survival, when a strategy of early 
percutaneous coronary intervention (PCI) plus optimal 
medical therapy is used.
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Given the absence of information to date indicating that 
PCI is superior to medical therapy in stable CAD, this inter-
esting information may form the basis for a new randomized 
clinical trial.

Potential Underestimation of the 
Risk Stratification by SPECT-MPI

Although there is strong evidence that SPECT-MPI is effec-
tive in the prognostic stratification, the current data on risk 
stratification by SPECT-MPI may actually underestimate 
the strength of this modality due to a prognostic counter-
part to the diagnostic verification bias described above. The 
current prognostic data are entirely composed of patients 
undergoing medical therapy after testing, since prognostic 
assessment of noninvasive testing using observational data 
series dictate that patients undergoing early revasculariza-
tion after testing be removed or censored from prognostic 
analyses due to the relationship between the referral to 
revascularization and the test results. Thus, with increasing 
physician acceptance and the strong dependence of post–
SPECT-MPI referral to revascularization on the SPECT-
MPI results, a posttest referral bias may develop that results 
in an underestimation of the prognostic value of this test 
due to the revascularization (and censoring) of the highest 
risk patients.

Added Value of Gated SPECT-MPI:
Integrated Clinical Algorithms

Gated MPI has now become routine with SPECT and PET. 
Studies have shown that poststress LVEF and LV ESV, as 
measured by gated SPECT, provide incremental informa-
tion over the perfusion defect assessment in the prediction 
of cardiac death. In a report of 6,713 patients, using sepa-
rate criteria for EF and ESV for men and women, Sharir et 
al reported that perfusion (percentage myocardium isch-
emia) and function (LVEF or ESV) provided incremental 
prognostic information regarding cardiac death and hard 
events (Figure 53-9), with particularly high event rates 
noted in women with reduced function and greater than 
10% myocardium ischemia.

High Risk SPECT Variables
A list of high risk SPECT variables is shown in 
Table 53-4. The assessment of poststress wall motion ab-
normalities on gated SPECT MPI is a sign of exercise-
induced stunning and a marker of severe CAD. One of 
the most powerful predictors of high risk CAD on exercise 
SPECT-MPI is transient ischemic dilation of the LV cav-
ity. This reversible LV cavity dilation is thought to repre-
sent diffuse subendocardial ischemia (relatively less tracer 
uptake in the subendocardium during stress creating the 
appearance of an enlarged cavity) or true poststress LV 
dilation. This finding is associated with higher incidence 
of severe and extensive CAD and a worse outcome than 
in patients without this finding.

Pulmonary uptake of radioactivity, as determined by the 
measurement of lung/heart ratios of radioactivity, has been 
shown to be of prognostic importance.

USE OF SPECT-MPI IN SPECIFIC 
PATIENT POPULATIONS

Large databases have been accumulated in nuclear cardiol-
ogy, resulting in evidence documenting the effectiveness of 
SPECT-MPI for risk stratification of appropriately selected 
patients. This evidence has resulted in many Class I indica-
tions for the use of stress SPECT-MPI. Several specific lines 
of evidence are described below.

Evidence Supporting Nuclear Imaging 
for Patients with an Intermediate Risk or 
Indeterminate Treadmill Test

Several reports support nuclear testing in patients with 
uninterpretable or intermediate exercise ECG response. 
As described earlier, patients with an intermediate Duke 
Treadmill Score and an intermediate risk of hard events, 
but a normal SPECT MPI scan, had very low event rates 
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in the direct cath group. (Reproduced with permission from 
Shaw LJ et al, J Am Coll Cardiol. 1999;33:661–669.)
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and were infrequently catheterized. Those with moder-
ately abnormal scans had intermediate rates of events 
and catheterization, and those with moderately to se-
verely abnormal scans had higher rates of events and 
catheterization.

Evidence Supporting Nuclear Imaging for 
Patients with Normal Resting ECG Unable 
to Exercise

In patients unable to exercise, there is a clear consensus in 
support of pharmacologic stress imaging as the initial test in 
symptomatic male and female patients with intermediate or 
high pretest likelihood of CAD unable to achieve maximal 
exercise levels. As reported by the recent AHA consensus 
statement on cardiac imaging in women, functionally im-
paired patients (e.g., <5 metabolic equivalent (METs) of 
exercise) have at least a 2% per year risk of cardiac death or 
MI, ranking them as having event rates equivalent to pa-
tients with established coronary heart disease. The higher 
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Table 53-4 • High Risk SPECT Imaging Variables

1.  Multiple perfusion defects >1 coronary supply region 
(multivessel CAD scan pattern)

2.  An extensive area of stress-induced hypoperfusion, even 
if confined to the territory of a single coronary artery 
(e.g., proximal left anterior descending coronary artery 
scan pattern)

3.  A high ischemic burden reflected by multiple reversible 
defects

4.  Transient ischemic left ventricular cavity dilation
5.  Multiple abnormal regional wall motion or thickening 

abnormalities, even if not associated with perfusion 
defects

6. A gated SPECT ejection fraction of <40%
7.  Increased end-systolic volumes on quantitative SPECT
8.  Increased lung heart ratio of thallium uptake when 

thallium-201 is used for exercise imaging
9.  Extensive ischemia as defined by >10% myocardium by 

visual or quantitative methods

Source: Modified by Beller GA, 2005.



CHAPTER 53 /  Cardiovascular Nuclear Stress Testing 619   

event rates than in exercising patients are driven by exces-
sive comorbidity and risk factor burden. Vasodilator stress 
SPECT-MPI has been shown to be effective for both CAD 
diagnosis and risk stratification for patients who have a 
normal resting ECG and an intermediate to high likelihood 
of CAD but are unable to exercise.

Evidence Supporting Nuclear Imaging 
for Patients with Diabetes Mellitus

SPECT-MPI has been reported to be particularly effective 
in risk stratification of patients with diabetes. The risk of 
cardiac events in diabetics with abnormal SPECT-MPI is 
higher than in nondiabetics throughout the range of perfu-
sion abnormalities. However, even when diabetic patients 
have normal SPECT-MPI studies, the event rate is higher 
and events occur sooner in diabetic compared to nondia-
betic patients. Routine screening of asymptomatic diabetic 
patients is not recommended by current appropriate use cri-
teria; as noted below, however, if coronary artery calcium 
by CT is performed, diabetics have a higher frequency of a 
coronary calcium score of more than 400-a score that by ap-
propriateness criteria merits further evaluation by SPECT-
MPI.

Evidence Supporting Nuclear 
Imaging for Patients with Left 
Bundle Branch Block

Current guidelines support cardiac imaging in symptomatic 
patients with LBBB. The sensitivity for left anterior descend-
ing stenosis was similar (on average 89%) with exercise and 
vasodilator SPECT-MPI, but a higher specificity was found 
for vasodilator stress (81%) as compared to exercise (36%) 
SPECT-MPI. Vasodilator stress is recommended over exer-
cise for SPECT-MPI and has been shown to be a predictor 
of cardiac events in LBBB patients. Patients with LBBB and 
normal SPECT-MPI have demonstrated very low event rates 
over time. In contrast, patients with LBBB and “high risk” 
perfusion findings on SPECT-MPI have high event rates. 
Although there are fewer reported studies regarding patients 
with ventricular pacemakers, expert consensus is that these 
patients should have vasodilator stress when undergoing 
SPECT-MPI, similar to patients with LBBB.

Evidence Supporting Nuclear Imaging 
for Patients with LVH, Atrial Fibrillation, 
and those with Shortness of Breath

In patients with left ventricular hypertrophy (LVH), exer-
tional ST-segment depression is frequently associated with-
out significant epicardial CAD. SPECT-MPI has been shown 
to be similarly effective in patients with and without LVH 
for identifying obstructive disease and for risk stratification.

In asymptomatic patients with new onset atrial fibrillation, 
the use of stress SPECT-MPI in patients with a high pretest 
risk is considered appropriate in view of a higher baseline 
clinical risk resulting in higher expected cardiac events. A 
recent observational report in 16,048 patients on the prog-
nostic value of SPECT-MPI in patients with atrial fibrilla-
tion showed that an annual rate of cardiac death in patients 
with normal SPECT-MPI was 1.6% per year for those with 
atrial fibrillation and 0.4% for the remaining cohort of 
nonatrial fibrillation patients (p < 0.001).

Patients presenting with unexplained shortness of breath 
have been shown to have as high a cardiac death event rate 
as patients with typical angina and have a greater frequency 
of cardiac death as a function of SPECT-MPI ischemia than 
patients presenting with atypical chest pain syndromes.

Evidence Supporting Nuclear 
Imaging for Elderly Patients

With the increasing age of the population and the increas-
ing prevalence of CAD as a function of age, large numbers 
of elderly patients are requiring diagnostic and/or prognostic 
assessment for CAD. The Duke Treadmill Score, useful in 
many patient subsets, has been reported to be less effective 
in risk stratification of elderly patients. The Mayo Clinic 
and Cedars-Sinai groups have reported that SPECT-MPI 
provides effective risk stratification in elderly men and el-
derly women. Pharmacologic stress testing is increasingly 
being applied in the elderly, who frequently are unable to 
exercise adequately, and the elderly make up a high propor-
tion of patients undergoing pharmacologic stress imaging. 
Consistent with data on other functionally impaired pa-
tients, the prognostic value of SPECT-MPI in the elderly 
is associated with higher cardiac event rates for normal 
to severely abnormal test results. These results have been 
extended to dobutamine stress. Of note, patients requir-
ing dobutamine stress SPECT-MPI appear to have an even 
greater rate of cardiac events, as a function of the amount 
of ischemia, than do patients undergoing vasodilator stress, 
likely due to greater comorbidities. Therapeutic benefit for 
mortality in very elderly patients with extension ischemia 
on SPECT-MET has recently been shown.

Evidence Supporting Nuclear Imaging 
after Coronary Calcium Screening or 
CT coronary angiography

In patients with high risk coronary calcium scores (CCS), 
referral to SPECT-MPI has been evaluated in numerous 
studies. Data from the published studies are consistent in 
that when the CCS is less than 400, the rate of SPECT-
MPI abnormalities is low. When the CCS exceeds 400, the 
rate of an ischemic SPECT-MPI is elevated and has been 
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reported to be as high as 47% in some populations. Recent 
consensus documents and the recent ACC appropriateness 
criteria support the use of SPECT-MPI in patients with a 
high risk CCS greater than or equal to 400.

Evidence Supporting Nuclear Testing 
for Patients after PCI and after CABS

In patients with PCI, exercise or vasodilator SPECT/PET-
MPI can be helpful in detecting the presence and location of 
restenosis. Stress SPECT/PET-MPI is currently recommended 
by ACC/AHA for assessment of restenosis in newly symp-
tomatic post-PCI patients. Although routine performance 
of SPECT/PET-MPI is not recommended in asymptomatic 
post-PCI patients, important information may be obtained 
in symptomatic patients for guiding clinical decisions re-
garding subsequent catheterization and reinterventions.

In post-CABS patients with new symptoms, SPECT-MPI 
can identify the presence and extent of ischemia and can 
accurately detect the presence and location of the graft 
stenosis. In such patients, SPECT-MPI can guide the need 
for cardiac catheterization.

Whereas SPECT-MPI has been shown to be capable of risk-
stratifying post-CABS patients, routine assessment with 
stress SPECT-MPI in asymptomatic patients after CABS 
is not recommended by current ACC/AHA guidelines. 
Although some studies suggest that SPECT-MPI should be 
considered 5 or more years after CABS in asymptomatic 
patients. Moderate to severe ischemia in these patients is 
useful in determining the need for repeat catheterization.

Evidence Supporting Nuclear Imaging 
for Preoperative Risk Assessment in 
Noncardiac Surgery Patients

A large body of literature exists documenting the effec-
tiveness of nuclear stress testing in patients undergoing 
peripheral vascular surgery. Previous guidelines suggested 
that nuclear testing is best reserved for patients with an 
intermediate risk of a cardiac event undergoing an inter-
mediate risk to high risk procedure and who have lim-
ited exercise capacity. The guidelines were rewritten in 
2007. Consideration of noninvasive stress testing is rec-
ommended in patients with three or more clinical risk 
factors and poor functional capacity (less than 4 METs) 
undergoing vascular surgery if it will change management 
(Class IIa) and patients with 1-2 clinical risk factors and 
poor functional capacity who require intermediate-risk 
or vascular surgery if it will change management (Class 
IIb). These specific risk factors include: history of isch-
emic heart disease, heart failure, cerebrovascular disease, 
diabetes mellitus, and renal insufficiency.

High Pretest Likelihood of CAD

The ACC appropriateness criteria support SPECT-MPI for 
high likelihood patients who have an interpretable or unin-
terpretable ECG as well as for those able or unable to exercise. 
Evidence on risk assessment of this group with SPECT-MPI 
has been published and a strategy incorporating initial testing 
with SPECT-MPI in these patients has been shown to be cost-
effective when used to guide the decision for catheterization.

Other high likelihood patients include those asymptom-
atic individuals with a high Framingham risk score or those 
classified as CHD risk equivalents, including diabetics and 
those with peripheral arterial disease. The ACC appropri-
ateness criteria support the use of SPECT-MPI in patients 
with a high Framingham risk score or a coronary artery cal-
cium (CAC) score ≥400, indicating a high atherosclerotic 
plaque burden. In addition, evidence supports SPECT-MPI 
as a highly useful test for diagnosis and prognosis in obese 
patients, preferably using Tc-99m agents with attenuation 
correction or prone and supine imaging, combined with 
quantitation and ECG gating. There is also enough evidence 
supporting nuclear imaging for prognostic stratification of 
African American and Hispanic patients who generally 
have higher risk burden than the Caucasian population.

EVALUATION OF ACUTE CHEST PAIN

For patients with normal or nondiagnostic initial ECGs on 
presentation to the emergency department (ED), an im-
portant clinical problem is to distinguish those with acute 
coronary syndromes requiring hospital admission from those 
who may be safely discharged. 99mTc-sestamibi or tetrofosmin 
SPECT-MPI with injection during chest pain provides an 
excellent opportunity to reduce clinical indecision in the 
acute evaluation of chest pain (Figure 53-10). In patients 
presenting to the ED with chest pain but a low- intermediate 
likelihood of an acute coronary syndrome, a normal rest 
99mTc-sestamibi or tetrofosmin SPECT-MPI study has a 99% 
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Figure 53-10. Resting sestamibi (MB) injected during chest 
pain in emergency department (top) and 3 days post-PCI of the 
left circumflex coronary artery (LCX) (bottom) in a patient with 
no EGG or enzyme abnormalities. Clear evidence of extensive 
myocardial salvage in LCX territory is shown.



CHAPTER 53 /  Cardiovascular Nuclear Stress Testing 621   

negative predictive value. A prospective, randomized, con-
trolled, multicenter trial examined whether incorporating 
acute rest SPECT-MPI into an ED evaluation strategy of pa-
tients presenting with suspected acute ischemia but no initial 
ischemic ECG changes improved clinical decision making 
for initial ED triage with a significant reduction in hospital-
ization in patients with normal SPECT-MPI studies.

GUIDELINES FOR SPECT 
IMAGING IN THE ED

Several considerations are important for effective applica-
tion of acute SPECT-MPI. In patients with prior MI, the 
studies are generally not useful unless patients had previously 
undergone SPECT-MPI and the results of which are imme-
diately available for comparison. Also, combined assessment 
of perfusion and function should be routinely performed in 
order to minimize the false negative rate. In addition, with 
these agents, combined supine and prone imaging or attenu-
ation correction is very useful in reducing the false-positive 
rate. If the SPECT-MPI tracer is not injected during pain, 
patients with unstable angina may have no perfusion defects. 
In this circumstance, the normal rest SPECT-MPI study 
may be followed by a stress SPECT-MPI examination. Thus, 
an abnormal rest SPECT-MPI study would trigger admission 
and therapy for an acute ischemic syndrome. Patients with 
normal rest studies would generally not be discharged but, 
after negative enzymes are obtained, would undergo stress 
SPECT-MPI to evaluate underlying CAD. If no stress or rest 
abnormality of perfusion or function is observed, patients 
are typically discharged from the ED. Those with evidence 
of ischemia or infarct are admitted.

GUIDING MANAGEMENT 
DECISIONS IN POST-MI PATIENTS

AHA/ACC guidelines for exercise testing post-MI indicate 
that clinically low risk MI patients remain candidates for 
predischarge stress testing and both exercise and pharmaco-
logic stress testing post-MI have been shown to effectively 
identify patients at low and high risk of subsequent events. 
Overall, high risk SPECT-MPI results (indicating the need 
for angiography) in the predischarge patient include revers-
ible defects in the MI zone, a multivessel defect pattern, large 
nonreversible defects, transient LV dilation, increased lung 
uptake, and reduced LV ejection fraction. The Adenosine 
Sestamibi SPECT Post-Infarction Evaluation (INSPIRE) 
trial, a prospective randomized multicenter trial evaluating 
SPECT-MPI in assessing risk and therapeutic outcomes in 
post-MI survivors, revealed that for both medical therapy 
and coronary revascularization, total and ischemic defect 
size was reduced by 16 to 17%. In this study, total suppres-
sion of ischemia was noted in 80% of patients randomized to 

either strategy. The findings suggest that serial SPECT-MPI 
could be used to identify a cohort responding to aggressive 
medical management and not requiring acute revasculariza-
tion during recovery from acute MI.

USE FOR ASSESSMENT OF 
MYOCARDIAL VIABILITY AND CHF

If a patient with congestive heart failure (CHF) is found 
to have no abnormalities of myocardial perfusion at stress 
(<5% myocardium ischemia), the likelihood of CAD as 
the cause of CHF can be considered to be low. Thus, in the 
appropriate setting, a normal SPECT-MPI study might ob-
viate the need for coronary angiography in a patient with 
CHF of unknown etiology.

In patients with CAD and CHF, SPECT-MPI is used to 
distinguish viable but nonfunctioning myocardium that 
can be improved with revascularization from nonviable 
myocardium, with viable myocardium being defined by 
patients with ischemic cardiomyopathy exhibiting resting 
regional wall motion abnormalities associated with radio-
nuclide, echocardiographic (echo), or cardiac MRI evi-
dence that the abnormally contracting myocardium is not 
a scar. Radionuclide techniques commonly employed to 
assess myocardial viability include indices of regional myo-
cardial perfusion and cell membrane integrity (nitroglyc-
erine augmented resting 99mTc agent studies) and indices 
of regional cellularity, as defined by the potassium space 
(redistribution 201Tl imaging), and a measure of glucose 
metabolism using F-18-fluorodeoxyglucose (FDG) PET. 
Depending on local expertise, the approaches of SPECT-
MPI and low-dose dobutamine echo are usually chosen as 
methods to assess myocardial viability. In centers with ex-
pertise in cardiac FDG PET, some data suggest that PET 
is more accurate for detecting myocardial viability than 
the SPECT methods. Although there are few comparative 
studies, it is widely held that the PET approach is highly 
competitive with late enhancement by cardiac MRI as a 
method for guiding management of patients with ischemic 
cardiomyopathy. When extensive myocardial viability is 
found with any of the available modalities, improvement 
in ventricular function after successful revascularization is 
common, whereas it usually does not improve in patients 
with no or a small amount of viable myocardium.

A large clinical trial called STICH (Surgical Treatment for 
Ischemic Heart Failure) is being completed, which may pro-
vide insight in this regard.

Predicting Improved Patient Survival

The presence of viable myocardium in patients with CAD 
and LV dysfunction identifies patients with improved survival 
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with revascularization but with particularly poor prognosis 
with medical therapy. A metaanalysis of observational stud-
ies, based on either radionuclide or echo assessments that di-
chotomize patients into groups with or without myocardial 
viability, suggests that only those patients with extensive 
myocardial viability have survival improvement with CABS 
compared to medical therapy (Figure 53-11).

The ACC/AHA/ASNC recommendations for radionuclide 
techniques in assessing myocardial viability are shown in 
Table 53-5.
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death in patients undergoing revascularization (revasc) vs. 
medical therapy (Rx). When viability was present by noninvasive 
testing, a significant reduction in cardiac death rates was 
present in patients undergoing revascularization compared 
to those undergoing medical therapy. No such difference was 
present in patients without viability. Furthermore, patients 
with viability undergoing revascularization had a significantly 
lower cardiac death rate compared to patients without viability. 
(Reproduced with permission from Allman KC et al, J Am Coll 
Cardiol. 2002;39:1151–1158.)

Table 53-5 • Radionuclide Techniques for Assessing Myocardial Viability

Indication Test Class Level of Evidence

1.  Predicting improvement in regional and 
global LV function after revascularization

stress/redistribution/reinjection 201Tl
rest-redistribution imaging 
perfusion plus PET FDG imaging
resting sestamibi imaging 
gated SPECT sestamibi imaging 
late 201Tl redistribution imaging (after stress)
dobutamine RNA 
postexercise RNA
postnitroglycerin RNA

I
I
I
I
IIa
IIb
IIb
IIb
IIb

B
B
B
B
B
B
C
C
C

2.  Predicting improvement in heart failure 
symptoms after revascularization

perfusion plus PET FDG imaging IIa B

3.  Predicting improvement in natural history 
after revascularization

201Tl imaging (rest-redistribution and stress/
redistribution/reinjection)
perfusion plus PET FDG imaging

I
I

B
B

Abbreviations: FDG, fluorodeoxyglucose; PET, positron emission tomography; RNA, radionuclide angiography; SPECT, single photon emission computed tomography; 201Tl, thal-
lium 201.
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• Cardiac MRI provides the ability to quantify chamber 
size, volume, and function with high resolution im-
ages, to quantify intracardiac flow and gradients, to 
assess perfusion, and to perform angiography with-
out ionizing radiation.

• The transmural extent of hyperenhancement can pre-
dict global and segmental functional recovery, as the 
transmural extent of hyperenhancement increases 
and the likelihood of functional recovery is lessened.

• Assessment and differentiation of ischemic versus 
nonischemic cardiomyopathy can be performed. 
Epicardial or mid-myocardial hyperenhancement is 
indicative of nonischemic cardiomyopathy.

• Amyloidosis is seen as diffuse ventricular hyper-
trophy and dilated atria. Diffuse subendocardial or 
transmural hyperenhancement is seen on delayed 
contrast images.

• MRI findings in ARVD include abnormal RV mor-
phology (dilated RV, focal RV aneurysms), abnormal 
RV function, abnormal signal intensity, and enhance-
ment of the RV wall secondary to fibro fatty replace-
ment of the muscular myocardium.

• On average, the background radiation of the general 
public is 3 mSv a year; in comparison, a chest X-ray 
is 0.1 mSv. The average effective radiation dose is 0.7 
to 2.0 mSV for calcium scoring and 18 to 20 mSv for 
CT angiography.

• Presence of calcium within the coronary arteries is 
indicative of atherosclerosis, as it is the only known 
process to result in deposition of calcium within the 
intima and it begins many years prior to the develop-
ment of symptoms or hemodynamically significant 
lesions.

• Calcium scoring of the coronary arteries provides a 
quantitative measure of the atherosclerotic burden, 
but it does not provide information on severity of epi-
cardial luminal narrowing.

• Long interruptions of the coronary vessel are typi-
cally secondary to total occlusion, and it is difficult to 
assess collateral flow.

• In post-CABG patients, CTA can be used for assess-
ment of symptoms in those who are felt to be at a 
high risk for undergoing cardiac catheterization, and 
it provides information regarding graft patency.

d PRACTICAL POINTS
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Cardiac magnetic resonance imaging (CMR) and cardiac 
computed tomography (CT) are relatively newer investiga-
tive tools that have provided tremendous advancement in 
the field of noninvasive cardiovascular imaging over the 
past two decades. These two imaging modalities are used in 
the diagnostic assessment of a wide spectrum of cardiovas-
cular diseases.

CARDIAC MRI

Cardiac MRI provides the ability to quantify chamber size, 
volume, and function with high resolution images, to quan-
tify intracardiac flow and gradients, to assess perfusion, and 
to perform angiography without ionizing radiation. It is a 
relatively safe procedure.

CMR has a high temporal resolution and lower spatial 
resolution compared to cardiac CT. CMR is utilized in the 
evaluation of myocardial disease, pericardial disease, con-
genital heart disease, pulmonary vasculature, cardiac mass, 
and aorta and peripheral vasculature. The appropriateness 
criteria for CMR can be found in Table 54-1.

Cardiac MRI imaging utilizes high magnetic fields and ra-
diofrequencies. Most scans are performed on 1.5 T scanners; 
newer generation 3 T scanners are still in the investigative 
stages. CMR does not utilize radiation and therefore has no 
ionizing effect on the patient or support staff. Screening for 
metallic implants is prudent as certain metals are contrain-
dicated. CMR has been shown to be safe and does not pre-
clude imaging in patients with coronary stents, sternal wires, 
and prosthetic valves. CMR compatible metallic objects as 
well as elevated heart rates, ectopic heart beats, and breath-
ing during image acquisition affect image quality. Recent 
findings demonstrate a rare but significant association of 
nephrogenic systemic fibrosis with gadolinium administra-
tion in patients with moderate to severe kidney disease.

Imaging Techniques

CMR imaging depends on the gradient coils within the 
scanner to deliver radiofrequency pulses in certain se-
quences, which affect or stimulate the hydrogen atom. 
Receiver coils detect the signal emitted by hydrogen atoms 
as they relax. Various imaging techniques are utilized for 
clinical cardiac imaging and the imaging planes are simi-
lar to echocardiography, however, images can be obtained 
in any plane. Spin echo imaging (a.k.a. black blood tech-
nique) depicts the blood pool as dark and tissue as bright. 
This technique is utilized in assessing anatomical structures 
(heart and great vessels), such as masses, infarcted tissue, 
and fatty infiltration of the myocardium. Gradient echo im-
aging (a.k.a. bright blood technique) depicts the blood pool 
as bright and cardiac tissue as dark. Gradient echo images, 

also commonly referred to as cine MRI, are used for assess-
ment of wall motion, left ventricular ejection fraction and 
volume, valvular structures, masses, and flow. Perfusion im-
aging allows assessment for hypoperfused myocardium and, 
when used in conjunction with stress agents (dobutamine or 
persantine), can also provide information regarding myocar-
dial ischemia. Delayed contrast imaging is performed several 
minutes after contrast administration and is utilized to assess 
for left ventricular thrombus and myocardial infarction or 
fibrosis. The delayed contrast images reflect how the myo-
cardium clears the contrast. Normal myocardium clears the 
contrast quickly and appears dark on the inversion recovery 
sequence, whereas abnormal myocardium from scar or infil-
tration will not clear the contrast quickly and therefore will 
appear bright.

Ischemic Heart Disease

CMR is frequently utilized in the assessment of ischemic 
heart disease and is considered the gold standard test for as-
sessment of left ventricular and right ventricular volumes, 
ejection fraction, and left ventricular mass. It is also useful 
in the assessment of myocardial viability, myocardial edema, 
ischemia, and wall motion abnormalities. CMR provides 
prognostic data in patients with ischemic heart disease. 
CMR examination in the ischemic heart disease patient 
includes cine imaging for wall motion assessment, perfu-
sion imaging for assessment of microvascular function, and 
delayed contrast imaging for myocardial scar assessment. 
Delayed contrast images are obtained 10 to 20 minutes after 
the administration of contrast. An inversion pulse is used 
to suppress normal myocardium (therefore the clearance of 
gadolinium from the normal segments). Areas that are hy-
perintense are considered scarred, reflecting areas where the 
myocardial damage is permanent.

Cine CMR provides information regarding segmental 
and global left ventricular and right ventricular function. 
The entire heart can be scanned with short axis images 
from the base to apex. The epicardial and endocardial bor-
ders of the right and left ventricles can be traced utilizing 
post-processing software. These contours are obtained at 
end-diastole and end-systole in order to obtain quantitative 
data regarding myocardial mass and regional and global sys-
tolic function. Wall thickening and thinning can be readily 
seen and left ventricular aneurysms can be assessed. Cine 
CMR provides improved visualization of the myocardium, 
compared to echo in the nonrevascularized acute myocar-
dial infarction patient, which can help determine whether 
there is any remnant myocardial tissue in the territory 
of the myocardial infarction to warrant bypass surgery or 
high risk percutaneous intervention. Studies have shown 
that regional left ventricular segments with a wall thick-
ness of less than 6 mm at end-diastole and segmental wall 



CHAPTER 54 /  Cardiac Magnetic Resonance Imaging and Computed Tomography Angiography 625   

Table 54-1 • Appropriateness Criteria for Cardiac MRI

Indication
Appropriateness Criteria 
(Median Score)

Detection of CAD: symptomatic—evaluation of chest pain syndrome 
(use of vasodilator perfusion CMR or debutamine stress funtion CMR)

3. Intermediate pre-test probability of CAD•
ECG uninterpretable OR unable to exercise•

A (7)

Detection of CAD: symptomatic—evaluation of intra-cardiac structures 
(use of MR coronary angiography)

8. Evaluation of suspected coronary anomalies• A (8)

Risk assessment with prior test results (use of vasodilator perfusion 
CMR or dobutamine stress function CMR)

13. Coronary angiography (catheterization of CT)•
Stenosis of unclear significance•

A (7)

Structure and fuction—evaluation of ventricular and valvular function procedures may 
include LV/RV mass and volumes, MR angiography, quantification of valvular disease, 
and delayed contrast enhancement

18.  Assessment of complex congenital heart disease including anolalies of coronary •
circulation great vessels, and cardiac chambers and valves
 Procedures may include LV/RV mass and volumes, MR angiography, quantification •
of valvular disease, and contrast enhancement

A (9)

20.  Evaluation of LV function following myocardial infarction OR in heart failure patients•
Patients with technically limited images from echocardiogram•

A (8)

21. Quantification of LV function•
Discordant information that is clinically significant from prior tests•

A (8)

22.  Evaluation of specific cardiomyopathies (infiltrative [anoyloid sarcoid], HCM, or due •
to cardiotoxic therapies)
Use of delayed enhancement•

A (8)

23.  Characterization of native and prosthetic cardiac valves—including planimetry of •
stenotic disease and quantification of regurgitant disease
Patients with technically limited images from echocardiogram of TEE•

A (8)

24. Evaluation for arrythmogenic right ventricular cardiomyopathy (AEVC)•
Patients presenting with syncope or ventricular arrhythmia•

A (9)

25. Evaluation of myocarditis or myocardial infarction with normal coronary arteries•
 Positive cardiac enzymes without obstructive atherosclerosis on angiography•

A (8)

Structure and fuction—evaluation of intra- and extra-cardiac structures

26. Evaluation of cardiac mass (suspected tumor or thrombus)•
Use of contrast for perfusion and enhancement •

A (9)

27. Evaluation of pericardial conditions (pericardial mass, constrictive pericarditis)• A (8)
28. Evaluation for aortic dissection• A (8)
29. Evaluation of pulmonary veins prior to radiofrequency ablation for atrial fibrillation•

 Left atrial and pulmonary venous anatomy including dimensions of veins for •
mapping purposes

A (8)

Detection of myocardial scar and viability—evaluation of myocardial scar 
(use of late gadolinium enhancement)

30.  To determine the location, and extent of myocardial necrosis including ‘no reflow’ •
regions
Post acute myocardial infarction•

A (7)

32. To determine viability prior to revascularization•
 Establish likelihood of recovery of function with revascularization (PCI or CABG) •
or medical therapy 

A (9)

33. To determine viability prior to revascularization•
 Viability assessment by SPECT or dobutamine echo has provided “equivocal or •
indeterminate” results

A (9)

From Hendel RC, et al. Appropriateness Criteria for CCT/CMR, JACC. 2006:1488.
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thickening with systole of less than 1 mm is most likely a 
myocardial scar. Cine MRI can also detect complications of 
myocardial infarction, such as ventricular septal defect, mi-
tral regurgitation, flail mitral leaflet, ventricular thrombus, 
right ventricular dysfunction, and pericardial effusions.

Microvascular obstruction is indicative of inadequate myocar-
dial tissue perfusion even after restoration of epicardial blood 
flow in the infarct territory. Microvascular obstruction is iden-
tified on CMR as a hypoenhanced subendocardial area of the 
myocardium on the first pass perfusion images. Microvascular 
obstruction on CMR has been shown to be a poor prognostic 
indicator for subsequent cardiovascular events in acute myo-
cardial infarction  patients (Figure 54-1).

Infarct location and extent can be readily assessed on de-
layed hyperenhancement images (Figure 54-2). CMR is 
more sensitive in detecting infarct compared to SPECT 
nuclear imaging at 7 days in acute myocardial infarction 
patients treated with percutaneous coronary intervention. 
In the acute and chronic myocardial infarction patient, late 
gadolinium hyperenhancement of the subendocardium re-
flects irreversibly damaged tissue, and in areas of akinesis, the 
transmural extent of infarcted tissue can also be character-
ized (Figure  54-3). Infarct sizing is accurate and reproducible 
with CMR. The transmural extent of hyperenhancement 
can predict global and segmental functional recovery, as the 
transmural extent of hyperenhancement increases and the 
likelihood of functional recovery is lessened (Figure 54-4). 

Transmural delayed hyperenhancement indicates no func-
tional recovery even after revascularization with stents or 
bypass. Myocardial segments with scar formation and wall 
motion abnormalities are indicative of nonviable tissue. In 
myocardial areas with segmental dysfunction and no delayed 
hyperenhancement, there is no myocardial scar or fibrosis; 
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Figure 54-1. Microvascular obstruction provides prognostic 
information in acute myocardial infarction patients. Event free 
survival was significantly lower in patients with evidence of 
microvascular obstruction compared to those without micro-
vascular obstruction. (From Wu et al. Prognostic Significance 
of Microvascular Obstruction by Magnetic Resonance Imag-
ing in Patients With Acute Myocardial Infarction. Circulation.
1998;97:765–772.)
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Figure 54-2. Location of hyperenhancement in relation to coronary artery territory. Infarcted tissue can be 
seen on delayed hyperenhancement short-axis and long-axis images. The pattern of hyperenhancement cor-
relates with the three different coronary perfusion territories. (Adapted from Kim RJ et al, The use of contrast-
enhanced magnetic resonance imaging to identify reversible myocardial dysfunction. N Engl J Med. 2000;343: 
1445–1453.)
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Figure 54-3. Transmural extent of infarcted tissue. Short-axis delayed contrast images demonstrat-
ing transmural scar of the inferolateral (A) and subendocardial scar of the inferior wall (B). (Adapted 
from Poon M, Dinh H, Fuster V: Magnetic Resonance imaging of the heart. In Fuster V, et al, eds. 
The Heart, 11th New York: McGraw-Hill; 2004:629–645.)
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Figure 54-5. Inducible perfusion defect involving subendocardial septal wall on stress perfu-
sion image (black arrow), which normalizes on rest perfusion image. Angiography demonstrates 
significant ostial disease in the septal branch of the left anterior descending artery (white arrow). 
(Source: Fuster V, O’Rourke RA, Walsh RA, Pool-Wilson P: Hurst’s The Heart, 12th ed. 
http://www.accessmedicine.com)

therefore, these areas are considered viable. In dysfunctional 
myocardium with hyperenhancement patterns that are less 
than 50%, the transmural extent may have functional recov-
ery after revascularization. Newer imaging protocols with T2 
weighted images can also identify myocardial edema.

Stress CMR can also be performed to diagnose myocardial 
ischemia from epicardial and microvascular disease as part 
of the evaluation of chest pain. Stress agents include dobu-
tamine, dipyridamole, and adenosine; in addition, recent 
stress exams have been performed on a MRI compatible 
treadmill. Assessment for wall motion abnormalities on 
cine MRI is performed prior to and during dobutamine in-
fusion. Improvement in left ventricular regional thickening 
with low dose dobutamine has been shown to predict seg-
mental functional recovery (viability) with revasculariza-
tion. The sensitivity of dobutamine stress CMR increases 
with myocardial tagging techniques. Dipyridamole and 
adenosine both evaluate the myocardial perfusion reserve 
index ( perfusion defects) to identify ischemic segments 
(Figure 54-5); in  addition, wall motion abnormalities can 
sometimes be seen with adenosine infusion.

Nonischemic Cardiomyopathy

Assessment and differentiation of ischemic versus nonisch-
emic cardiomyopathy can be performed. The CMR exam 
for the assessment of nonischemic cardiomyopathy includes 

regional and global wall motion analysis with cine MRI, 
tissue characterization with various imaging protocols (T1 
and T2 weighted images, fat suppression, T2 star), and char-
acterization of myocardial hyperenhancement on delayed 
contrast images. Ischemic cardiomyopathy has the typical 
pattern of subendocardial or transmural hyperenhance-
ment. Epicardial or mid-myocardial hyperenhancement is 
indicative of nonischemic cardiomyopathy (Figure  54-6). 
Hyperenhancement can be seen in myocarditis, hypertro-
phic cardiomyopathy, and infiltrative cardiomyopathies 
such as amloydosis and hemochromatosis.

Hypertrophic cardiomyopathy has a similar distinctive 
pattern as seen in echocardiography. There is asymmetri-
cal, septal, or global left ventricular hypertrophy. Patients 
with hypertrophic obstructive cardiomyopathy have a 
dynamic obstruction of the left ventricular outflow tract 
(Figure  54-7). In this scenario, systolic anterior motion of 
the mitral valve, mitral regurgitation, and turbulence across 
the left ventricular outflow tract can be seen. Delayed con-
trast images may demonstrate patchy hyperenhancement in 
areas of collagen deposition and are associated with myocar-
dial disarray. Prognostic information regarding this pattern 
of hyperenhancement is unknown, but it has been shown to 
be associated with sudden cardiac death and progressive left 
ventricular dilation. Those patients who have undergone al-
cohol septal ablation will have localized hyperenhancement 
of the basal septum in the territory that was ablated.

http://www.accessmedicine.com
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Figure 54-6. Pattern of hyperenhancement in CAD versus non-CAD patients. (Shah DJ, Kim RJ; 
magnetic resonace of myocardial viability. In Edelman RR ed. clinical magnetic imaging, 3rd ed. 
New York; Elsevier.)

Amyloidosis is seen as diffuse ventricular hypertrophy and 
dilated atria. Diffuse subendocardial or transmural hyperen-
hancement is seen on delayed contrast images.

Cardiac sarcoidosis has areas of myocardial edema, which 
is seen as increased signal intensity on T2 weighted im-
ages, and hypertrophy of the left ventricular walls. Patchy 
hyperenhancement in a noncoronary territory pattern can 
be seen and also has been shown to regress after steroid 
treatment (Figure 54-8). Myocardial iron overload is dem-
onstrated by reduced myocardial T2 star images secondary 
to iron deposition resulting in increased myocardial in-
homongenities. Myocarditis can be seen as mid-myocardial 
hyperenhancement (typically the lateral wall) on delayed 
images with a corresponding wall motion abnormality.

Arrhythmogenic right ventricular dysplasia (ARVD) is fre-
quently diagnosed using the McKenna criteria. MRI find-
ings in ARVD include abnormal RV morphology (dilated 
RV, focal RV aneurysms), abnormal RV function, abnormal 
signal intensity, and enhancement of the RV wall secondary 
to fibro fatty replacement of the muscular myocardium.

Valvular Heart Disease

CMR can detect valvular stenosis and regurgitation as 
well as determine chamber sizes and ejection fraction. 
Similar to regurgitant lesions in echocardiography, proxi-
mal isovelocity surface area (PISA) can be seen in CMR 
and is directly related to the amount of regurgitation. 
Regurgitant flow is often seen as a signal void area due 
to the high velocity of the regurgitant jet (Figure 54-9). 
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Figure 54-8. Sarcoidosis. Delayed contrast imaging reveals 
patchy hyperenhancement of the RV free wall secondary to scar-
ring or fibrosis from cardiac sarcoidosis. (Adapted from Poon 
M, Dinh H, Fuster V: Magnetic Resonance Imaging of the heart. 
In: Fuster V, et al., eds. The Heart, 11th ed. New York: McGraw-Hill; 
2004:629–645.)

Figure 54-9. Severe aortic regurgitation. High velocity turbu-
lent regurgitant jets into the left ventricle from severe aortic 
regurgitation can be seen as a signal void area on cine images. 
(Adapted from Poon M, Dinh H, Fuster V: Magnetic Resonance 
Imaging of the heart. In Fuster V, et al., eds. The Heart, 11th ed. 
New York, McGraw-Hill; 2004:629–645.)

Figure 54-7. Delayed contrast enhancement patterns in patients with nonischemic cardiomyo-
pathy. Dilated cardiomyopathy (DCM): Hyperenhancement of the mid-wall of the interventricular 
septum (arrows). Hypertrophic cardiomyopathy (HCM): Multiple patchy areas of hyperenhance-
ment within the mid-myocardium of the septum (arrows) but not lateral wall. Myocarditis: Hyper-
enhancement in the mid-wall of the interventricular septum and epicardial region of the lateral LV 
wall  (arrows). Amyloidosis: Diffuse subendocardial hyperenhancement of the entire left ventricle. 
(Source: Fuster V, O’Rourke RA, Walsh RA, Pool-Wilson P: Hurst’s The Heart, 12th ed. 
http://www.accessmedicine.com)

http://www.accessmedicine.com
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Figure 54-10. Congenital heart disease. Post Mustard repair for transposition of 
the great  vessels, demonstrating a baffle shunting pulmonary venous blood to the 
systemic ventricle. (Adapted from Poon M, Dinh H, Fuster V: Magnetic Resonance 
Imaging of the heart. In: Fuster V, et al., The Heart, 11th eds. New York: Mc Graw-Hill 
2004;629–645.)

Figure 54-11. Myxoma. Cine MRI sequence demonstrating left 
atrial myxoma, which is attached to the interatrial septum.

Phase velocity mapping with CMR is similar to Doppler 
echocardiography and provides quantitative information 
regarding the amount of regurgitation or degree of steno-
sis. Planimetry of the valves can also be performed to as-
sess degree of valvular stenosis.

Congenital Heart Disease

CMR is a great investigative tool for congenital heart 
disease, especially the complex or postsurgical cases 
(Figure 54-10). Chamber dimensions and functions can 
be calculated. Assessment for an intracardiac shunt is per-
formed by measuring pulmonary and systemic blood flows 
with phase velocity mapping techniques and then calculat-
ing the ratio. In addition, the origins of the coronary arter-
ies as well as morphology of the aortic and pulmonic vessels 
can be studied.

Masses

Myxoma is the most common primary benign tumor of 
the heart. Myxomas typically have an interatrial septal 
attachment, with a 4:1 predilection for the left atrium 
compared to the right atrium (Figure 54-11). These 
tumors are isointense (similar intensity as myocardium) 
on T1 images and hyperintense (high signal or intensity 
compared to myocardium) on T2 images. Cine MRI im-
ages allow visualization of the tumor throughout the car-
diac cycle, including the extent of invasion into the atrial 
cavity as well as prolapse of the mass into the respective 
ventricle. Lipomatous atrial septal hypertrophy is often di-
agnosed as an echogenic mass on echocardiogram and has 
a low association with obesity and cardiac arrhythmias. 
The interatrial septum often has a “bar bell” appearance. 

The lipomatous septum is bright (hyperintense) on T1 
images and the signal is suppressed on T1 fat saturation 
images. Atrial lipomas are located in the atrial wall, are 
hyperintense on T1 images, and are suppressed on T1 fat 
saturation images with similar tissue characterizations to 
the lipomatous septal hypertrophy (Figure 54-12). The 
christa terminalis, chiari network, and eustachian valve 
are frequent echo findings that prompt CMR evaluation 
for tumor.
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Figure 54-13. Type B aortic dissection. Dilated descending 
thoracic aorta with a dissection flap, small true lumen, and large 
false lumen. Normal caliber ascending aorta.Primary malignant tumors of the heart include angiosarco-

mas, rhabdomyosarcoma, other sarcomas, mesothelioma, 
and primary lymphoma. Thrombus is frequently mistaken 
as a mass or difficult to definitively diagnosis on echo, but 
cardiac MRI has a high sensitivity for left ventricular and 
atrial thrombi.

Pericardium

Normal pericardial thickness is less than 3 mm and it has 
low signal intensity. Pericardial effusions can be easily seen 
and differentiated from the pericardium, since the effusions 
typically have a bright signal on cine MRI images, whereas 
the pericardium is dark. Postgadolinium enhancement of 
the pericardium is indicative of a possible inflammatory 
process involving the pericardium. CMR helps in the di-
agnosis of loculated pericardial effusions, constrictive peri-
carditis, congenital absence of the pericardium, and tumor 
invasion of the pericardium. Real time imaging in patients 
with constrictive pericarditis can demonstrate the inter-
relationship of ventricular filling and septal wall motion 
with the respiratory cycle, similar to the pattern seen on 
echocardiography.

Aortic Disease

CMR can be utilized to evaluate aortic dissections 
(Figure 54-13), including assessment of dissection flaps, 
true and false lumens, and extent of the dissection. In ad-
dition, aortic imaging is useful in the assessment of con-
genital heart disease, allowing assessment of not only the 
aorta for coarctation and patent ductous arterious (PDA) 
but also aortic arch anomalies and origins of the coronary 

arteries. Thoracic and abdominal aortic aneurysms can be 
imaged and followed over time for changes. The aortic im-
ages can be reconstructed into a 3D display. CMR is not 
recommended in hemodynamically unstable patients due 
to difficulties in adequately monitoring the patient during 
the test as well as prolonged imaging time compared to CT 
or transesophageal echocardiogram (TEE).

CARDIAC CT

Cardiac CT is a rapidly developing technology, with newer 
generation scanners being developed rapidly. It requires an 
X-ray beam to pass through the patient, which is then at-
tenuated prior to striking the scintillation crystals of the 
detector array. The X-rays are converted to light, which 
is then converted to an electrical charge by photodiodes. 
This is translated into a digital signal by electronics. CT 
scanners have undergone significant advancement over 
recent years, moving from a pencil beam X-ray with a 
single detector element to a wide beam fan X-ray with an 
arc of detector elements. There are two types of scanners: 
electron beam computed tomography (EBCT) and multi-
detector computed tomography (MDCT). EBCT involves 
a large stationary anode and has a lower spatial resolution. 
First-generation scanners had a single detector element 
so there was a pencil beam of X-ray. The scan time was 
very slow. Second-generation scanners had multiple detec-
tor elements and a narrow fan beam of X-ray with a slow 

Figure 54-12. Lipomatous hypertrophy seen within the 
 interatrial septum and right atrial free wall.
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scan speed. First- and second-generation scanners required 
translation of the tube and detector to scan, which alter-
nated with rotation of the scan, thus creating long scan 
times. Third-generation scanners’ detector elements are in 
an arc, so there is a wide fan beam of X-ray. Only rotation 
without translation is required; therefore, the scan speed is 
faster.

It is a test that can be performed within a few minutes. 
The data obtained are three-dimensional, allowing the 
viewer to manipulate the images into different planes. 
CT has a higher spatial resolution and lower temporal 
resolution compared to MRI. Depending on the type of 
scanner, type of scan, and patient factors, the radiation 
dose can vary and, in some cases, may even be more than 
conventional coronary angiography. Iodine contrast is ad-
ministered, therefore, patients must be screened for this 
allergy.

A variety of postprocessing techniques is available. Maximal 
intensity projection (MIP) is utilized with a stack of im-
ages, depending on the chosen slice thickness. CT values 
are assigned to each pixel and the image is determined from 
the maximum value of all the pixels in the stack at that 
particular location. Curved multiplanar reformat (MPR) 
images follow the course of the vessel; the image has no 
plane name, but the entire vessel is depicted in one image. 
The vessel needs to be reviewed in multiple planes with 
the curved MPR technique. Volume rendered images are 
beautiful three-dimensional images that are visually ap-
pealing but nondiagnostic for assessment of atherosclerosis 
(Figure 54-14).

CT is not without risk, and one of the most concerning 
risks is the amount of radiation exposure to the patient. 
On average, the background radiation of the general public 
is 3 mSv a year; in comparison, a chest X-ray is 0.1 mSv. 
The average effective radiation dose is 0.7 to 2.0 mSV for 
calcium scoring and 18 to 20 mSv for CT angiography. 
Women are at a greater risk for cancer from radiation ex-
posure secondary to the breast tissue being radiosensitive. 
Any lowering of radiation will decrease risk of cancer. ECG-
triggered dose modulation (pulse modulation) limits image 
quality and decreases radiation during certain preset phases 
of the cardiac cycle by reducing tube current in phases of 
the cardiac cycle, which are more likely to have suboptimal 
coronary artery images.

Calcium Scoring

Calcium scoring is a simple and reproducible test that 
identifies calcium within the coronary artery tree 
(Figure 54-15). Presence of calcium within the coronary 
arteries is indicative of atherosclerosis, as it is the only 
known process to result in deposition of calcium within 

the intima, and it begins many years prior to the devel-
opment of symptoms or hemodynamically significant le-
sions. Therefore, coronary artery disease is identified on 
CT much earlier than it would be identified on stress 
tests. Intimal calcification is present in both obstructive 
and nonobstructive lesions, therefore, coronary artery cal-
cification is specific for detection of atheromatous plaque, 
but it is not specific for detection of an obstructive le-
sion. The most widely used method for quantifying coro-
nary calcification is the Agatston score. Calcium scoring 
of the coronary arteries provides a quantitative measure 
of the atherosclerotic burden, but it does not provide 

Figure 54-14. Volume rendered images. Visually appealing 
 images, which provide limited assessment for quantification 
of coronary stenosis.

Left main LAD Ramus LCX

Figure 54-15. Coronary calcification. Electron beam CT of the 
left coronary system in three different patients. There is no 
coronary artery calcium on the left image. There is mild to mod-
erate coronary calcium on the center image and severe extensive 
coronary artery calcium on the right image. (From Rumberger JA 
et al., Electron beam CT colonary calcium scanning: a review 
Mayo clin Proc. 1999;74:243–252.)
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information on severity of epicardial luminal narrowing 
(Table 54-2). Assessment for progression of atheroscle-
rosis can be serially monitored and helps determine the 
significance of treatment.

CT Angiography

CT angiography (CTA) of the coronary arteries has become 
increasingly available and is a relatively new technology. 
Assessment of the coronary arteries not only has the inher-
ent limitations of standard CT but also is affected by the 
movement of the heart throughout the cardiac cycle.

Numerous studies have examined the diagnostic accu-
racy of CTA compared to conventional invasive coronary 
 angiography. The sensitivity of CTA is greater than 85% 
and the specificity is greater than 90% with 64-slice scan-
ners. There is higher accuracy on a per-patient basis as 
opposed to a per-segment basis. CTA has a consistently 
high negative predictive value, but the positive predic-
tive value is lower, owing to the experience of the tech-
nologist (both with performing the scan and preparing 
the patient) and the experience of the interpreting physi-
cian. CTA can quantify stenoses, but there can be wide 
limits of agreement  between CTA and quantitative coro-
nary angiography (Figure 54-16). For example, CTA can 

overestimate the degree of stenosis in less significant le-
sions and underestimate the degree of stenosis in signifi-
cantly obstructive lesions.

CTA does not have the ability to reliably differentiate 
between high grade stenosis and coronary artery occlu-
sion because of the decreased spatial resolution to see the 
small lumen, and in either case, the vessel lumen appears 
interrupted. Long interruptions of the coronary vessel are 
typically secondary to total occlusion (Figure 54-17). It 
is difficult to assess collateral flow. CTA can be used to 
predict percutaneous recanalization success; the two key 
predictors are the length of the lesion and the extent of 
calcification. Recanalization success occurs more often in 
lesions that are shorter and have less calcification. There 
are a few studies that have shown that acute coronary 
syndrome plaques tend to have more positive remodeling, 
less frequent calcification, and lower density compared 
to stable plaques. Stable plaque is often calcified and has 
a higher density, whereas lipid rich plaque has a lower 
density.

Evaluation of the Symptomatic Patient

Exclusion of significant coronary artery disease can be 
performed with CTA in symptomatic patients with an 

Table 54-2 • Coronary Artery Calcium Score and Extent of Plaque Burden*†

EBCT Cal-
cium Score Plaque Burden 

Probability of 
Significant CAD 

Implications
for CV Risk Recommendations 

0 No identifiable plaque Very low, generally <5% Very low Reassure patient while discussing general 
public health guidelines for primary 
prevention of CV diseases 

1–10 Minimal identifiable 
plaque burden

Very unlikely, <10% Low Discuss general public health 
guidelines for primary prevention of 
CV diseases 

11–100 Definite, at least mild 
atherosclerotic plaque 
burden

Mild or minimal 
coronary stenoses likely

Moderate Counsel about risk factor modification, 
strict adherence with NCEP ATP II 
primary prevention cholesterol guidelines, 
daily ASAY 

101–400 Definite, at 
least moderate 
atherosclerotic plaque 
burden

Nonobstructive CAD 
highly likely, although 
obstructive disease 
possible

Moderately high Institute risk factor modification and 
secondary prevention NCEP ATP II 
guidelines. Consider exercise testing for 
further risk stratification 

>400 Extensive 
atherosclerotic
plaque burden

High likelihood (≥90%)
of at least 1 “significant” 
coronary stenosis.

High Institute very aggressive risk factor 
modification. Consider exercise or 
pharmacologic stress imaging to evaluate 
for inducible ischemia

* See text for more details.
† ASA = acetaminophen; CAD = coronary artery disease; CV = cardiovascular; EBCT = electron beam computed tomography; NCEP ATP II = National Cholesterol Education 
Program (Adult Treatment Panel II).
From Rumberger JA et al., Electron beam CT colonary calcium scanning: a review Mayo clin Proc. 1999;74:243–252.
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Figure 54-16. Correlation of CTA stenosis to cath QCA. Coronary artery stenosis on CT correlates with quantitative coronary 
angiography (cardiac cath), but there can be wide limits of agreement between the two. (Adapted from Curry Rc, et al,. Accuracy
of 16-slice multidetector CT to quantify the degree of coronary artery stenosis: Assessment of cross-sectional and longitudinal
vessel reconstructions. European Journal of Radiology. 2006 March; 57(3):345–350.)

Figure 54-17. Chronic total occlusion. Interruption of the 
proximal circumflex artery is seen due to a total occlusion of the 
vessel. The distal vessel opacifies with contrast, which is highly 
indicative of the vessel filling by collateral flow.

intermediate risk of CAD or in those with atypical chest 
pain. CTA is useful in symptomatic patients with equivocal 
stress test results, such as when there is a discrepancy be-
tween ECG findings and imaging findings (perfusion or wall 
motion abnormalities). CTA is not routinely recommended 
for the assessment of symptomatic patients with known 
CAD. Many coronary stents are not evaluable by CTA and 
higher temporal resolution is needed, but it is possible with 

larger stents (>3 mm) and in thinner patients. In post-
CABG patients, CTA can be used for assessment of symp-
toms in those who are felt to be at a high risk for undergoing 
cardiac catheterization and provides information regarding 
graft patency (Figure 54-18). CTA is an important diag-
nostic tool in patients undergoing redo open heart surgery, 

Figure 54-18. Post-CABG patients. CTA helped identify patency 
of this LIMA graft to the mid LAD. The bright structures along 
the graft are surgical clips that can sometimes hinder the visu-
alization of the graft lumen. For patients undergoing repeat sur-
gery, CTA can also demonstrate the distance between the bypass 
graft and the chest wall.
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Figure 54-20. Artifacts. Stair step artifact secondary to extra-
systolic beats or heart rate variability can be seen on sagittal or 
coronal views as misalignment of the imaging slabs.

Figure 54-21. Coronary calcification. Severe calcification within 
the LAD that precludes diagnostic assessment of the vessel.

because the relationship of the bypass vessels to the thorax 
can be determined, which helps determine the surgical ap-
proach. CTA can aid the diagnosis of coronary anomalies 
that may contribute to symptoms or sudden cardiac arrest 
(Figure 54-19).

Artifacts

Calcium within the vessel results in a blooming appearance 
of the calcium due to partial volume effects, thus, calcified 
plaques appear larger than their size. Partial volume effects 
can be reduced with higher spatial resolution. Streak ar-
tifacts are produced by metal from ECG clips, prosthetic 
valves, pacemaker wires, sternal wires, and stents. Beam 
hardening artifact is seen as a dark area adjacent to cal-
cium and occurs due to the filtering of X-ray by high den-
sity objects. Motion artifacts result in blurring of the image 
and can occur with faster heart rates or breathing during 
image acquisition. Motion artifacts can be reduced with 
multisegment reconstruction and decreased heart rates. 
Misalignment or step artifacts occur when there is an ir-
regular heart rate or breathing during image acquisition 
(Figure 54-20).

An absolute contraindication to CTA is the inability of 
the  patient to hold his or her breath or cooperate; rela-
tive con traindications include very heavily calcified vessels 
(Figure 54-21), frequent ectopy, atrial fibrillation, elevated 

Figure 54-19. Coronary anomalies. The left anterior descending 
artery arises from the right coronary artery and then traverses be-
tween the aorta and pulmonary artery to the left ventricle.

heart rate despite beta-blockade, and severe contrast allergy. 
The appropriateness criteria for cardiac CTA are located in 
Table 54-3. There are many noncoronary CT findings that 
need to be identified as well; these findings may include 
chamber enlargement, intra/extracardiac masses, valvular 
function, pulmonary embolus, aortic dissection, lung nod-
ules, and tumors.
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Table 54-3 • Appropriateness Criteria for Cardiac CT

Indication
Appropriateness Criteria 
(Median Score)

Detection of CAD: symptomatic—evaluation of chest pain syndrome (use of CT angiogram)

2. Intermediate pre-test probability of CAD•
ECG uninterpretable OR unable to exercise•

A (7)

Detection of CAD: symptomatic—evaluation of intra-cardiac 
structures (use of CT angiogram)

4. Evaluation of suspected coronary anomalies• A (9)

Detection of CAD: symptomatic—acute chest pain (use of CT angiogram)

6. Intermediate pre-test probability of CAD•
No ECG change and serial anaymes negative•

A (7)

Detection of CAD with prior test Results—Evaluation of chest 
pain syndrome (use of CT angiogram)

16. Uninterpretable or equivocal stress test (exercise, perfusion, or stress echo)• A (8)

Structure and function—morphology (use of CT angiogram)

28.  Assessment of complex congenital heart disease including anomalies of coronary •
circulation, great vessels, and cardiac chambers and valves

A (7)

29.  Evaluation of coronary arteries in patients with new coset heart failure to assess etiology• A (7)

Structure and function—evaluation of intra- and extra-cardiac 
structures (use of CT cardiac)

33. Evaluation of cardiac mass (suspected tumor or thrombus)•
Patients with technically limited images from echocardiogram, MRI, or TEE•

A (8)

34.  Evaluation of pericardial conditions (pericardial mass, constrictive pericarditis, or •
complications of cardiac surgery) 

A (8)

Patients with technically limited images from echocardiogram, MRI, or TEE•
35.  Evaluation of pulmonary vein anatomy prior to invasive radiofrequency ablation for atrial •

fibrillition
A (8)

36. Noninvasive coronary vein mapping prior to placement of biventricular pacemaker• A (8)
37.  Noninvasive coronary arterial mapping, including internal mammary artery price to •

repeat cardiac surgical revascularization 
A (8)

Structure and function—evaluation of aortic and pulmonary disease (use of CT angiogram*)

38. Evaluation of suspected aortic dissection or thoracic aortic aneurysm• A (9)
39. Evaluation of suspected pulmonary embolism• A (9)

*Non-gated, CT angiogram which has a sufficiently large field of view for these specific indications
Adapted from Hendel RC et al, Appropriateness Criteria for CCT/CMR. JACC 2006:1483.
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Stress modality

Exercise/treadmill stress

• Indications
0 Preferred method for any stress testing
0 Possible myocardial ischemia
0 Asymptomatic with moderate to high Framingham 

risk and high-risk occupation
0 Asymptomatic with high Framingham risk

• Cautions
0 Absolute

– Acute myocardial infarction (within 2d)

– High-risk unstable angina

– Uncontrolled cardiac arrhythmias causing symp-
toms or hemodynamic compromise

– Symptomatic severe aortic stenosis

– Uncontrolled symptomatic heart failure

– Acute pulmonary embolus or pulmonary 
infarction

– Acute myocarditis or pericarditis

– Acute aortic dissection
0 Relative

– Left main coronary stenosis

– Electrolyte abnormalities

– Severe arterial hypertension—systolic BP >200,
diastolic BP >110 mm Hg

– Tachyarrhythmias or bradyarrhythmias

– Hypertrophic cardiomyopathy and other forms 
of outflow tract obstruction

– Inability to exercise adequately

– High-degree atrioventricular block

– Severe aortic stenosis

– Left bundle branch block (LBBB)

Dobutamine

• Indications
0 Inability to exercise to goal
0 Reactive airway disease, if pharmacologic stress is 

needed
0 Possible low-output, low-gradient valvular disease

• Cautions
0 History of inducible ventricular arrhythmia
0 Baseline hypertension SBP >200, DBP >110 mm Hg
0 Cannot discontinue beta-blocker
0 LBBB, if SPECT is used

Vasodilator (dipyridamole or adenosine)

• Indications
0 Inability to exercise to goal
0 LBBB, when coupled with SPECT

• Cautions
0 Reactive airway disease
0 High grade AV nodal block or inducible heart 

block
0 Baseline hypotension

d PRACTICAL POINTS

(continued)
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Selection of appropriate stress testing is determined by mul-
tiple patient- and technique-specific factors. Obviously, 
none of these noninvasive tests are perfect and each test has 
certain strengths and limitations. In many cases, comple-
mentary tests are used for diagnosis and decisions for treat-
ment. In clinical practice, test selection and interpretation 
are individualized for each patient, and for this reason, the 
cardiology boards commonly use these appropriateness ques-
tions throughout the examination either as the question itself 
(“What test would be the best?”) or as a springboard to test 

other knowledge (“Of the possible agents for the stress test, 
what would be contraindicated given the patient’s medical 
history?”).

This chapter will serve to incorporate the knowledge re-
viewed in the previous chapters into instructive cases that 
will mimic the board format as well as your patients in clini-
cal practice. This chapter should be used to solidify your 
knowledge of noninvasive testing or point out certain weak-
nesses that should be reviewed further. This chapter will not 

Imaging modality coupled with a stress test above

ECG alone (no imaging)

• Indications
0 Able to exercise
0 ECG interpretable
0 Intermediate pretest probability

• Cautions
0 Paced or LBBB rhythm
0 ST depressions ≥ 1 mm
0 Preexcitation
0 Established CAD diagnosis without need for risk or 

ischemic assessment

Stress SPECT

• Indications
0 Intermediate pretest probability for CAD

− Includes acute and chronic chest pain, chest 
pain, and new heart failure

0 High pretest probability for CAD

− Nonevaluable ECG –OR- cannot exercise
0 Moderate Framingham risk and heart failure with-

out chest pain
0 Moderate to high Framingham risk

− High-risk occupation
0 Agatston calcium score ≥ 400
0 Idiopathic ventricular tachycardia
0 Preoperative evaluation, intermediate to high-risk 

surgery

• Cautions
0 Obesity or high likelihood of soft tissue attenuation
0 Irregular heart rates, if gating is required
0 Asymptomatic at low Framingham risk or with sta-

ble symptoms, <1 year from last test

Stress echocardiography

• Indications
0 Low pretest probability, uninterpretable ECG, and 

cannot exercise—symptomatic
0 Intermediate or high pretest probability

– Includes new LV dysfunction, atrial fibrillation
0 Equivocal prior stress test
0 Evaluation of medically managed CAD patients 

with worsening symptoms
0 Agatston calcium score ≥ 400
0 Viability
0 Equivocal aortic stenosis with low cardiac output 

(dobutamine)
0 Asymptomatic severe MR or AI
0 Preoperative evaluation, intermediate to high-risk 

surgery

• Cautions
0 Suboptimal windows

− Obesity and lung disease (contrast may help)
0 Asymptomatic at low Framingham risk or with sta-

ble symptoms, <1 year from last test

Stress MRI (dipyridamole or dobutamine)

• Indications
0 Not well defined, but likely similar to SPECT 

and echo

• Cautions
0 Low pretest probability
0 Cannot hold breath for imaging
0 Ferromagnetic metal (pacemakers, ICD, etc.)
0 Arrhythmias that impair reconstruction
0 Reactive airway disease
0 Severe claustrophobia

d PRACTICAL POINTS (continued)
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serve as a comprehensive overview of all of the modalities 
reviewed previously in this book but will put the test selec-
tion into a more practical format. We have also included a 
table with high yield facts drawn from the American College 
of Cardiology (ACC) and American Heart Association 
(AHA) guidelines to assist your studying.

For each case, you will be given a clinical vignette that was 
selected to highlight certain fundamental testing points as 
well as some more nuanced knowledge that may be required 
on the test. We will present questions at the end of each 
case along with further questions to highlight these teach-
ing points. When possible, we will review the guideline 
recommendations for Appropriate or Class I indications or 
Inappropriate/Class III indications.

CASE 1

A 53-year-old male presents for a cardiovascular evaluation. 
He has a past medical history of essential hypertension for 
10 years, which has been treated episodically, and a family 
history of premature coronary artery disease, with his father 
having a myocardial infarction and stent at 55 years. He 
is not a smoker and does not have diabetes. He takes hy-
drochlorothiazide 12.5 mg daily and atenolol 25 mg daily. 
Functionally, he exercises twice per week, riding his bike 
5 to 6 miles without symptoms, and can go up 4 flights of 
stairs without difficulty. He has been on a recent hike that 

included ascending 3700 vertical feet, but he noted some 
dyspnea at the halfway point that got better as he continued 
to the summit.

On physical examination, his blood pressure is 152/88 mm 
Hg, heart rate is 80 bpm, and pulse oximetry is 99% on room 
air. He is 224 lbs and 74 inches. His physical exam is remark-
able for a regular rate and rhythm with an S4. There are no 
cardiac murmurs or rubs. There is no evidence of peripheral 
vascular disease. His labs are notable for a hemoglobin of 
14.2 mg/dL, creatinine of 0.8, total cholesterol of 201 mg/
dL, HDL of 38 mg/dL, and calculated LDL of 134 mg/dL. 
His ECG is shown in Figure 55-1.

He desires a test to assess his “cardiovascular health” and for 
the dyspnea he encountered on the hike. What is the best 
diagnostic test for this individual and why? What are the 
best tests to assess prognosis for the patient?

CASE 1 ANSWER

In this case, the patient does have a family history for coro-
nary artery disease (CAD) and atypical symptoms for angina 
in the dyspnea he encountered while climbing the mountain. 
He has a low pretest probability for obstructive CAD with a 
10-year risk for a cardiovascular event by Framingham Risk 
Score 9%, but he may be closer to intermediate risk given 
his family history. Even so, any test for him will change his 
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Figure 55-1. ECG for Patient 1.
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probability only slightly (see Bayesian analysis). Computed 
tomographic angiography of the coronary arteries would also 
be an option here due to the high negative predictive value 
of the test. However, a coronary calcium score alone that 
does not assess the angiographic appearance of the vessels 
themselves is not enough for diagnosis but good for prognosis.

In general, for all stress tests, one should choose exercise 
stress testing above pharmacologic testing unless there is 
an obvious reason to choose pharmacologic agents. In this 
case, treadmill stress testing is most appropriate. Is treadmill 
ECG stress testing without imaging sufficient for diagnosis 
as well as prognosis? His ECG shows signs of left ventricular 
hypertrophy with ST depression seen in leads II, III, aVF, 
V5 and V6. With exercise, the ST segments can decrease 
further, but this is not due to epicardial coronary artery 
disease. This is prognostically important but diagnostically 
problematic. If ST depression is less than 1 mm, ECG-
treadmill testing alone can be considered. Given the base-
line >1 mm ST depression here, exercise testing needs to 
be coupled with imaging (Appropriate, Class I). Thus, a 
question that states, “All these tests could be considered to 
assess for obstructive coronary artery disease EXCEPT,” the 
correct answer is ECG treadmill alone.

In this case, one can choose any imaging modality to couple 
with the test including nuclear, echocardiography, or MRI. 
The modality with the most diagnostic and prognostic data 
is nuclear SPECT imaging, and with a negative nuclear 
stress test, the likelihood of a myocardial infarction over 
the next 2 years is less than 1%. In addition, the “warranty” 
on a nuclear stress test appears to be approximately 2 years. 
However, the specificity is generally better with stress 
echocardiography, which also has strong prognostic data. 
Stress MRI test performance is encouraging, but more data 
are needed in nonacademic settings.

CASE 1A

The patient is sent for a treadmill stress test with echocar-
diography. The patient exercises for 10 minutes 40 seconds 
on a Bruce protocol, achieving 13 METS. Heart rate in-
creases from 85 bpm to 165 bpm as blood pressure increases 
from 160/90 mm Hg to 210/112 mm Hg at peak exercise. 
The patient stops due to dyspnea and fatigue. Leads II, III, 
avF, and V4 to V6 have 1.5-mm horizontal ST depressions 
at peak stress that resolve within 3 minutes into rest. The 
heart rate decreases to 142 bpm 1 minute into recovery. The 
echocardiographic scan shows no ischemia or infarction.

Is this an adequate diagnostic test and what are the criteria? Are 
the ST depressions diagnostic for ischemia? Does the patient 
have ischemia or a prior infarction? What are the data that 
will be the most powerful for predicting a good prognosis?

CASE 1A ANSWER

The patient did have a diagnostic test by multiple criteria. 
The most commonly used criteria for an adequate test are:

 1. >85% of maximal predicted heart rate for age 
(=220 – age × 85%)

 2. >8 minutes of exercise on a Bruce protocol
 3. >10 METS of activity
 4. pulse rate product >22,000 bpm × mm Hg (= maximal 

heart rate × maximal blood pressure)

Thus, our patient had a diagnostic test by multiple perfor-
mance criteria.

As stated previously, the ST depressions are nondiagnostic 
for ischemia, not negative for ischemia. Given the ST repo-
larization abnormalities at baseline given the patient’s left 
ventricular hypertrophy (LVH), the ST changes are almost 
expected but are inadequate for diagnosis alone. With LVH 
and strain pattern, the sensitivity is unchanged but the spec-
ificity decreases from 77% to 69-70%. Given his negative 
echocardiogram for ischemia, he has a very low likelihood 
of having obstructive coronary disease.

Regarding prognosis, the best predictor is exercise capacity. 
Those patients with the worst exercise capacity have the 
worst prognosis, and exercise duration is an independent 
predictor of all-cause mortality. Other predictors that would 
portend an excellent long-term prognosis include a negative 
SPECT or echocardiographic scan for infarction or induc-
ible ischemia, normal ejection fraction, normal blood pres-
sure response, a Duke Treadmill Score >5, and a heart rate 
recovery of >12 bpm within 1 minute of recovery.

CASE 2

A 60-year-old patient is referred to you for chest discomfort 
and palpitations. The patient describes the chest discomfort 
as a substernal pain that radiates to the left side that began 
6 months ago. It is associated with anxiety and shortness of 
breath as well as palpitations, but no other factors. It occurs 
primarily with walking up 1 flight of stairs at his work, which 
he does rarely, although he can walk as far as he wants on a 
flat surface. The farthest he has walked recently is 2 blocks. 
The chest pain seems to get better at rest and when he re-
laxes. His palpitations are described as hard, single beats that 
can occur any time but are more frequent with the symptoms 
above. He is referred to you for appropriate further testing.

His past medical history is significant for morbid obesity, 
hypertension, palpitations, paroxysmal atrial fibrillation in 
the past, and borderline dyslipidemia. There is no premature 
coronary artery disease history. He takes aspirin (81 mg), 
warfarin, digoxin (0.125 mg), and atenolol (25 mg) daily. 
Physical examination reveals blood pressure of 160/86 mm 
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Hg, heart rate of 82 bpm, weight at 340 lbs (109 kg), height 
at 74 in (188 cm), and BMI of 44. Maximal waist circumfer-
ence is 41 in. Physical findings are significant for 2+ carotid 
pulse with normal carotid upstroke, distant heart sounds 
with regular rate and rhythm with occasional skipped beats, 
I/VI crescendo/decrescendo systolic ejection murmur at the 
right upper sternal border radiating to the base of the neck 
and no potentiation with the premature beats, and normal 
pulses. His ECG is shown in Figure 55-2.

Laboratory studies are significant for hemoglobin of 14.2 mg/
dL, creatinine of 1.0 mg/dL, fasting glucose of 146 mg/dL, total 
cholesterol of 228 mg/dL, triglycerides of 191 mg/dL, HDL of 
35 mg/dL, and LDL of 155 mg/dL. His hemoglobin A1C is 
9.2. An echocardiogram has limited visualization due to the 
patient’s obesity but was significant for aortic valve sclerosis 
without stenosis; there was overall normal biventricular func-
tion and valvular appearance and function otherwise.

What is the best diagnostic test for this individual? What 
facts lead you to this conclusion?

CASE 2: ANSWER

As in case 1, this is a patient with atypical chest pain, although 
somewhat more concerning for CAD given his presenting 
symptoms and risk profile. Noninvasive testing is likely the 

most appropriate initial test given his intermediate pretest 
probability by symptoms (Class I or Appropriate), although 
he is considered a cardiovascular disease equivalent by his 
newly diagnosed diabetes mellitus. Again, if treadmill testing 
can be performed, you should select this as the stress mo-
dality. Certain factors of this case warrant closer inspection 
regarding appropriate stress testing. This patient has baseline 
ST changes on the ECG and is in atrial fibrillation. He is 
also on digoxin, which can change repolarization. Although 
there is not a consensus in the ACC/AHA guidelines for 
<1 mm ST depression, patients on digoxin commonly have 
stress testing coupled with imaging. Again, look for >1 mm 
ST depression and use imaging, if present (Appropriate/Class 
I). For the boards, always consider digoxin changes when ST 
depression occurs in the setting of atrial fibrillation. The re-
polarization abnormality with > 1mm ST depression in our 
patient precludes treadmill testing alone. However, the most 
difficult problem is that the patient is obese. All imaging tests 
are more limited due to impairment of radiation emission (as 
in nuclear testing) or transmission of the imaging signals (as 
in computed tomography [CT], magnetic resonance [MR], 
or echocardiography). For nuclear medicine, his excessive 
weight and relatively modest waist circumference suggest he 
will have significant upper body soft tissue and, likely, signifi-
cant attenuation. 201Thallium radioisotopes should not be 
used for obese patients. Attenuation correction algorithms 
or the use of CT attenuation may be used, although these 
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are not readily available everywhere and validation is lack-
ing. Positron emission tomography (PET) radiotracers have 
higher energy photons that are better at penetrating tissue 
and may be a very good option; availability is also a problem 
for this technology. We are then left with echocardiography, 
CT, or MRI. In this case, echocardiography will also be lim-
ited but may be improved by contrast agents. Both CT and 
MRI will be noisy due to his obesity but will likely be inter-
pretable. Other parts of this case, however, help further hone 
the appropriate test modality.

The patient is in atrial fibrillation on his ECG. CT and 
MRI use ECG-gated imaging and rely on a relatively steady 
heart rate to create interpretable images; this would be dif-
ficult to ensure given the irregularity of his atrial arrhyth-
mias. The ECG gating on the nuclear scan would also be 
affected and, thus, left ventricular function and wall motion 
analysis may not be possible. However, nuclear perfusion 
images would be possible. We are again left with nuclear 
or echocardiographic imaging and either would be correct, 
although echocardiography may require echocontrast for 
optimal evaluation. Given the anticipated limited echocar-
diographic windows, which will likely be worse after exer-
cise, we will try nuclear imaging.

CASE 2A

The patient was sent for treadmill nuclear perfusion testing. 
He exercised for 6 minutes 10 seconds on a Bruce protocol and 
stopped due to shortness of breath and fatigue. Peak heart rate 
was 145 bpm with a peak blood pressure of 178 mm Hg. Heart 
rate was 138 one minute postexercise. He had chest discom-
fort similar to his prior symptoms at 4 minutes that was maxi-
mally 4/10 at peak exercise. His symptoms resolved within 5 
minutes of stopping exercise. The ECG showed 2- to 2.5-mm 
horizontal to downsloping ST depression in the inferior and 
lateral leads. He was injected with a 99mtechnetium at peak 
exercise and at rest. This showed no perfusion abnormality in 
the resting or stress images. ECG gating could not be obtained. 
The patient was started on appropriate medications for his risk 
factors and sent home. He called with continuing chest pain 
symptoms with less activity and now episodically at rest.

What is the most appropriate next step?

CASE 2A: ANSWER

The patient has continuing symptoms now more concerning 
for myocardial ischemia. Given his rest chest discomfort, by 
definition, he has unstable angina and should be urgently 
evaluated. The patient should be considered for either repeat 
stress testing with another modality or, more appropriate, in-
vasive coronary angiography due to a potential high risk of 
adverse events in case of a false negative stress test (Class I).

CASE 2B

The patient underwent cardiac catheterization, which 
revealed a proximal 80% stenosis of the left anterior 
descending artery, 60% mid left circumflex, and diffusely 
diseased right coronary with mid 90% stenosis.

Why was the stress test negative? What items in the evalua-
tion suggest that this degree of disease was present? What is 
the most appropriate intervention?

This is the classic case for balanced ischemia. Nuclear SPECT 
imaging measures perfusion by agents that are delivered and 
trapped in myocardial cells. Recall that ischemia by SPECT 
is measured by comparing the perfusion in a “normal” seg-
ment to a hypoperfused segment. In the setting of multives-
sel disease, the entire myocardium is hypoperfused and the 
perfusion map appears normal as there is no normal segment 
for comparison. This is commonly seen in patients with dia-
betes who are not only at a higher risk of coronary disease 
but also at a higher risk of diffuse disease and multivessel 
disease. A transient ischemic dilation measure could have 
been provided, which is a measure of relative endocardial 
ischemia and may have suggested multivessel disease (see 
Nuclear chapter). The left ventricular function could also 
have been helpful, if the systolic function is decreased or 
decreases with exercise (see Nuclear chapter). Other items 
that may suggest ischemia are the limited exercise capacity, 
the blunted blood pressure response (160-178 mm Hg), and 
the impaired heart rate recovery. If echocardiography was 
used successfully, his wall motion would have likely been 
abnormal at peak stress.

CASE 3

A 60-year-old male with a past medical history of a non-ST 
myocardial infarction 1 year ago with decreased left ventric-
ular function presents with worsening dyspnea on exertion. 
He endorses a decreased exercise capacity from ½ mile pre-
viously to 2 blocks currently. He notes 3 pillow orthopnea 
with paroxysmal nocturnal dyspnea 1 to 2 times per night 
over the past month. He also has increasing lower extremity 
edema to his knee. With exertion at 4 to 5 blocks, he has 
episodic angina pain that is unchanged from his prior symp-
toms. He has no other symptoms.

Past medical history includes non-ST elevation myocardial 
infarction approximately 1 year ago presenting with an-
gina. Cardiac catheterization then showed a 70% proximal 
left anterior descending (LAD) lesion, 50 to 60% first ob-
tuse marginal stenosis, and a hazy 50% posterior descend-
ing artery stenosis in a right dominant system. The LAD 
was stented with a drug-eluting stent. His echocardiogram 
showed normal left ventricular function at that time. He 
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also has a history of tobacco (quitting 1 year ago) and mild 
dyslipidemia for which he is on a statin drug. There is no 
premature coronary disease or heart failure in his family. He 
has low back pain that limits his exercise capacity to ½ mile 
typically. He is on a beta-blocker, ACE inhibitor, aspirin, a 
statin drug, a low dose diuretic, and a dihydropyridine cal-
cium channel blocker. He continues to smoke his 1 pack per 
day of cigarettes, which he has done for the past 35 years.

Physical examination showed a blood pressure of 
112/75 mm Hg, heart rate of 55 bpm, respiratory rate of 12 
rpm, and pulse oximetry of 98% on room air. His jugular ve-
nous distention was estimated at 10 cm H2O. A II/VI holosys-
tolic murmur was noted at the apex. Dorsal pedal pulses were 
1+, but the physical examination was otherwise negative.

An echocardiogram was significant for a left ventricular 
ejection fraction of 30% with thinning of the anterior and 
anteroseptal with akinesis, 2+ mitral regurgitation, and pul-
monary pressures of 40 to 45 mm Hg.

What is the best test for evaluation of this patient?

CASE 3: ANSWER

Cardiac catheterization is the optimal first test for this patient 
given his high-risk symptoms and known CAD (Class I). 
Left heart catheterization and angiography would give the 
most anatomic and physiologic information (such as left 
ventricular pressures) to help guide you at this point. The 
patient has known coronary disease and a stent and, thus, 
CT would not be optimal due to decreased sensitivity for in 
stent stenosis.

CASE 3A

The patient undergoes cardiac catheterization, which shows 
a 95% LAD stenosis distal to the stent and a 60 to 70% 
obtuse marginal stenosis as well as a 40% mid right coronary 
stenosis and 60 to 70% posterior descending artery stenosis.

What is your approach now?

CASE 3A: ANSWER

At this point, our questions change to the following: (1) 
Is the anterior wall viable? (2) Are the myocardial regions 
supplied by the other stenotic vessels ischemic? The selec-
tion of a stress test for this individual is not easy, but you 
should strive to address both questions. The major issues 
for stress test selection are (1) the decreased ejection frac-
tion, (2) three-vessel coronary disease, and (3) heart failure 
symptoms. Let us take these issues in turn. The patient has 

a decreased ejection fraction at baseline, which means that 
use of a “functional” assessment as a measure of ischemia will 
have decreased sensitivity since wall function may only get 
slightly worse despite ischemia. Further, the patient has mul-
tivessel disease, and balanced perfusion defects with nuclear 
scanning may lead to a false negative scan. PET or cardiac 
MRI may overcome this problem with quantitation of myo-
cardial blood flow, but these are available only at specialized 
centers. Any stress test, especially dobutamine and exercise, 
are generally considered safe but are more likely to cause 
significant arrhythmias in patients with decreased ejection 
fraction and should be used with some caution. Finally, the 
heart failure symptoms as well as his low back pain may limit 
the patient from achieving an adequate treadmill test.

Given all of these issues, the tests that are most likely to 
yield the best result are (1) a pharmacologic vasodilator 
SPECT examination possibly with redistribution, (2) dobu-
tamine echocardiogram, (3) vasodilator MRI stress with 
delayed gadolinium enhancement, or (4) vasodilator stress 
PET with radiotracers for perfusion and infarct imaging. 
Recall that both 99mTc and 201thallium radiotracers can iden-
tify infarction with SPECT, although patients with possible 
infarction, like our patient, may benefit from thallium redis-
tribution imaging to assess for infarction versus “hibernat-
ing” myocardium. Dobutamine echocardiogram can identify 
early recruitment of hypoperfused myocardium at low dobu-
tamine doses to suggest myocardial viability. Both MRI and 
PET will measure both perfusion and infarction and may be 
the optimal stress agents here, although availability is lim-
ited, as stated previously. Table 55-1.

CASE 4

In the clinic, you are seeing a 64-year-old male patient who 
just moved to the area to establish care. He had been no-
ticing progressive complaints of dyspnea with exertion over 
the last few months. He has a history of dyslipidemia. Before 

Table 55-1 • Diagnostic Performance 
of Modalities for CAD

Diagnostic Test Sensitivity Specificity
Sensitivity for 
LM or 3vCAD

SPECT 0.88 0.77 0.98

Echo
[dobutamine]

0.86 [0.82] 0.81 [0.84] 0.94

PET 0.89 0.86 NA

ETT ECG only 0.68 0.77 0.86

MRI 0.88-0.91 0.67–0.90 NA

Cardiac CT 0.97 0.90 0.99

Abbreviations: LM = left main, 3vCAD = three-vessel coronary artery disease.
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he moved, his work-up included a cardiac catheterization, 
which showed minimal, nonobstructive coronary artery dis-
ease. He also underwent a transthoracic echo, which showed 
a mildly dilated left ventricle with an LVEF 24%. There was 
a peak aortic antegrade velocity of 3.3 m/s, mean gradient of 
25 mm Hg, and continuity equation valve area of 1.2 cm2. 
He also underwent a transesophageal echo that showed a 
trileaflet aortic valve with calcific changes of the leaflets 
and valve area by planimetry of 0.9 cm2. His biological fam-
ily history is unknown, as he was adopted. His medications 
include lisinopril, carvedilol, and simvastatin.

On physical examination, blood pressure is 128/64, heart 
rate is 84 bpm, weight is 205 pounds, and height is 70 inches. 
He appears his stated age. The carotid pulse has a normal 
upstroke. The radial pulses are regular with a rare premature 
beat and equal bilaterally. The femoral pulses are normal 
without any radial to femoral delay. Jugular venous disten-
sion is not noted nor is hepatojugular reflux. On palpation 
of the heart, the apical impulse is broad and located in the 
fifth intercostal space but displaced lateral to the midclavic-
ular line. On auscultation of the heart, the heart rate has a 
normal rhythm and regular rate with a rare premature beat. 
S1 and S2 are normal without any S3 or S4. S2 is noted to 
split with inspiration. There is a 3/6 crescendo decrescendo 
murmur heard loudest over the 2nd intercostal spaces near 
the sternum, which radiates to the suprasternal notch. The 
murmur does not change with respiration. Lungs were clear.

His ECG demonstrates normal sinus rhythm, left atrial 
abnormality, and nonspecific T wave abnormalities. Her 
serum blood tests include a hematocrit of 42, BUN of 14, 
creatinine of 1.0 mg/dL, calcium of 8.7 mg/dL, and TSH of 
1.4 mg/dL.

What are your recommendations to this patient? Is any fur-
ther diagnostic testing indicated?

CASE 4: ANSWER

In this case, there is a clinical concern of aortic stenosis 
given the calcific changes in the valve leaflets and the in-
creased aortic antegrade velocities. Although these numbers 
are not severe by established criteria, the reduction in left 
ventricular systolic function may confound this. The aortic 
valve is designed so that it opens only when the pressure 
in the left ventricle exceeds the aortic pressures. If systolic 
ventricular pressures are limited, the aortic valve does not 
open fully nor generate an adequate transvalvular velocity 
due to left ventricular dysfunction and notes a result of in-
trinsic aortic valve disease. This is also known as low-flow, 
low-gradient aortic stenosis. In this case, we postulate that 
aortic stenosis may be severe and is resulting in left ven-
tricular dysfunction. The clinical conundrum is as follows: 

(1) Is the patient’s dyspnea related to his aortic stenosis? 
(2) Is the aortic stenosis severe enough to be causing the left 
ventricular dysfunction? (3) Will this patient benefit from 
aortic valve replacement surgery?

These questions can be answered with the help of stress 
 testing and a dobutamine echocardiogram is most help-
ful (Appropriate, Class IIa). Dobutamine challenge during 
cardiac catheterization is also an acceptable alternative. 
Dobutamine is infused in stages to augment the stroke vol-
ume and determine its  effects on the antegrade velocity, gra-
dient, and valve area.

CASE 4A

A dobutamine stress echo is performed and the results from 
the study are as follows:

Stage
LVEF 
(5)

LVOT 
Velocity 
(m/s)

Aortic
Velocity 
(m/s)

Aortic
Valve 
Area
(cm2)

Mean
Gradient
(mm Hg)

Rest 24 0.66 3.1 0.9 21

5 mcg 28 0.77 3.3 1.1 23

10 mcg 30    1.0 3.4 1.2 25

20 mcg 35    1.3 3.5 1.4 26

CASE 4A ANSWER

The first thing to determine is if the patient had an increase 
in stroke volume. This can be determined by calculating the 
LVEF or by calculating the stroke volume using the ejection 
fraction or area of the LVOT and the velocity time integral 
in the LVOT. This is known as the contractile reserve. The 
patient here has evidence of having an increase in stroke 
volume with increased LVEF and the LVOT velocity. Note 
that if patients do not exhibit contractile reserve with dobu-
tamine infusion, this portends a poor prognosis no matter 
the therapy that is selected.

The next step is to determine the response of the antegrade 
velocity, gradient, and valve area to dobutamine infusion. In 
this case, there was an increase in the aortic valve area by 
more than 0.2 cm2 without a significant increase in antegrade 
velocity or mean gradient. This suggests that the reduced 
valve area at rest overestimated the severity of aortic stenosis 
present. Here, reduced leaflet exercusion was likely due to 
reduced stroke volume from left ventricular dysfunction.

If a significant increase in the antegrade velocity or gradient 
is seen with dobutamine infusion and this is coupled with a 
failure to increase the valve area by more than 0.2 cm2, this 
is suggestive of significant aortic stenosis caused by disease 
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in the leaflets. These patients are recommended for surgery 
to have an aortic valve replacement (Class I).

CASE 5

You are asked by your colleague to see a 49-year-old male 
who is reporting atypical anginal symptoms for the past 
3 months. He works as a landscaper and has noticed these 
symptoms about midday. The past 3 months have coincided 
with more work because of the summer months for his busi-
ness. He describes heavy exertional activities at work, which 
include moving plants, stones, bricks, and soil. The patient 
thought his symptoms were those caused by acid reflux and 
so began taking a daily regimen of over-the-counter raniti-
dine. He reports that this had no change in his symptoms. 
He has a history of hypertension for which he takes amlod-
pine. One year ago, his brother had a percutaneous coronary 
revascularization procedure at the age of 55. He smoked in 
college but quit soon after.

On physical exam, his blood pressure is 148/94, heart rate 
is 68, weight is 205 pounds, and height is 71 inches. Lungs 
were clear. The carotid, radial, and femoral pulses are all 
normal. Jugular venous distension is not present. The car-
diac impulse is located in the fifth intercostal space in the 
mid-clavicular line. Palpation of the sternum and ribs does 
not reproduce the pain. There is a regular rate and rhythm. 
Normal S1 is present. With inspiration, there is a single S2, 
which is split in expiration. There are no murmurs, rubs, 
or gallops appreciated. You decide that a stress test is war-
ranted. Which test would you order?

CASE 5 ANSWER

Exercise testing is the modality of choice provided the patient 
is capable. However, this case presents some challenges. As 
mentioned previously, the physical exam is heavily emphasized 
for the cardiology board exam. There is a clue in the physi-
cal exam, which might suggest that exercise is not warranted. 
The presence of single S2 with inspiration and a split S2 with 
expiration suggests the presence of a left bundle branch block. 
Although an exercise treadmill test provides very useful data 
about the exercise endurance, hemodynamic response to ex-
ercise, and the impact of exercise on symptoms such as chest 
pain, a left bundle branch block renders the ST segments un-
interpretable for the diagnosis of myocardial ischemia.

Although the patient can exercise in this case, perform-
ing an exercise SPECT with left bundle branch block 
can result in a false positive test result. With increases in 
heart rate such as that which occurs with either exercise or 
dobutamine, this results in differential perfusion or a partial 
volume reconstruction defect of the ventricular septum in 
patients with a left bundle branch block. Therefore, if an 
exercise or dobutamine SPECT is performed, a false positive 
perfusion defect of the septum may be seen with stress but 
is not present at rest (reversible defect), resulting in mis-
interpretation of myocardial ischemia (Class IIb). The best 
choice is to perform either a vasodilator stress with imaging 
or an exercise echo in this case. Left bundle branch block 
usually results in an early inward motion of the septum and 
diagnosis of wall motion abnormalities can be more diffi-
cult. Finally, another option, if the exercise data are desired, 
is to perform the exercise treadmill to obtain the exercise 
data but not to inject the radiotracer. Instead, a separate 
vasodilator stress study can be performed and the radiotracer 
can be injected at this point.
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• There does not appear to be one common pathway 
that can be targeted to reverse the pathological re-
modeling of the heart, but several complex signaling 
cascades contribute. 

• The two basic patterns of cardiac hypertrophy are 
concentric (where sarcomeres are added in paral-
lel fashion due to systolic wall stress) and eccentric 
(where sarcomeres are added in series due to dia-
stolic wall stress).

• β-adrenergic receptor (β-AR) signaling regulates dy-
namic changes in myocardial function, with β1-AR
isoform predominant over β2-AR.

• Calcium (Ca2+) is the central second messenger in-
volved in the translation of electrical signals into me-
chanical activity in the heart, with alterations in Ca2+

homeostasis resulting in contractile dysfunction and 
malignant arrhythmias.

• The Ca2+-cycling defects identified in failing hearts are 
(a) reduced Ca2+ transients, (b) impaired sarcoplasmic 

reticulum (SR) Ca2+-release that is associated with a 
diastolic Ca2+ leak, and (c) reduced SR Ca2+-uptake.

• Degradation of the extracellular matrix, primarily 
composed of Type I collagen, has been noted in di-
lated cardiomyopathy due to an imbalance of matrix 
metalloproteinases and inhibitors.

• In the failing heart, studies have shown there is a 
progressive loss of myocytes through apoptotic, ne-
crotic, or autophagic cell death pathways. 

• The neurohormonal cascade contributes to progres-
sive myocardial remodeling, from prolonged activation 
of both the sympathetic (beta- adrenergic receptors) 
and renin-angiotensin-aldosterone systems.

• Inflammation, with increased levels of cytokines 
(TNFα and IL-1), has also been shown to play a sig-
nificant role in the pathogenesis of heart failure and 
cardiac remodeling. 

d PRACTICAL POINTS

Heart failure is a clinical syndrome that develops when 
the heart is unable to pump the amount of blood needed 
to meet the body’s metabolic demands at rest and/or with 
exertion at normal filling pressures. Symptoms of fatigue, 
dyspnea, fluid retention, and exercise intolerance mani-
fest from this imbalance of supply and demand and supra-
physiologic end-diastolic pressures. Over the past several 
decades, there have been intense research efforts aimed 
at elucidating the mechanisms of heart failure and un-
derstanding the pathophysiology of the failing ventricle. 

Despite the medical advances made in understanding this 
disease, the prevalence of heart failure continues to in-
crease with associated high rates of morbidity and mor-
tality that affect our society with extraordinary social and 
economic costs.1 Thus, there continues to be great inter-
est and dedication invested in better understanding the 
pathophysiology of heart failure, elucidating the molecular 
mechanisms involved in the progression of heart failure 
and targeting novel therapeutic strategies to prevent fur-
ther deterioration of left ventricular function, as well as 
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decreasing the prevalence, morbidity, and mortality associ-
ated with this disease. 

The cardiovascular system responds with compensatory mea-
sures to preserve cardiovascular homeostasis in the setting of 
left ventricular dysfunction including the activation of the 
sympathetic nervous system and the renin-angiotensin-aldos-
terone system. In the short term, this adaptation increases car-
diac output and maintains adequate blood flow to vital organs; 
however, over a long period of time, sustained sympathetic 
and neurohormonal activation as well as enhanced release of 
endothelin, cytokines, and growth factors trigger intracellu-
lar signal transduction cascades that are maladaptive for the 
heart and alter cellular and organ morphology and function. 
This results in adverse effects on cardiac structure through the 
process known as ventricular remodeling. Different types of 
stress stimuli couple with different signal pathways, as demon-
strated in Figure 56-1. For example, protein kinase A (PKA), 
protein kinase C (PKC), mitogen-activated protein kinase 
(MAPK), calcineurin, and Ca2+/calmodulin-dependent ki-
nase II (CaMKII) are some of the kinases and phosphatases 
activated and involved in the intracellular signaling pathways 
that regulate and modulate gene transcription in the heart. 
Although it is not the focus of this chapter to review each 
individual signal transduction cascade identified in heart fail-
ure, it is important to point out that there does not appear to 
be one common pathway that can be targeted to reverse the 
pathological remodeling of the heart; rather, several complex 
signaling cascades contribute in parallel to alter the phenotype 
of the cardiomyocyte and molecular regulation of the heart.

In this chapter, we focus on the molecular mechanisms of 
heart failure, specifically the patterns of left ventricular hy-
pertrophy and alterations observed in β-adrenergic receptor 
signal transduction, excitation-contraction (EC) coupling2 
and Ca2+-handling, myofilament and cytoskeletal proteins, 
the extracellular matrix, and cell death.

PATTERNS OF HYPERTROPHY

Two basic patterns of cardiac hypertrophy occur in response 
to hemodynamic overload. When the ventricle is subjected 
to sustained systolic wall stress (or pressure overload as occurs 
in systemic hypertension and aortic stenosis), the cardiomyo-
cyte increases its cross-sectional area and adds sarcomeres in 
a parallel fashion.2,3 This results in a pattern of hypertrophy 
characterized by increased ventricular wall thickness and is 
referred to as concentric hypertrophy (Figure 56-2). In addi-
tion, there is an accumulation of collagen between myocytes 
in concentric hypertrophy that is associated with ventricular 
stiffening and contributes to impaired diastolic dysfunction. 
In contrast, when there is increased ventricular diastolic 
wall stress (or volume overload as occurs in mitral and aor-
tic insufficiency), the cardiomyocyte increases its length by 

adding sarcomeres in a series.2,3 This results in a pattern of 
hypertrophy characterized by increased internal ventricu-
lar dimension referred to as eccentric hypertrophy (Figure 
56-2). Eccentric hypertrophy is associated with increased 
turnover of collagen, contributing to the increased cham-
ber diameter. In each of these patterns of hypertrophy, the 
cardiomyocyte’s response to a specific type of biomechanical 
stress is mediated by the release of various neurohormones, 
growth factors, cytokines, or reactive oxygen species, which 
subsequently activate different signal transduction cascades 
that alter the expression levels of a number of genes.4

In hypertrophy, the growth of myocytes is activated by small 
molecules such as adrenergic agonists and prostaglandins, as 
well as the release of peptides (e.g., endothelin-1 and angio-
tensin II), growth factors (e.g., IGF-1, neuregulin-1), and 
cytokines (e.g., IL-6/cardiotropin 1). Some of these signals 
are known to play a role in the physiologic growth of the 
heart (IGF-1 and cardiotrophin 1) and conceptually may be 
triggers for adaptive hypertrophy. Others are primarily con-
sidered stimuli for maladaptive hypertrophy (endothelin-1 
and angiotensin II). There are many signaling molecules that 
have been associated with hypertrophy, including (a) recep-
tor tyrosine kinases, cytokine, and G-protein coupled re-
ceptors; (b) serine/threonine kinases (such as Akt, MAPK, 
and CaMKII); (c) transcription factors (including STAT3, 
MEF2, and NFAT); and (d) protein phosphatases (such as 
calcineurin). Each of these has been implicated in both 
adaptive, physiological hypertrophy as well as pathological 
hypertrophy. A key determinant appears to be the duration 
and magnitude of activation of a given pathway, with pro-
longed and greater degrees of activation, in general, being 
associated with the promotion of pathological remodeling.

ALTERATIONS IN 
SIGNALING PATHWAYS

Alterations in β-Adrenergic
Receptor Signal Transduction

β-adrenergic receptor (β-AR) signaling is known to criti-
cally regulate dynamic changes in myocardial function.5 
β-ARs are part of a superfamily of G-protein-coupled re-
ceptors (GPCRs). There are two main isoforms of β-ARs 
expressed in the heart, β1-AR and β2-AR. β1-AR is the pre-
dominant isoform expressed. In the nonfailing heart, studies 
have shown the β1-AR:β2-AR ratio to be 70:30.6 Both β1- 
and β2-ARs activate Gs and couple to adenylyl cyclase, gen-
erating increased levels of cAMP that activates PKA. PKA 
is involved in the phosphorylation of several downstream 
targets, such as the L-type Ca2+channel, ryanodine recep-
tor, phospholamban, troponin I, myosin binding protein-C, 
and titin, which results in enhanced cardiac inotropy and 
lusitropy. Increased chronotropy results from cAMP directly 
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Figure 56-1. Signal transduction cascades involved in left ventricular remodeling. A schematic illustration of common signaling 
pathways involved in altering cardiomyocyte function and growth. Stress stimuli (catecholamines, neurohormones, cytokines, and 
growth factors) bind to cell surface receptors, activating intracellular signaling pathways that influence and regulate the expression
of cardiac hypertrophic genes. β-AR, β-adrenergic receptor; GPCR, G-protein coupled receptor; RTK, receptor tyrosine kinase; NE, 
norepinephrine; ET-1, endothelin-1; AngII, angiotensin II peptide; TNF-α, tumor necrosis factor-α; NRG, neuregulin; IL-1, interleu-
kin-1; IGF-1, insulin growth factor-1; AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; PKA, cyclic AMP protein kinase;
PLC, phospholipase C; JAK, Janus kinase; STAT, signal transducer and activator of transcription; PI3K, phosphatidylinositol 3-kinase;
PKC, protein kinase C; DAG, diacylglycerol; MAPK, mitogen-activated protein kinase; IP3, inositol (1,4,5)-triphosphate; CAMKII,
 calcium/calmodulin- dependent protein kinase II; MEK, mitogen-activated protein kinase kinase; NFAT, nuclear factor of activated
T cells; GATA4, GATA binding protein 4; MEF2, myocyte enhancer factor 2; HDAC, histone deacetylase; SRF, serum response factor;
NF-κB, nuclear factor κB.
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stimulating the hyperpolarization-activated cyclic nucle-
otide-gated cation channel. In addition to coupling with 
Gs, the β2-ARs also have the ability to couple with Gi, 
which has been shown to decrease cAMP levels, mediate 
antiapoptotic effects (via activation of Akt/protein kinase 
B and phosphatidylinositol 3-kinase kinases)7, and regulate 
cardiac hypertrophy (via activation of MAPK pathways)8.

The cardiomyocyte also has the ability to modulate 
β-adrenergic signaling when sustained β-AR stimulation oc-
curs through a process called desensitization.9 Desensitization 
occurs via two pathways: phosphorylation of the β-AR’s cy-
toplasmic tail by PKA or by a G-protein-coupled receptor ki-
nase called β-agonist receptor kinase (βARK). It is interesting 
that desensitization of the β-AR by βARK also involves an-
other protein called β-arrestin, which is a scaffolding protein. 
Phosphorylation of the β-AR by βARK increases the binding 
affinity of β-arrestin for the receptor’s cytoplasmic loop that 
results in impaired G-protein binding and reduced receptor 
responsiveness, as well as internalization of the ligand bound 
receptor to clathrin coated pits (Figure 56-3).9 
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extracellular matrix resulting in different patterns of cardiac 
hypertrophy. 
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In the setting of heart failure, there is pronounced activa-
tion of the sympathetic nervous system that has been shown 
to be inversely correlated with survival.10 A reproducible 
collection of biochemical defects has been observed in the 
β-AR signaling pathway of failing hearts. There is a marked 
selective downregulation of β1-ARs (~50%) with no change 
in β2-AR levels.11,13 In addition, the functional coupling 
of the remaining receptors to the Gs-adenylyl cyclase sys-
tem is reduced.14 Furthermore, in failing hearts, the βARK 
activity and mRNA levels are increased, and this appears 
to contribute to β-AR desensitization.15 Thus, although 
ventricular systolic function is decreased in the setting of 
heart failure, reduced sensitivity of myocardium via recep-
tor downregulation and desensitization prevents sustained 
inotropic response. 

Whether or not adrenergic desensitization is an adaptive 
mechanism to reduce the cytotoxicity associated with sus-
tained adrenergic signaling (see below), it is very clear that 
pharmacologic desensitization of adrenergic signaling in sys-
tolic heart failure with β-AR blockers is beneficial and pre-
vents adverse myocardial remodeling as well as arrhythmias. 
However, research elucidating the role of βARK in various 
animal models of heart failure suggests that βARK mediated 
activity in the setting of heart failure is adaptive. Different 
transgenic mouse models of heart failure demonstrate im-
proved β-adrenergic signaling and hemodynamics, reduced 
hypertrophy, and increased survival with overexpression of 
a C-terminal βARK peptide, which functions as a βARK 
inhibitor.12,16,17,18,19 Similar findings were demonstrated in 
failing human cardiomyocytes after adenoviral-mediated 
gene transfer of the βARK inhibitory peptide.20 Thus, these 
findings suggest that increased βARK activity contributes 
to the progression of heart failure. How these findings inte-
grate with the known therapeutic effects of β-AR blockers 
remains to be fully elucidated.

Alterations in Excitation-contraction 
Coupling and Ca2+- Handling

Excitation-contraction coupling is a highly coordinated and 
regulated process in the cardiomyocyte. Calcium (Ca2+) 
is the central second messenger involved in the transla-
tion of electrical signals into mechanical activity in the 
heart. Alterations in Ca2+ homeostasis result in contractile 
dysfunction and malignant arrhythmias, as seen in failing 
hearts. During an action potential, Ca2+ enters the myocyte 
via voltage-activated L-type Ca2+ channels as illustrated in 
Figure 56-4. This small influx of Ca2+ is called trigger Ca2+, 
which induces a much larger release of Ca2+ from the sar-
coplasmic reticulum (SR) via the SR Ca2+ release chan-
nel known as the ryanodine receptor (RyR2). This process 
is called Ca2+-induced Ca2+-release.21 Increased cytosolic 
concentrations of Ca2+ activate the myofilaments via the 
binding of Ca2+ to troponin C, resulting in the displacement 

of tropomyosin and allowing actin-myosin cross-bridge for-
mation to take place. For relaxation to occur, the cytosolic 
concentration of Ca2+ must decrease in order to allow Ca2+ 
to dissociate from troponin. Ca2+ returns to diastolic levels 
primarily via two pathways. A large proportion of the cy-
tosolic Ca2+ (70%) is sequestered into the SR via the SR 
Ca2+-ATPase (SERCA2a) and a smaller amount (28%) is 
removed toward the extracellular space via the Na+/ Ca2+ 
exchanger (NCX) located in the sarcolemma.21 The re-
maining Ca2+ in the cytosol is removed by the sarcolemma 
Ca2+-ATPase and the mitochondrial Ca2+ uniporter (Figure 
56-4). Sequestration of Ca2+ into the SR by SERCA2a is 
regulated by the phosphoprotein phospholamban (PLB). In 
its dephosphorylated state, PLB inhibits SERCA2a activity. 
PLB can be phosphorylated by PKA or CaMKII, thereby 
releasing its inhibition on SERCA2a and consequently in-
creasing SR Ca2+-uptake activity.22 Thus, for the myocyte to 
be in a steady state with respect to Ca2+ balance, the amount 
of Ca2+ removed from the cell during relaxation must equal 
the amount of Ca2+ entering the cell on a beat to beat basis. 
Furthermore, the amount of Ca2+ released from the SR by 
the RYR2 must equal the amount of Ca2+ resequestered 
into the SR by SERCA2a. When abnormalities in Ca2+-
handling manifest, the heart develops problems with elec-
trical and mechanical coupling, resulting in arrhythmias as 
well as problems with contraction and relaxation.23,24,25,26,27 
The Ca2+-cycling defects identified in failing hearts are (a) 
reduced Ca2+ transients, (b) impaired SR Ca2+-release that 
is associated with a diastolic Ca2+ leak, and (c) reduced SR 
Ca2+-uptake.

SR Ca2+-Uptake
In failing hearts, SR Ca2+-uptake has been shown to be mark-
edly impaired and this is associated with decreased levels of 
SERCA2a protein expression and activity.24,25,27 It is inter-
esting that in animal models of heart failure, overexpression 
of SERCA2a in diseased hearts has been shown to result in 
the recovery of cardiac contractility.28 Thus, SERCA2a ap-
pears to play a critical role in Ca2+ regulation and is being 
pursued as a target for the treatment of heart failure. In fact, 
clinical trials are currently under way assessing a strategy of 
virally mediated overexpression of SERCA2a in humans.

In addition to reduced levels of SERCA2a expression, the 
phosphorylation status of PLB is decreased in heart fail-
ure, which should further reduce SERCA2a activity. As 
discussed, the stimulatory effects of β-adrenergic stimula-
tion on cardiomyocyte contractility are mediated by the 
phosphorylation of several key phosphoproteins in the 
heart by PKA, including PLB. In order to maintain a bal-
ance of the status of phosphorylation/dephosphorylation 
in these regulatory phosphoproteins, protein phosphatases 
must oppose the actions of kinases to attain biochemi-
cal and functional phosphorylation homeostasis. Protein 
phosphatase-1 (PP1) is a major phosphatase in the heart 
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that has been shown to dephosphorylate PLB, among many 
other phosphoproteins. Furthermore, in heart failure, PP1 
activity has been shown to be increased and this has been 
linked to depressed SR Ca2+-uptake as well as depressed 
levels of PLB phosphorylation. A transgenic mouse model, 
overexpressing PP1 in the heart, developed dilated cardio-
myopathy and exhibited impaired relaxation. These results 
suggest that PP1 may also play a role in the progression of 
heart failure.29

PP1 is also regulated by an endogenous inhibitor called 
inhibitor-1 (INH-1). INH-1 regulation of PP1 is an ad-
ditional layer of complexity to the PKA and PP1 regula-
tion of PLB’s phosphorylation status. PKA phosphorylates 
INH-1 and this posttranslational modification result in a 
potent inhibition of PP1 activity by INH-1.30 As a result, 

PKA phosphorylation of INH-1 and PLB facilitates an in-
crease in cardiac contractility in an unopposed manner. In 
addition, overexpression of INH-1 or of a constitutively 
active form of INH-1 has been shown to augment cardiac 
contraction and relaxation, both in vitro and in vivo.30,31 
In contrast, decreased activity and/or reduced expression 
levels of INH-1 have been shown to be associated with 
cardiac dysfunction in animal models and in humans with 
heart failure.29,32 Furthermore, when INH-1 is phosphory-
lated by PKCα (which is activated by the binding of either 
angiotensin II or endothelin to Gq-coupled receptors), it no 
longer inhibits PP1 but actually activates PP1 and facilitates 
the dephosphorylation of PLB.33,34 Thus, aberrant neurohor-
monal signaling and depressed Ca2+ cycling are associated 
with an imbalance of kinase and phosphatase activities that 
confer a heart failure phenotype.
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SR Ca2+ Release
In heart failure, defective regulation of the RYR2 channels 
is associated with an enhanced SR Ca2+ leak during diastole, 
which decreases the SR Ca2+ content and triggers delayed 
 after-depolarizations. These abnormalities are thought to 
 contribute to increased ventricular arrhythmogenesis ob-
served in structural heart disease.35 Enhanced phosphoryla-
tion of RYR2 by PKA or CaMKII has been implicated as a 
mechanism that increases the open probability of the RYR2 
during diastole in failing hearts. RYR2 is associated with many 
regulatory proteins, forming a huge macromolecular complex. 
One of the proteins in this complex is FKBP12.6 (calstabin2). 
FKBP12.6 is a regulatory protein that binds to RYR2 and sta-
bilizes the channel in a closed conformational state during 
diastole. Some groups have shown that phosphorylation of 
RYR2 by PKA is associated with loss of FKBP12.6, whereas 
others have shown no alteration in FKBP12.6 binding to 
RYR2. Thus, whether RYR phosphorylation involves the loss 
of FKBP12.6 binding to the channel remains controversial.

Alterations in Myofilament 
and Cytoskeletal Proteins

In the cardiomyocyte, force generated by the sarcomere is 
transmitted to the extracellular matrix via proteins that cre-
ate the cytoskeletal framework. Many inherited single-gene 
mutations have been identified in proteins comprising either 
the sarcomere or the cytoskeleton, which result in a hyper-
trophic or a dilated cardiomyopathy. Mutations involving 
many cardiac sarcomeric proteins such as β-myosin heavy 
chain, myosin binding protein-C, troponin T, troponin I, 
α-tropomyosin, actin, and titin have been reported that cause 
a hypertrophic cardiac phenotype and share a similar histo-
pathology.36 Mutations in β-myosin heavy chain and myosin 
binding protein-C are the two most frequently observed sar-
comeric mutations reported that cause this inherited form of 
hypertrophic cardiomyopathy (HCM). The degree of path-
ological hypertrophy and myocardial fibrosis as well as the 
clinical outcome vary greatly among the various mutations. 
The molecular mechanisms that link these subtle mutations 
in cardiac sarcomeric proteins with the development of disor-
ganized myocyte growth are yet to be fully determined. One 
leading hypothesis is that abnormal biomechanical proper-
ties of mutated sarcomeric proteins associated with HCM  
lead to abnormalities in cytosolic calcium handling that ul-
timately trigger activation of intracellular signaling cascades; 
this leads to abnormal myocyte growth as well as myocyte 
death. This hypothesis is currently being tested in a clinical 
trial using the calcium-channel blocker Diltiazem, which was 
shown to prevent histopathology and early mortality of mice 
genetically engineered to develop HCM.37 

Single gene mutations in either sarcomeric or cytoskeletal 
proteins have also been identified in families with inher-
ited dilated cardiomyopathies. The histopathology of these 

cardiomyocytes is different compared to myocytes obtained 
from hearts with hypertrophic cardiomyopathy and is more 
typical of dilated cardiomyopathy from nongenetic causes. 
There is no observed myocyte disarray, but there is increased 
interstitial fibrosis and loss of myocytes. Mutations impair-
ing contractile force generation have been identified in my-
osin, which results in altered actin binding, and in troponin, 
which results in inefficient ATP-ase activity. Mutations 
impairing force transmission have also been identified in 
several cardiac proteins such as myosin, tropomyosin, actin, 
titin, desmin, and dystrophin.36 

Dystrophin is an intracellular protein that interacts with 
integral membrane proteins, forming a scaffold underneath 
the sarcolemma. This dystrophin glycoprotein complex links 
the intracellular cytoskeleton to the extracellular matrix 
and provides stability to the sarcomere as well as transmits 
force to the extracellular matrix (Figure 56-5). Mutations 
that disrupt the dystrophin glycoprotein complex appear 
to result in the loss of sarcolemma integrity. This results in 
Ca2+ overload that leads to cellular necrosis and apoptosis. 
Mutations in the dystrophin gene result in inherited dilated 
cardiomyopathies including Duchenne muscular dystrophy, 
Becker muscular dystrophy, and X-linked dilated cardiomyo-
pathy. It is interesting that disruption of the dystrophin gly-
coprotein complex triggered by Coxsackie B viral infection 
(direct cleavage of dystrophin’s carboxy-terminus by viral 
protease 2A) also results in an acquired dilated cardiomyo-
pathy that is similar to either Duchenne or Becker muscular 
dystrophy.38 Furthermore, the disruption of dystrophin has 
been implicated in the progression of ischemic cardiomyo-
pathy and may be a target for ventricular remodeling.39

The cytoskeleton, as stated above, is composed of several 
proteins that contribute to cell shape, mechanical resis-
tance, and morphological integrity of the cardiomyocyte. 
In the heart, mechanical stresses, such as hemodynamic 
load, are transmitted from the extracellular matrix to the 
cytoskeleton of the cardiomyocyte. Titin is a large cytoskel-
etal protein that functions as a molecular spring in the 
sarcomere that imparts passive forces during diastole and 
restoring forces during systole and is required for sarcom-
ere assembly (Figure 56-5).40 Titin has received increased 
attention as an important regulator of cardiomyocyte 
mechano- signalling and structural stiffness. There are two 
titin isoforms, called N2A and N2B, expressed in the heart 
with distinct properties.40,41 The distensibility of titin is de-
rived from a segment rich in proline, glutamate, valine, and 
lysine residues called the PEVK region. The N2A isoform 
has higher passive stiffness (long PEVK region), whereas the 
N2B isoform has greater compliance (short PEVK region). 
In failing hearts, changes in the relative amount of these 
two titin isoforms correlated with the diastolic distensibility 
of the hearts, indicating that the titin isoform expression 
plays a role in modulating passive mechanical properties 
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of the sarcomere. Furthermore, phosphorylation of titin 
by PKA or PKG results in a reduction in diastolic stiffness. 
Thus, modulation of titin mechanical properties may serve 
as a therapeutic target in heart failure to improve diastolic 
function.

Alterations in the Extracellular Matrix

The extracellular matrix (ECM) is a dynamic structure com-
posed of several proteins. In the heart, the major protein is 
collagen, which surrounds and interconnects myocytes and 
muscle fibers in order to provide alignment and impart me-
chanical support to the myocardium. It also governs stiffness 

of the myocardium. There are different collagen isoforms ex-
pressed in the heart. The fibrillar collagen type I and type III 
make up approximately 85% and 11% of the ECM, respec-
tively.42 Type I collagen has a high tensile strength and thus 
has a significant effect on the stiffness of the ventricle. Type 
III collagen is more distensible and maintains the structural 
integrity of the ECM. The ECM turnover is highly regu-
lated in order to maintain a balance between matrix syn-
thesis and degradation. The synthesis and deposition of the 
ECM is felt to be performed principally by fibroblasts in re-
sponse to various stimuli such as increased mechanical load, 
growth factors, cytokines, or neurohormones. Conversely, 
degradation of the ECM occurs primarily under the control 
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of matrix metalloproteinases (MMP), which are secreted as 
inactive zymogens requiring activation by serine proteases 
and are further regulated/inhibited by tissue inhibitors of 
metalloproteinases (TIMPs). The balance between MMPs 
and TIMPs determines the rate of myocardial collagen 
degradation.

During cardiac remodeling and in heart failure, there is 
an imbalance between MMP and TIMP that is associated 
with ventricular dilation and contractile dysfunction. The 
link between the matrix turnover rate and remodeling has 
been demonstrated in transgenic mice in which MMP-1 was 
overexpressed in the heart and who developed disruption 
of the myocardial ECM, left ventricular dilation, and heart 
failure.43 In addition, an upregulation in MMP was observed 
in tissue samples obtained from patients with dilated car-
diomyopathy at the time of transplant.44 Furthermore, a 
decrease in TIMP levels was observed in end-stage dilated 
cardiomyopathy that was associated with degradation of 
the ECM, as well as ventricular dilation and dysfunction.45 
Thus, the balance between MMP and TIMP plays a signifi-
cant role in the pathological remodeling of the ECM.

Mechanisms of Cell Death

In the failing heart, studies have shown that there is a pro-
gressive loss of myocytes through apoptotic, necrotic, or 
autophagic cell death pathways. Apoptosis is an energy-
dependent process of programmed cell death, which is ini-
tiated by multiple signaling pathways (i.e., angiotensin II, 
sympathetic stimulation, cytokines, and reactive oxygen 
species) and contributes to the progression of cardiac re-
modeling and dysfunction. It is characterized by cell shrink-
age, nuclear condensation, and DNA fragmentation. 

There are two distinct apoptotic signaling pathways that 
can be induced in heart failure: the extrinsic and intrinsic 
pathways. The extrinsic pathway (also known as the death 
receptor pathway) is associated with an increasing inflam-
matory response and cytokine signaling. In this pathway, 
cell death is initiated by the binding of cytokines to the 
TNF superfamily of receptors or to Fas, activating the recep-
tor and forming a death signaling complex.46,47 This com-
plex recruits caspase-8 to initiate the apoptotic cascade that 
results in a systematic degradation of intracellular proteins 
and DNA cleavage as illustrated in Figure 56-6. In con-
trast, the intrinsic pathway (also known as the mitochon-
drial pathway) is mediated through perturbations in Ca2+ 
signaling as well as mitochondrial and sarcoplasmic reticu-
lum stress. The intrinsic pathway involves permeablization 
of the mitochondrial membrane, releasing cytochrome c 
into the cytoplasm and forming an apoptosome complex 
with APAF-1 (apoptosis protease activating factor 1) and 
caspase-9. This interaction initiates the caspase cascade that 
results in DNA fragmentation and cell death (Figure 56-6). 

Prosurvival pathways that have been shown to counter the 
effects of apoptosis are PI3K-Akt and JAK-STAT (refer to 
Table 56-1 for a listing of pro- and anti-apoptotic ligands 
and signaling pathways). Thus, a future therapy to reduce 
the rate of apoptosis in heart failure could involve increas-
ing the activity of the prosurvival pathways or inhibiting 
the activity of the caspases. 

Necrosis is an accidental form of cell death that occurs after 
cell injury. In the heart, the plasma membrane becomes 
leaky, allowing calcium to leak in and expose the myofila-
ments to toxic levels of Ca2+. During cell necrosis, in con-
trast to apoptosis, the cardiomyocyte swells and ruptures, 
evoking an intense inflammatory reaction that results in a 
fibrotic scar. Necrosis is not an energy dependent process 
like apoptosis and occurs in ischemic heart disease, infec-
tion, inflammation, myocardial injury, and chemotherapeu-
tic toxin exposure.48

Autophagy is a highly conserved cellular process that is 
induced during times of cell stress and involves the degra-
dation of proteins and organelles in lysosomes. When this 
process involves the total destruction of the cell, it is re-
ferred to as autophagic cell death. This process has been ob-
served in hypertrophied and failing hearts; however, its role 
as an adaptive or maladaptive process in the heart remains 
to be determined.

Systemic Activators 
of Myocardial Remodeling

The neurohormonal cascade activated by myocardial injury 
that contributes to progressive myocardial remodeling has 
been discussed to some extent above. Studies have shown 
that prolonged beta-adrenergic receptor activation results 
in progressive myocardial remodeling, in part through myo-
cyte loss. In addition, prolonged activation of the renin-
 angiotensin system is associated with progressive ventricular 
dilation, in part through myocyte loss, and activation of 
 eccentric hypertrophic pathways. Furthermore, aldoster-
one appears to have an effect on myocardial fibroblast ac-
tivity independent of the action of renin, with increases in 
 myocardial fibrosis.

Inflammation has also been shown to play a significant role 
in the pathogenesis of heart failure and cardiac remodel-
ing. Several studies have shown increased levels of inflam-
matory cytokines, TNFα, and IL-1 in patients with heart 
failure. These cytokines, when expressed at high levels for 
protracted periods of time, promote negative inotropic ef-
fects on the cardiomyocyte, apoptosis, alterations of the 
extracellular matrix via increasing MMP secretion by fibro-
blasts, and increased myocardial fibrosis. Furthermore, the 
concentrations of antiinflammatory cytokines (IL-10) are 
reduced in heart failure patients. Thus, in heart failure, the 
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imbalance between proinflammatory and antiinflammatory 
cytokines favors maladaptive cardiac remodeling and con-
tributes to disease progression.

FUTURE DIRECTIONS

Our understanding of the pathophysiology of heart failure 
has grown rapidly. With the emergence and growth of trans-
lational cardiovascular research, gene therapy has emerged 
as a potential strategy in the treatment of heart failure and 
clinical trials are under way. It is interesting that a new field 
of research has evolved, focusing on tiny regulatory RNA 
molecules called microRNAs. MicroRNAs, acting individu-
ally or in combination, have the ability to regulate expres-
sion levels of gene networks involved in the progression of 
heart failure.49,50 This area of research is rapidly evolving 
and may identify new disease targets in heart failure as well 
as become a therapeutic modality for heart failure. In the 
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Table 56-1 • Modulation of Apoptosis in Heart Failure

Pro-apoptotic Anti-apoptotic

Ligands
Tumor necrosis factor α
Fas ligand
β1-adrenergic agonist
Endothelin-1
Angiotensin II

Ligands
Insulin-like growth factor-1
Cardiotrophin-1
B2-adrenergic agonist
Neuregulin

Signaling pathways Signaling pathways
p38 Mitogen-activated 

protein kinase (p38 
MAPK)

c-Jun NH2-terminal
kinases (JNK)

Protein kinase Cδ (PKCδ)

Extracellular signal-regulated 
protein kinase (ERK)

Protein phosphatase 
calcineurin

Protein kinase CƐ (PKCƐ)
Janus Kinase (JAK)
Phosphatidylinositol 3-kinase 

(PI3K) Akt
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future we may obtain microRNA profiles from patients that 
will be used to dictate their personalized treatment regimen 
for their heart failure. Increasing evidence also suggests that 
the heart has regenerative potential in the form of undif-
ferentiated cells residing in both the bone marrow and heart 
that can differentiate to myocytes, replacing and repairing 
injured myocardium. Ongoing studies will help to elucidate 
the degree that these cells can be manipulated to affect re-
pair after the development of heart failure. These areas of 
research may revolutionalize our understanding of heart fail-
ure and affect our success in treating this chronic disease.

ACKNOWLEDGMENTS

We thank Mr. Dennis E. Mathias for the artistic contribu-
tion provided in generating the figures published in this 
chapter.

References

 1. Lloyd-Jones D, et al. Heart disease and stroke statistics–2009 
update: A report from the American Heart Association 
 Statistics Committee and Stroke Statistics Subcommittee. 
Circulation. 2009;119(3):e21–181.

 2. Opie LH, et al. Controversies in ventricular remodelling. 
 Lancet. 2006;367(9507):356–367.

 3. Katz AM. Maladaptive growth in the failing heart: The car-
diomyopathy of overload. Cardiovasc Drugs Ther. 2002;16(3):
245–249.

 4. Hunter JJ, Chien KR. Signaling pathways for cardiac hyper-
trophy and failure. N Engl J Med. 1999;341(17):1276–1283.

 5. Rockman HA, Koch WJ, Lefkowitz RJ. Seven-transmem-
brane-spanning receptors and heart function. Nature. 
2002;415(6868):206–212.

 6. Brodde OE, Michel MC. Adrenergic and muscarinic receptors 
in the human heart. Pharmacol Rev. 1999;51(4):651–690.

 7. Communal C, et al. Opposing effects of beta(1)- and 
beta(2)-adrenergic receptors on cardiac myocyte apoptosis: 
Role of a pertussis toxin-sensitive G protein. Circulation. 
1999;100(22):2210–2212.

 8. Molkentin JD, Dorn GW II. Cytoplasmic signaling path-
ways that regulate cardiac hypertrophy. Annu Rev Physiol. 
2001;63:391–426.

 9. Lefkowitz RJ. G protein-coupled receptors. III. New roles for 
receptor kinases and beta-arrestins in receptor signaling and 
desensitization. J Biol Chem. 1998;273(30):18677–18680.

 10. Ungerer M, et al. Expression of beta-arrestins and beta-adren-
ergic receptor kinases in the failing human heart. Circ Res. 
1994;74(2):206–213.

 11. Lohse MJ, Engelhardt S, Eschenhagen T. What is the role 
of beta-adrenergic signaling in heart failure? Circ Res. 
2003;93(10):896–906.

 12. Tevaearai HT, Koch WJ. Molecular restoration of beta-
 adrenergic receptor signaling improves contractile function of 
failing hearts. Trends Cardiovasc Med. 2004;14(6):252–256.

 13. Bristow MR, et al. Beta 1- and beta 2-adrenergic-receptor 
subpopulations in nonfailing and failing human ventricular 
myocardium: Coupling of both receptor subtypes to muscle 
contraction and selective beta 1-receptor down-regulation in 
heart failure. Circ Res. 1986;59(3):297–309.

 14. Colucci WS. The effects of norepinephrine on myocardial 
 biology: Implications for the therapy of heart failure. Clin 
Cardiol. 1998;21(12 Suppl 1):I20–I24.

 15. Leineweber K, et al. Ventricular hypertrophy plus neu-
rohumoral activation is necessary to alter the cardiac beta-
adrenoceptor system in experimental heart failure. Circ Res. 
2002;91(11):1056–1062.

 16. Rockman HA, et al. Expression of a beta-adrenergic recep-
tor kinase 1 inhibitor prevents the development of myocar-
dial failure in gene-targeted mice. Proc Natl Acad Sci USA. 
1998;95(12):7000–7005.

 17. Harding VB, et al. Cardiac beta ARK1 inhibition prolongs 
survival and augments beta blocker therapy in a mouse 
model of severe heart failure. Proc Natl Acad Sci USA. 
2001;98(10):5809–5814.

 18. Freeman K, et al. Alterations in cardiac adrenergic signaling 
and calcium cycling differentially affect the progression of car-
diomyopathy. J Clin Invest. 2001;107(8):967–974.

 19. Hansen JL, et al. Role of G-protein-coupled receptor kinase 2 
in the heart–do regulatory mechanisms open novel therapeutic 
perspectives? Trends Cardiovasc Med. 2006;16(5):169–177.

 20. Williams ML, et al. Targeted beta-adrenergic receptor kinase 
(betaARK1) inhibition by gene transfer in failing human 
hearts. Circulation, 2004;109(13):1590–1593.

 21. Bers DM. Cardiac excitation-contraction coupling. Nature. 
2002;415(6868):198–205.

 22. Waggoner JR, Kranias EG. Role of phospholamban in the 
pathogenesis of heart failure. Heart Fail Clin. 2005;1(2):
207–218.

 23. Yano M. Ryanodine receptor as a new therapeutic target 
of heart failure and lethal arrhythmia. Circ J. 2008;72(4):
509–514.

 24. Kranias EG, Bers DM. Calcium and cardiomyopathies. Subcell 
Biochem. 2007;45:523–537.

 25. Ikeda Y, Hoshijima M, Chien KR. Toward biologically  targeted 
therapy of calcium cycling defects in heart failure. Physiology 
(Bethesda). 2008;23:6–16.

 26. Chelu MG, Wehrens XH. Sarcoplasmic reticulum calcium 
leak and cardiac arrhythmias. Biochem Soc Trans. 2007;35
(Pt 5):952–956.

 27. Bers DM. Altered cardiac myocyte Ca regulation in heart 
 failure. Physiology (Bethesda). 2006;21:380–387.

 28. Kawase Y, Hajjar RJ. The cardiac sarcoplasmic/endoplasmic 
reticulum calcium ATPase: A potent target for cardiovas-



662 SECTION IX /  Heart Failure

cular diseases. Nat Clin Pract Cardiovasc Med. 2008;5(9):
554–565.

 29. Carr AN, et al. Type 1 phosphatase, a negative regulator of 
cardiac function. Mol Cell Biol, 2002;22(12):4124–4135.

 30. El-Armouche A, et al. Evidence for protein phosphatase in-
hibitor-1 playing an amplifier role in beta-adrenergic signaling 
in cardiac myocytes. FASEB J. 2003;17(3):437–439.

 31. Pathak A, et al. Enhancement of cardiac function and sup-
pression of heart failure progression by inhibition of protein 
phosphatase 1. Circ Res. 2005;96(7):756–766.

 32. El-Armouche A, et al. Decreased protein and phosphorylation 
level of the protein phosphatase inhibitor-1 in failing human 
hearts. Cardiovasc Res. 2004;61(1):87–93.

 33. Rodriguez P, et al. Identification of a novel phosphoryla-
tion site in protein phosphatase inhibitor-1 as a negative 
regulator of cardiac function. J Biol Chem. 2006;281(50):
38599–38608.

 34. Braz JC, et al. PKC-alpha regulates cardiac contractility 
and propensity toward heart failure. Nat Med. 2004;10(3):
248–254.

 35. Marks AR. Ryanodine receptors/calcium release channels 
in heart failure and sudden cardiac death. J Mol Cell Cardiol. 
2001;33(4):615–624.

 36. Morita H, Seidman J, Seidman CE. Genetic causes of human 
heart failure. J Clin Invest. 2005;115(3):518–526.

 37. Westermann D, et al. Diltiazem treatment prevents diastolic 
heart failure in mice with familial hypertrophic cardiomyopa-
thy. Eur J Heart Fail. 2006;8(2):115–121.

 38. Badorff C, et al. Enteroviral protease 2A cleaves dystrophin: 
Evidence of cytoskeletal disruption in an acquired cardiomyo-
pathy. Nat Med, 1999;5(3):320–326.

 39. Zheng QS, et al. Dystrophin: From non-ischemic cardio-
myopathy to ischemic cardiomyopathy. Med Hypotheses. 
2008;71(3):434–438.

 40. Granzier H, et al. Titin: Physiological function and role in 
cardiomyopathy and failure. Heart Fail Rev. 2005;10(3):
211–223.

 41. Lim CC, Sawyer DB. Modulation of cardiac function: Titin 
springs into action. J Gen Physiol. 2005;125(3):249–252.

 42. D’Armiento J. Matrix metalloproteinase disruption of the ex-
tracellular matrix and cardiac dysfunction. Trends Cardiovasc 
Med. 2002;12(3):97–101.

 43. Kim TH, et al. Expression and activation of pro-MMP-2 
and pro-MMP-9 during rat liver regeneration. Hepatology. 
2000;31(1):75–82.

 44. Thomas CV, et al. Increased matrix metalloproteinase ac-
tivity and selective upregulation in LV myocardium from 
patients with end-stage dilated cardiomyopathy. Circulation. 
1998;97(17):1708–1715.

 45. Li YY, et al. Differential expression of tissue inhibitors of 
metalloproteinases in the failing human heart. Circulation. 
1998;98(17):1728–1734.

 46. Kang PM, Izumo S. Apoptosis in heart: Basic mechanisms 
and implications in cardiovascular diseases. Trends Mol Med. 
2003;9(4):177–182.

 47. Diwan A, Dorn GW II. Decompensation of cardiac hyper-
trophy: Cellular mechanisms and novel therapeutic targets. 
Physiology (Bethesda). 2007;22:56–64.

 48. Mann D. Pathophysiology of heart failure. In: Braunwald E, 
ed. Braunwald’s Heart Disease: A Textbook of Cardiovascular 
Medicine. Philadelphia: Saunders; 2008:541–560.

 49. van Rooij E, Marshall WS, Olson EN. Toward microRNA-
based therapeutics for heart disease: The sense in antisense. 
Circ Res. 2008;103(9):919–928.

 50. Divakaran V, Mann DL. The emerging role of micro-
RNAs in cardiac remodeling and heart failure. Circ Res. 
2008;103(10):1072–1083.



663

Pathophysiology of Heart Failure
Stuart D. Katz

57

• Heart failure is a pathophysiological condition in 
which a primary abnormality in cardiac structure and/
or function compromises the heart’s ability to pump 
blood commensurate with the body’s metabolic re-
quirements at normal cardiac filling pressures.

• The clinical manifestations of heart failure can best 
be explained by considering the complex interaction 
of cardiac, vascular, and other neural and endocrine 
factors that regulate distribution of blood in regional 
organ circulations.

• The initial event that triggers the development of heart 
failure may be an acute or subacute injury with seg-
mental or diffuse loss of myocytes, chronic injury re-
lated to long-term changes in loading conditions of the 
heart, intrinsic defects in myocyte function, or infiltra-
tive diseases that compromise myocyte function.

• The process of ventricular remodeling is critically im-
portant to the current understanding of the pathophys-
iology of heart failure, as the characteristic changes in 
ventricular size and function in response to injury are 
closely linked to disease progression and survival.

• The nature of the changing loading conditions (as 
the primary determinant of myocyte hypertrophy) 

and other autocrine, paracrine, endocrine, and au-
tonomic factors (as modifiers of the hypertrophic 
response to changing load) dictate the form of ven-
tricular remodeling (concentric vs. eccentric).

• The remodeling process induced by altered loading 
conditions and neurohormonal activation leads to 
progressive dilation and hypertrophy of the ventricle.

• Resting ejection fraction or other parameters of rest-
ing left ventricular hemodynamic performance are not 
closely correlated to the degree of exercise intolerance.

• Attenuated vasodilatory capacity of resistance arteri-
oles contributes to reduced aerobic capacity by limit-
ing exercise-induced skeletal muscle hyperemia and 
may contribute to disease progression by increasing 
afterload on the injured ventricle, and by reducing 
myocardial flow reserve.

• Abnormalities in skeletal muscle metabolism con-
tribute to impaired exercise endurance at submaxi-
mal work rates in heart failure.

• The diastolic heart failure syndrome is likely attribut-
able to a combination of ventricular factors that alter 
diastolic filling properties and vascular factors that 
alter cardiac preload and afterload.

d PRACTICAL POINTS

Heart failure is a pathophysiological condition in which a 
primary abnormality in cardiac structure and/or function 
compromises the heart’s ability to pump blood commensurate 
with the body’s metabolic requirements at normal cardiac 
filling pressures. For the purposes of the scope of this chapter, 
this definition of heart failure intentionally excludes related 
entities in which a heart failure syndrome may be induced by 
the effects of extraordinary loading conditions on a structur-
ally and functionally normal heart (high output heart failure 

related to severe anemia or arteriovenous fistulae, severe so-
dium and water overload related to primary kidney disease, 
or hypertensive crisis). However, this definition does not 
exclude the role of extracardiac factors as important deter-
minants of the progression and clinical manifestations of dis-
ease. Indeed, although the majority of clinical heart failure 
syndromes can be traced back to an index myocardial injury 
event, the clinical manifestations of heart failure can best be 
explained by considering the complex interaction of cardiac, 
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vascular, and other neural and endocrine factors that regu-
late distribution of blood in regional organ circulations.

Heart failure pathophysiology can best be understood from 
a historical perspective of successive models developed over 
time, as advances in technology have provided additional 
insight into the underlying molecular, structural, and hemo-
dynamic factors associated with the clinical manifestations of 
disease. There are some caveats to consider for interpretation of 
the models presented in this chapter. Many of the more recent 
investigations of molecular and cellular changes in response to 
myocardial injury are derived from experimental observations 
in rodents, with some supporting data available from larger 
mammals or humans. Although the relatively scant human 
data are generally consistent with experimental observations, 
there are well-recognized interspecies differences in cardiovas-
cular physiology and dissimilarities between the nature and 
time course of experimental versus clinical myocardial injury 
that may limit extrapolation of animal model findings to 
human disease states. It is also important to note that in many 
instances, it is not possible to definitively discern which ab-
normalities are critical to disease progression or merely mark-
ers of the disease process (epiphenomena). Several currently 
accepted models of the pathophysiology of heart failure are 
presented in this chapter. A schematic view of the interrelated 
themes of these models is provided in Figure 57-1.

CAUSES OF HEART FAILURE

The initial event that triggers the development of heart fail-
ure may be an acute or subacute injury with segmental or 
diffuse loss of myocytes, chronic injury related to long-term 

changes in loading conditions of the heart, intrinsic defects 
in myocyte function, or infiltrative diseases that compromise 
myocyte function (Table 57-1). In the United States, myo-
cardial infarction is the most common cause of heart failure. 
Hypertension is a common risk factor for heart failure, but a 
causative role has not been definitively determined. In many 
patients, no specific etiology can be identified from clinical 
history and diagnostic testing. Endomyocardial biopsy is not 
routinely recommended for diagnosis of the cause of heart 
failure but may be considered if the clinical setting suggests 
an etiologic factor with known specific treatment options. 
The myocyte is a highly differentiated cell type with a lim-
ited repertoire of responses to injury. Accordingly, many 
features of the pathophysiology of heart failure remain con-
sistent regardless of the type of initial injury to the heart.

ADAPTIVE AND MALADAPTIVE 
RESPONSES TO VENTRICULAR INJURY

Adaptive Responses to Myocardial Injury

The heart is a volume driven pump, responding on a beat-
by-beat basis to changes in preload delivered to the ventricles 
during the diastolic phase of the previous cardiac cycle. The 
Frank-Starling mechanism relating myocardial stretch (end-
diastolic volume or preload) to the force of contraction is the 
underlying basis for these physiological adaptations to short-
term changes in preload (Figure 57-1). In normal physiological 
settings, increased contractility related to the Frank-Starling 
mechanism occurs over a relatively small range of increased 
preload corresponding to left ventricular  end-diastolic 

Adaptive responses
Maladaptive responses

Myocardial injury
Myocardial overload

Clinical manifestations of disease

Sodium/Water
retention

Exercise
intolerance

Hemodynamic
abnormalities

Increased
mortality risk

Figure 57-1. Overview of the pathophysiology of heart failure. Successive models of disease pathophysi-
ology have been developed based on cumulative clinical observations and technological advancements. 
Common themes to the current understanding of heart failure is that an initiating event of myocardial 
injury and/or overload leads to adaptive and maladaptive responses which are ultimately linked to the 
clinical manifestations of disease. Other models presented in the chapter link the initial injury to a distinct 
aspect of disease progression and/or manifestations.
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pressure of <10 mm Hg. The maximum augmentation in 
contractile force in response to additional preload occurs at 
a sarcomere length of 2.2 μM. In response to physiological 
stress such as exercise, increased adrenergic stimulation and a 
positive force-frequency relationship further enhance cardiac 
contractile performance without further increase in preload. 
In pathophysiological settings, the acute response to myo-
cardial injury is mediated by the same adaptive mechanisms. 
However, the increase in stroke volume is typically reduced 
due to loss of functioning myocardium, decreased contractile 
state of the myocardium, and/or severely abnormal loading 
conditions that limit the effectiveness of these mechanisms. 
The result is a shift of the Frank-Starling curve downward and 
to the right with reduction in the stroke volume reserve de-
spite higher ventricular preload. There is no evidence of a true 
descending limb of the Frank-Starling mechanism in human 
heart failure, but forward stroke volume may decrease at high 
preload due to functional mitral valve regurgitation.

Subacute Response to Myocardial Injury

Within the first hours to days after myocardial infarction, 
there are structural changes in the left ventricle character-
ized by expansion of the infarct zone (a passive process likely 
related to changes in connective tissue matrix after ischemic 
injury) and a complex rearrangement of myocytes within the 
ventricular wall in noninfarcted areas (myocyte slippage and 
ventricular wall thinning). These two short-term processes, 
distinct from the normal physiology of the Frank-Starling 
 relationship (preload dependent changes in sarcomere 
length), and the longer-term pathophysiological ventricular 
remodeling processes (which are characterized by myocyte 
hypertrophy as described below) increase the end-diastolic 
volume of the injured ventricle (Figure 57-2). Increased 
ventricular dimension increases cardiac wall tension linearly 
by a factor proportional to the radius raised to the first power 
(per the Laplace equation; see below) but increases the ven-
tricular diastolic volume by a factor proportional to the third 
power of the radius (according to volumetric formulae). 

Table 57-1 • Causes of Heart Failure

1. Myocardial injury

Myocardial infarction
Myocarditis (all causes, including peripartum 

cardiomyopathy)
Cardiac toxins (alcohol, cocaine, cobalt)
Anthracyclines and other chemotherapeutic agents
Sarcoidosis
Collagen vascular diseases
Infectious diseases (viral-associated, tick-borne 

disease, and Chagas disease)
Irradiation injury
Pheochromocytoma and carcinoid syndrome

2. Myocardial overload

Aortic stenosis
Aortic regurgitation
Mitral regurgitation
Pulmonary artery hypertension (primary and secondary)
Congenital heart disease
Acquired shunts (ventricular septal defect, coronary fistula)

3. Intrinsic defects of the myocyte

Nutritional deficiencies (thiamine, selenium)
Thyroid deficiency
Right ventricular dysplasia
Genetic diseases

Primary cardiomyopathy phenotype 
(hypertrophic and dilated cardiomyopathy)

Muscular dystrophies
Glycogen storage diseases
Hemachromatosis
Carnitine deficiency
Kearns-Sayres syndrome

4. Infiltrative diseases of the myocardium

Amyloidosis
Endomyocardial fibrosis
Hypereosinophilic syndromes
Invasive tumors

Myocardial stretch (preload)

C
on
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til
e 
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Normals + Exercise
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Figure 57-2. The Frank-Starling relationship. This graph repre-
sents the idealized conceptual physiological relationship between 
cardiac muscle stretch and muscle contractile performance in 
normal subjects at rest, normal subjects during exercise, and heart 
failure subjects. In normal physiology, increased preload within the 
physiological range (corresponding to left ventricular end-diastolic 
pressures <10 mm Hg) is associated with increased contractile 
performance. Exercise-induced adrenergic stimulation increases 
contractile performance in normal subjects without further in-
crease in preload. In heart failure, the relationship between preload 
and contractile performance is shifted downward. Most heart fail-
ure subjects have preload above the normal range (end-diastolic 
pressure >10 mm Hg), corresponding to a flat portion of the 
curve in which further increases in preload are not associated with 
increased contractile performance. The response to adrenergic 
stimulation is also blunted in failing myocardium. There is no true 
descending limb of the Starling curve (preload dependent decre-
ment in contractile performance), but forward stroke volume may 
decrease at high preload due to functional mitral regurgitation.
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In the setting of myocardial injury with decreased ejection 
fraction, the increase in diastolic dimension serves to aug-
ment stroke volume with only a modest increase in myo-
cardial energy requirements. However, increased wall stress 
associated with ventricular enlargement and the fact that 
the relatively small changes in diastolic volumes are insuf-
ficient to normalize stroke volume ultimately contribute to 
maladaptive ventricular remodeling and progressive decline 
in the contractile performance of the injured ventricle.

Ventricular Remodeling

The term “remodeling” was first utilized to describe the 
process of progressive ventricular dilation and contrac-
tile dysfunction observed after myocardial infarction but 
is now used more broadly to describe structural and func-
tional changes in the myocardium in response to any injury 
or change in loading conditions. The process of ventricular 
remodeling is critically important to the current understand-
ing of the pathophysiology of heart failure, as the character-
istic changes in ventricular size and function in response to 
injury are closely linked to disease progression and survival. 
Current understanding of the pathophysiology of ventricular 
remodeling is based on the concept that  short-term adapta-
tions to acute injury that serve to augment contractility lead 
to long-term maladaptive changes in myocyte structure and 
function. Myocytes sense systolic and diastolic wall stress 
within the ventricular wall and adapt to changing loading 
conditions by changing their size and shape in order to re-
store these physical forces towards the physiological range. 
The Laplace equation provides a simplified mathematical 
formula (based on a perfect cylinder) that is useful for esti-
mating directional changes in wall stress in the more com-
plex geometry of the left ventricle (Figure 57-3). Increased 
mechanical stretch of myocytes is associated with rapid ac-
tivation of signaling cascades (phosphotidylinositol, protein 
kinase C, raf-1, and extracellular signal–regulated protein ki-
nase) that trigger gene transcription programs for increased 
synthesis of proteins associated with myocyte hypertrophy 
(atrial natriuretic peptide, skeletal alpha-actin, and beta 
myosin heavy chain). There is a transcriptional shift towards 
expression of the fetal isozymes of many contractile proteins, 
with similar function but distinct kinetics from that of the 
adult forms. Increased end-systolic wall stress (e.g., aortic 
stenosis) induces hypertrophy with production of additional 
sarcomeres in parallel (concentric remodeling). Increased 
end-diastolic wall stress (e.g., aortic insufficiency) induces 
hypertrophy with production of additional sarcomeres in 
series (eccentric remodeling). The nature of the changing 
loading conditions (as the primary determinant of myocyte 
hypertrophy) and other autocrine, paracrine, endocrine, and 
autonomic factors (as modifiers of the hypertrophic response 
to changing load as described below) dictate the form of ven-
tricular remodeling (Figure 57-3). In most instances, since 

changes in end-systolic and end-diastolic wall stress after 
injury are interdependent, there is a combination of eccen-
tric and concentric remodeling that leads to development 
of a dilated hypertrophied ventricular chamber with trans-
formation from the normal ellipsoid shape towards a more 
spherical shape. The hypertrophic changes in the heart can 
be considered adaptive or compensatory, as they serve to re-
duce wall stress and preserve stroke volume in the setting of 
cardiac injury. The hypertrophic response is often associated 
with prolonged periods of time (years, even decades) of clini-
cally silent, “compensated” left ventricular systolic dysfunc-
tion. While patients in this stage of the disease may appear 
“compensated,” the contractile function of the remodeled 
ventricle remains impaired, in part because the increases in 
wall thickness do not fully normalize myocardial wall stress, 
and in part due to fundamental changes in myocyte excita-
tion contraction coupling and ventricular interstitium that 
occur in the setting of pathological hypertrophy. Ultimately, 
the clinically compensated state of left ventricular systolic 
dysfunction progresses towards greater dilation and hypertro-
phy and, eventually, development of symptomatic disease.

MYOCARDIAL CHANGES ASSOCIATED 
WITH PATHOLOGICAL HYPERTROPHY

Changes in Excitation Contraction Coupling

Failing myocardium is characterized by decreased isometric 
force generation at a given preload, decreased isotonic ve-
locity of contraction at a given afterload, delayed relaxation 
postcontraction, loss of contractile reserve in response to 
catecholamine stimulation, and development of a negative 
force-frequency relationship. Impaired contractile perfor-
mance is associated with changes in excitation contraction 
coupling in the myocyte. Altered expression of contractile 
proteins, characterized by reduction in myofibrillar ATPase 
activity and reversion from expression of the adult alpha myo-
sin heavy chain isoform to the fetal beta myosin heavy chain 
isoform is associated with decreased velocity of contraction 
and relaxation. Changes in expression of other regulatory pro-
teins including myosin light chain, tropomyosin, troponin, 
and altered cytoskeletal proteins may also impact contractile 
function. Calcium cycling within the failing myocyte is also 
known to be markedly abnormal with altered expression and 
regulation of key calcium cycling proteins including the ry-
anodine receptors, calcium adenosine triphosphatase of the 
sarco(endo)plasmic reticulum (SERCA2), phospholamban, 
and the sodium-calcium exchanger. The net result of these 
abnormalities is a decrease and delay in the calcium tran-
sient triggered by the action potential, decreased and delayed 
calcium re-uptake into the sarcoplasmic reticulum, and in-
creased diastolic sarcolemmal calcium levels. These changes 
in calcium handling not only negatively impact the force 
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Figure 57-3. Determinants of ventricular remodeling. Ventricular dilation and hypertrophy after 
myocardial injury is thought to be a critical determinant of heart failure progression. Myocytes 
sense physical forces in the ventricular wall and adjust their size and shape in order to restore 
systolic and diastolic wall stress to the physiological range. The Laplace equation, which describes 
determinants for wall stress in a perfect cylinder, can be used to estimate directional changes in 
the more complex geometry of the left ventricle. The Laplace equation predicts that increased 
wall tension associated with increased pressure or chamber radius can be offset by a compensa-
tory increase in wall thickness. Increased afterload (pressure) primarily increases end-systolic 
wall stress and leads to increased sarcomere replication in parallel with concentric remodeling 
of the ventricle. Increased preload (chamber radius) primarily increases end- diastolic wall stress 
and leads to increased sarcomere replication in series with eccentric remodeling of the ventricle. 
Neurohormonal responses to altered loading conditions also modify the remodeling process. In 
most clinical settings, interdependent increases in systolic and diastolic wall stress and altered 
neurohormonal milieu leads to a structurally remodeled ventricle characterized by dilation and 
hypertrophy.
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and velocity of contraction but also alter diastolic function, 
increase risk of ventricular arrhythmias, and activate hyper-
trophic signaling transcription factors. Since there are no 
currently available clinical interventions to directly impact 
contractile protein and/or calcium handling, it is uncertain 
whether these changes are causally associated with disease 
progression.

Myocardial Energetics

Myocardial substrate utilization in advanced experimental 
and clinical heart failure is characterized by decreased fatty 
acid oxidation and increased glucose oxidation. Enzymes for 
fatty acid utilization are down-regulated and translocation of 
the myocardial glucose transporter GLUT-4 is increased in 
the failing heart. Alterations in the expression and activity 
of the peroxisome proliferator-activated nuclear receptors are 
thought to play an important role in the altered substrate utili-
zation in hypertrophied and failing myocardium. Experimental 
studies on the potential role of mitochondrial dysfunction 
have yielded conflicting data, but it is possible that alterations 
in mitochondrial structure and/or function may decrease ef-
ficiency of ATP generation and increase reactive oxygen spe-
cies generation in the myocardium. Increased mitochondrial 
production of reactive oxygen species may contribute to the 
progression of ventricular remodeling by stimulating hyper-
trophic signaling pathways. The net effect of the changes in 
substrate utilization and mitochondrial function is a decrease 
in myocardial energy reserves, characterized by decreased 
creatinine kinase activity, decreased concentrations of phos-
phocreatine, reductions in the phosphocreatine/ATP ratio, 
and decreased availability of ATP for myocyte contraction 
and calcium cycling. Although experimental genetic models 
and human genetic diseases associated with inborn errors of 
energy metabolism may manifest hypertrophic or dilated car-
diomyopathy phenotypes, it is uncertain whether the observed 
changes in myocardial energy stores contribute to progression 
of disease in other acquired forms of human heart failure.

Ventricular Wall Interstitium

Ventricular remodeling is characterized by accumulation 
of increased fibrillar type I and type III collagens in the 
myocardial interstitium and a complex re-arrangement of 
myocytes and connective tissue within the ventricular wall 
with resultant dramatic changes in ventricular size and 
shape. These changes in the interstitium are mediated by 
increased cardiac fibroblast collagen production (stimulated 
by angiotensin II, aldosterone, and other neurohormonal 
signaling molecules) and altered regulation of the collagen 
matrix structure by matrix metalloproteinases and endog-
enous tissue inhibitors of metalloproteinases. In animal 
models, postinfarction ventricular enlargement is associ-
ated with increased activity of matrix metalloproteinases 
and can be attenuated with pharmacological inhibition of 

matrix metalloproteinase activity. In human heart failure, 
the importance of matrix metalloproteinase activation in 
ventricular remodeling is uncertain, as there are currently 
no clinical tools for directly assessing enzyme activity in the 
intact heart. Increased serum markers of collagen turnover 
after myocardial infarction are associated with increased risk 
of mortality. However, a randomized clinical trial of pharma-
cological matrix metalloproteinase inhibition in post myo-
cardial infarction patients did not demonstrate evidence of 
decreased left ventricular remodeling at 90 days.

Apoptosis and Progression of Disease

Apoptosis is a biological process of regulated cell death that 
has been implicated in the pathophysiology of disease progres-
sion in heart failure. Both necrosis and apoptosis contribute to 
the loss of myocytes after myocardial infarction. Many of the 
factors associated with hypertrophic signaling in the postin-
jury ventricular remodeling process (adrenergic signaling, 
angiotensin II, proinflammatory cytokines, reactive oxygen 
species) are also known to be associated with caspase activa-
tion and proapototic signaling in myocytes in experimental 
settings. In animal models, very low rates of experimentally 
controlled apoptosis induce dilated cardiomyopathy and heart 
failure. In participants, the data on the rates of apoptosis as a 
mechanism of disease progression are inconsistent, but most 
studies indicate that myocyte apoptosis does occur at very 
low rates in the human heart, with greater rates of apoptosis 
in failing hearts when compared with that in normal hearts. 
Since even very low rates of apoptosis would eventually lead 
to complete loss of myocytes over decades, the presence of 
apoptosis in the heart strongly suggests the existence of a 
homeostatic mechanism for creation of new functional myo-
cytes to replace those lost to the apoptotic process. Myocytes 
are a terminally differentiated cell type that does not undergo 
cell division. Recent findings provide evidence for the pres-
ence of a population of regenerative progenitor cells within 
the myocardium. These data suggest that progression of heart 
failure may be attributable to an imbalance between the rates 
of myocyte apoptosis and regeneration that leads to a cumula-
tive loss of functioning myocytes. This model of the disease 
suggests that augmentation of the cardiac regeneration pro-
cess with stem cells or specific transcription factors may have 
therapeutic potential in heart failure. Further work is needed 
to determine if apoptotic cell loss is a direct determinant of 
disease progression in heart failure.

Reverse Remodeling

Extremely low wall tension conditions during prolonged me-
chanical circulatory support with a left ventricular assist de-
vice are associated with dramatic reduction in ventricular size. 
Limited data in human subjects indicate that reverse chamber 
remodeling after mechanical support is associated with regres-
sion of myocyte hypertrophy and improvements in myocyte 
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calcium cycling and adrenergic responsiveness. However, 
abnormal transcription programs for many cardiac proteins 
persist during mechanical support and the increased collagen 
content in the ventricular wall matrix does not return to nor-
mal values. Although there are some reported cases of the 
use of mechanical support as a bridge to functional recovery, 
recurrent ventricular remodeling and myocardial failure usu-
ally recur after cessation of mechanical support, presumably 
because the period of mechanical support does not restore lost 
myocytes or correct other genetic or metabolic abnormalities 
present before initiation of mechanical support. Reversal of 
ventricular remodeling has also been described in response to 
medical therapy with beta-adrenergic receptor blockers, after 
cessation of alcohol intake, and during recovery after acute 
myocarditis or post-partum cardiomyopathy.

NEUROHORMONAL ACTIVATION 
AND THE PROGRESSION 
OF HEART FAILURE

Neurohormonal Hypothesis 
of Heart Failure Progression

After the introduction of angiotensin converting enzyme 
inhibitors into clinical practice, it was recognized that the 
short-term hemodynamic response to captopril was highly 
variable and not closely related to its long-term beneficial 
effects on functional capacity. Furthermore, it was recog-
nized that some potent vasodilators with short-term ben-
eficial hemodynamic effects (prazoxin, minoxidil) were not 
associated with clinical benefit during long-term therapy. 
Subsequent years of clinical and experimental studies dem-
onstrated that a diverse array of interrelated neurohormonal 
signaling systems (with overlapping endocrine, autocrine, 
and paracrine components) exerts dual effects on the car-
diovascular system with adaptive and maladaptive conse-
quences (Table 57-2 and Figure 57-4). In the short term, 
many of these signaling molecules have positive inotropic, 
positive chronotropic, and/or vasoconstricting effects, often 
mediated by heterotrimeric G-protein coupled membrane 
receptors linked to cyclic nucleotide second messenger sys-
tems. These signaling cascades alter myocyte and vascular 
smooth muscle function and serve to maintain circulatory 
homeostasis in response to acute reductions in cardiac out-
put. These same signaling molecules are also coupled to pro-
liferative transduction pathways mediated by tyrosine kinase 
receptors complexed with monomeric G-proteins linked to 
mitogen activated protein kinase pathways. Altered gene 
transcription in myocytes and vascular smooth muscle in 
response to these signaling pathways is characterized by in-
creased protein synthesis, fetal isoform shifts, hypertrophy, 
and in some instances increased apoptosis. These long-
term effects promote ventricular and vascular remodeling 

and appear to be important determinants of clinical disease 
progression.

Adrenergic Signaling

The role of the sympathetic nervous system and adrenergic 
signaling in the pathophysiology of heart failure is complex. 
As discussed above, short-term adrenergic stimulation is an 
adaptive response that increases cardiac output in response 
to physiological stresses such as exercise. The cardiovascular 
effects of adrenergic signaling are dependent on the distri-
bution of G-protein coupled beta- and alpha-adrenorecep-
tors in the heart and blood vessels. Increased contractility 
in response to physiological stresses is mediated primarily by 
stimulation of beta-1-adrenorecptors linked to Gs subunits 
and increased cyclic adenosine monophosphate second 
messenger signaling in myocytes. In heart failure, early ex-
perimental studies demonstrated that norepinephrine stores 
were depleted in sympathetic nerve terminals in the myo-
cardium. This finding was originally interpreted to indicate 
that a deficiency in adrenergic stimulation was contribut-
ing to contractile dysfunction in heart failure. Subsequent 
clinical studies demonstrated that the depletion of neuronal 
stores of norepinephrine in the heart was in fact attributable 
to increased sympathetic nerve traffic and neurotransmitter 
release, with defective neuronal norepinephrine re-uptake 

Table 57-2 • Neurohormonal Signaling Molecules 
Related to the Pathophysiology of Heart Failure

Increased activity

Sympathetic nervous system (norepinephrine, epinephrine, 
dopamine)

Renin-angiotensin-aldosterone system (angiotensin II, 
aldosterone)

Pro-Inflammatory cytokines (tumor necrosis factor alpha, 
interleukin-1 beta, interleukin-6)

Vasopressin
Endothelin-1
Neuropeptide Y
Vasoconstricting prostanoids
Urotensin II
Cardiotropin-1
Transforming growth factor beta

Decreased activity

Parasympathetic nervous system
Endothelium-derived nitric oxide
Anti-inflammatory cytokines

Increased counter-regulatory hormones

Atrial natriuretic peptide
Brain natriuretic peptide
Urodilatin
Adrenomedullin
Apelin
Urocortin II
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and consequent increased spillover of norepinephrine into 
the systemic circulation. Failing myocardium is hyporespon-
sive to increased sympathetic activity due to down- regulation 
of the number of myocardial beta-1-adrenoreceptors, and 
uncoupling of receptors from their second messenger signal 
transduction systems (mediated in part by beta-adrenergic 
receptor kinase activity). Norepinephrine induces myocyte 
hypertrophy in experimental models, even when given at low 
doses that do not increase blood pressure. In experimental 
models, the hypertrophic effects of catecholamines are me-
diated primarily by alpha-adrenoreceptor subtypes linked by 
Gq to a mitogen-activated protein kinase signaling cascade. 
In patients with heart failure, increased norepinephrine lev-
els in blood are strongly associated with increased risk of 
mortality. Treatment with beta-1 selective or nonselective 
combined beta- and alpha-adrenoreceptor blockers (but 
not selective alpha-adrenoreceptor blockers) is associated 
with reduced mortality risk when compared with placebo 

in clinical trials. These clinical benefits are associated with 
evidence of reduced progression of remodeling, and in some 
cases, dramatic reversal of ventricular remodeling during 
therapy. Taken together, these clinical observations suggest 
that activation of the sympathetic nervous system mediates 
progression of heart failure in humans primarily via stimula-
tion of the mocyte beta-1 adrenoreceptor subtype.

Autonomic Nervous System

Arterial and cardiopulmonary baroreceptor sensitivity are 
decreased and arterial chemoreceptor sensitivity is increased 
in experimental models and patients with heart failure. 
These changes in autonomic receptor function occur early 
after myocardial injury and are thought to be an important 
cause of increased sympathetic activation (as discussed 
above) and also withdrawal of parasympathetic tone (as evi-
dence by decreased heart rate variability and post-exercise 
heart rate recovery). The direct impact of the reduction in 
parasympathetic signaling on ventricular remodeling is un-
certain, but clinical studies have consistently shown that 
markers of decreased parasympathetic tone are strongly as-
sociated with increased risk of mortality. There are no in-
terventional trials to determine whether parasympathetic 
abnormalities contribute directly to disease progression.

Renin-angiotensin Aldosterone System

The renin-angiotensin-aldosterone system is activated in 
heart failure by sympathetic activation, decreased renal 
perfusion, and in later stages of disease by diuretic and so-
dium restriction therapy. Angiotensin II is a potent vaso-
constrictor peptide that is an important mediator of cardiac 
hypertrophy and remodeling in heart failure. Angiotensin II 
induces cardiac hypertrophy independently of its effects on 
afterload by activation of the angiotensin-type 1 receptor 
linked to mitogen associated protein kinase signaling path-
ways. Angiotensin II also promotes hypertrophic signal-
ing by increasing production of reactive oxygen species by 
NADP(H) oxidase in cardiovascular tissues. Angiotensin 
II is the principal stimulus for aldosterone production. 
Aldosterone is a mineralocorticoid hormone that promotes 
inflammation and fibrosis within myocardium by direct 
stimulation of its receptor within coronary vessels and the 
myocardium, and by augmenting the effects of angiotensin 
II. Several biomarkers of activation of the renin-angiotensin 
aldosterone system are associated with increased risk or mor-
tality. More important, pharmacological inhibition of the ef-
fects of angiotensin II (with angiotensin converting enzyme 
inhibitors or selective angiotensin type 1 receptor blockade) 
and aldosterone (aldosterone receptor blockade) are associ-
ated with reduced mortality risk when compared with pla-
cebo in patients with heart failure. These agents also reduce 
the progression of ventricular remodeling in patients after 
myocardial infarction. These clinical observations strongly 

Short-term effects Long-term effects

Neurohormonal activation

Ventricular remodeling
Disease progression

Decreased effective arterial volume

Myocardial injury or overload

Fetal transcription program
Hypertrophy
Apoptosis

Positive inotropy
Positive chronotropy

Vasoconstriction

Figure 57-4. Neurohormonal activation and progression of 
heart failure. In response to acute reductions in the filling of 
the arterial vascular space, the sympathetic nervous system, 
renin-angiotensin aldosterone system, and other signaling sys-
tems mediate short-term homeostatic effects to return arterial 
pressures to the normal range. In chronic heart failure, the at-
tenuated response to the homeostatic effects of neurohormonal 
activation leads to long-term activation of these same signaling 
systems. Chronic neurohormonal activation induces maladap-
tive changes in myocardial structure and function through 
proliferative signaling pathways. Neurohormonal activation 
is thought to play a critical role in modulating the remodeling 
 process and disease progression.
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suggest that angiotensin II and aldosterone directly contrib-
ute to disease progression.

Inflammatory Signaling/
Nitric Oxide Signaling

Activation of pro-inflammatory cytokine signaling path-
ways (tumor necrosis factor alpha, interleukin-1 beta, and 
interleukin-6) may contribute to the ventricular remodeling 
process and disease progression. Blood and myocardial lev-
els of tumor necrosis factor alpha are increased in patients 
with heart failure and have been linked to the clinical phe-
nomenon of cardiac cachexia. The stimulus for activation 
of inflammatory mediators may be related to increased wall 
stress within the myocardium and/or activation of other 
neurohormonal systems. In experimental models, increased 
myocardial exposure to tumor necrosis factor alpha is associ-
ated with contractile dysfunction, ventricular dilation, and 
myocyte hypertrophy. Cytokine-mediated increase in activ-
ity of the inducible isozyme of nitric oxide synthase (NOS2) 
may also contribute to myocyte dysfunction in heart failure 
by several mechanisms. Nitric oxide can alter myocyte func-
tion directly by activation of soluble guanylate cyclase or by 
nitrosylation of sarcolemmal proteins, or indirectly by alter-
ation of autonomic signaling in the heart. Nitric oxide may 
interact with superoxide anion to produce peroxynitrite, 
a highly reactive free radical that may damage lipid mem-
branes, mitochondria, and DNA. Nitric oxide is also known 
to act as an uncoupling agent that reduces myocardial oxy-
gen consumption by binding to mitochondrial cytochrome 
c oxidase and may contribute to the abnormalities in myo-
cardial energy stores discussed above. Whether inflamma-
tory signaling plays an important role in the progression of 
human heart failure remains uncertain. Increased blood lev-
els of soluble tumor necrosis factor alpha receptors are asso-
ciated with increased mortality risk. However, randomized 
clinical trials with agents designed to inhibit the biological 
effects of tumor necrosis factor alpha did not demonstrate 
evidence of clinical benefit when compared with placebo. 
It is possible that redundant cytokine signaling may limit 
the effectiveness of selective anticytokine agents or that the 
complex nature of cytokine signaling may lead to both ben-
eficial and detrimental effects that offset one another.

Other Neurohormonal Systems

Abnormalities in numerous additional autocrine, paracrine, 
and endocrine factors have been described in experimental 
and clinical heart failure, but whether these factors play a 
causal role in progression of disease is uncertain (Table 57-2). 
Heart failure is also characterized by increased production of 
counter-regulatory hormones with actions that oppose the 
positive inotropic, vasoconstrictive, and hypertrophic ef-
fects induced by sympathetic activation and vasoconstrict-
ing peptide hormones. Myocardial synthesis and secretion 

of atrial natriuretic peptide and brain natriuretic peptide are 
increased in heart failure. These peptide hormones mediate 
their biological effects by activation of selective membrane-
bound receptors linked to cyclic guanosine monophosphate 
signaling in target organs (brain, heart, blood vessels, kid-
ney, and neuroendocrine tissues). The most prominent 
biological effects of natriuretic peptides are vasodilation, 
increased renal sodium and water excretion, and suppres-
sion of sympathetic activation and aldosterone release. In 
heart failure, the biological effects of natriuretic peptides are 
attenuated by altered myocardial synthesis, processing and 
release of the hormone, by increased peptide degradation 
with neutral endopeptidase, and by changes in postreceptor 
signaling in target tissues that limit the cellular response. 
Another counter-regulatory signaling molecule is endothe-
lium derived nitric oxide. Nitric oxide is a potent short-
acting vasodilator that opposes the vasoconstricting action 
of angiotensin II and endothelin-1. Endothelial production 
and release of nitric oxide is decreased, and its vasodilating 
effects in vascular smooth muscle are attenuated in patients 
with heart failure.

VENTRICULAR REMODELING 
AND CLINICAL MANIFESTATIONS 
OF DISEASE

Hemodynamic Consequences 
of Ventricular Remodeling

The remodeling process induced by altered loading condi-
tions and neurohormonal activation leads to progressive 
dilation and hypertrophy of the ventricle (Figure 57-5). In 
patients with symptomatic heart failure, the end-diastolic 
volume and myocardial mass may be 2- to 5-fold greater 
than normal values. The hemodynamic effects of these 
dramatic changes in ventricular size on pump function are 
represented in the idealized pressure volume curves pre-
sented in Figure 57-6. As the ventricle remodels to larger 
diastolic volumes, there is a shift in the diastolic pressure 
volume curve to accommodate the increased volume with 
only a moderate increase in ventricular pressures (increased 
capacitance). The remodeled ventricle continues to func-
tion as a volume driven pump, attempting to eject blood in 
each systole commensurate with the blood delivered into 
the ventricle during the diastolic phase of the previous car-
diac cycle. The increase in diastolic volume preserves stroke 
volume in the setting of reduced ejection fraction so the 
heart can maintain normal resting cardiac outputs, albeit 
at increased diastolic volumes and pressures. The ability of 
the remodeled ventricle to respond to stress is severely lim-
ited, as intrinsic myocyte excitation contraction coupling 
is impaired, normal physiological mechanisms (such as the 
Frank-Starling mechanism and adrenergic responsiveness) 
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are attenuated, further increases in preload are associated 
with much increased diastolic pressures, and the increased 
diameter of the remodeled ventricle greatly increases dia-
stolic and systolic wall stress. The net result of all of these 
factors is that the end-systolic pressure volume relationship 
(an index of ventricular contractile state) is shifted down-
ward and to the right. Consequently, the stroke volume in 
the dilated ventricle is extremely sensitive to changes in af-
terload. This property of the remodeled ventricle provides 
the rationale for the use of arterial vasodilator agents for 

treatment of heart failure. Another functional consequence 
of ventricular dilation is distortion of the position of the 
papillary muscles in relation to the mitral valve leaflets, and 
dilation of the mitral valve annulus. The combination of 
these two factors leads to a preload dependent functional 
mitral valve regurgitation. The regurgitant lesion further 
limits the ability to maintain forward stroke volume in the 
setting of increased afterload.

Asymptomatic Left Ventricular Dysfunction

Based on epidemiological observations after myocar-
dial infarction, many years and even decades commonly 
elapse between the initial myocardial injury and the sub-
sequent onset of clinical symptoms of heart failure. The 
preservation of stroke volume associated with increased 
end-diastolic volume, the slowly progressive nature of the 
pathological hypertrophy and remodeling process, and per-
haps other adaptive mechanisms that increase efficiency of 
oxygen extraction in the skeletal muscle circulation during 
exercise forestall the development of clinical symptoms. 
Despite the lack of symptoms, this phase of the heart fail-
ure disease process is characterized by ventricular enlarge-
ment with reduced ejection fraction, mild neurohormonal 
activation, and decreased peak oxygen uptake during ex-
ercise when compared with age-matched healthy controls. 
These asymptomatic patients benefit from treatment with 
angiotensin converting enzyme inhibitors to slow onset of 
clinical heart failure and reduce mortality risk. It is pre-
sumed that patients with other forms of heart failure also 
experience a comparable asymptomatic period of remodel-
ing after injury, although in the absence of a practical way 
to routinely identify these asymptomatic subjects, few data 
are available.

Exercise Intolerance

Exercise intolerance is the most common presenting com-
plaint in symptomatic patients with heart failure. Although 
left ventricular ejection fraction is an important marker 
of disease progression and prognosis, it is generally recog-
nized that resting ejection fraction or other parameters of 
resting left ventricular hemodynamic performance are not 
closely correlated to the degree of exercise intolerance. 
The unexpected dissociation between resting ejection 
fraction and functional capacity may be partly attribut-
able to poor correlation between resting and exercise car-
diac function. Chronotropic incompetence and the effects 
of exercise-induced mitral valve regurgitation and right 
ventricular dysfunction on forward stroke volume are im-
portant factors which may contribute to decreased cardiac 
output reserve during exercise independently of resting 
ejection fraction. In addition to these hemodynamic con-
siderations, peripheral determinants of oxygen utilization 
during exercise (autonomic responses to exercise, skeletal 
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arterial space

Myocardial
overload

Contractile dysfunction

Ventricular remodeling
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Fibrosis
Apoptosis
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Organ hypoperfusion
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Figure 57-5. Ventricular remodeling and disease progression. 
In response to myocardial injury and/or overload, a combina-
tion of altered biomechanical signaling and neurohormonal sig-
naling induces long-term changes in the structure and function 
of the heart and resistance arterioles. These structural and func-
tion changes preserve stroke volume in the setting of reduced 
contractile function but also lead to maladaptive alterations in 
myocardial loading conditions that contribute to disease pro-
gression. Substantial changes in myocardial structure and func-
tion may occur slowly over years after myocardial injury before 
development of heart failure symptoms. Clinical manifestations 
of disease typically become evident late in the disease process, 
when there is a large reduction in cardiac output reserve.
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muscle blood flow, and skeletal muscle oxygen utilization) 
also play an important role in the pathophysiology of ex-
ercise intolerance in patients with CHF (Figure 57-7). 
In normal physiology, exercise-induced increases in car-
diac output are distributed to the active skeletal muscle 
mass due to metabolic vasodilation in this regional circu-
lation. In patients with severe heart failure, chronically 
reduced peripheral blood flow (altered shear stress signal), 
vascular wall edema, activation of cytokines and local tis-
sue growth factors, and vascular endothelial dysfunction 
decrease maximal vasodilatory capacity in the skeletal 
muscle circulation. Vascular endothelium dysfunction in 

heart failure is characterized by reduced bioavailability of 
nitric oxide and increased release of endothelin-1, vaso-
constricting prostaglandins, and superoxide anion. In a 
manner analogous to the ventricular remodeling process, 
the combination of chronic reduction in shear stress, al-
tered hormonal milieu, and endothelial dysfunction are 
associated with a vascular structural remodeling process 
that increases systemic vascular resistance. Attenuated 
vasodilatory capacity of resistance arterioles contributes 
to reduced aerobic capacity by limiting exercise-induced 
skeletal muscle hyperemia and may contribute to dis-
ease progression by increasing afterload on the injured 
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Figure 57-6. Hemodynamic model of heart failure. Idealized 
pressure volume loops representing the systolic and diastolic 
phases of the cardiac cycle for normal and failing hearts. The 
end-diastolic pressure volume relationship and slope of the 
end-systolic pressure volume relationship (ESPVR, an index of 
myocardial contractile function) provide a conceptual frame-
work for characterizing intrinsic pump function of the ventricle. 
In normal physiology (top panel cycle ABCD), the ventricle 
fills during diastole over a flat portion of the diastolic pressure 
volume curve (points D to A) with little change in diastolic pres-
sure. The slope of the end-systolic pressure volume relationship 
is steep. In response to exercise (cycle EFG), there is a modest 
increase in preload (still on the flat portion of the curve, with 
little increase in end-diastolic pressure) and a shift in the slope 
of the ESPVR upward and to the left (greater contractile state 
mediated by the Frank-Starling mechanism and adrenergic 
stimulation). The net result is increased stroke volume (SV ex) 
with little change in preload. In the resting failing heart (bottom 
panel, cycle ABCD), the diastolic pressure volume relationship 
is shifted substantially to the right, characterized by large in-
creases in diastolic volume and moderate increases in diastolic 
pressures, and normal stroke volume (SV1). The slope of the 
ESPVR is shifted downward and to the right (decreased contrac-
tile state). In response to exercise (cycle EFG), the increased 
preload is associated with large increases in diastolic filling 
pressure. The myocardial response to adrenergic stimulation is 
blunted and there is little or no shift in the ESPVR slope, with 
resultant decrease in stroke volume (SV2). Conversely, adminis-
tration of an arterial vasodilator drug (cycle XYZ) is associated 
with reduction in end-diastolic volume to a flatter portion of the 
curve. The reduced slope of the ESPVR results in an exagger-
ated augmentation of stroke volume in response to afterload 
 reduction (SV3).
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ventricle and by reducing myocardial flow reserve. The 
severity of vascular endothelial dysfunction is an inde-
pendent risk factor for increased mortality in heart failure 
patients. Abnormalities in skeletal muscle metabolism 

also contribute to impaired exercise endurance at sub-
maximal work rates in heart failure. Deconditioning and 
chronic activation of neurohormonal and inflammatory 
cytokine systems are associated with changes in skeletal 
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Figure 57-7. Pathophysiology of exercise intolerance in heart failure. Functional capacity in heart failure 
is determined by a complex interaction between myocardial contractile performance during exercise, vas-
cular distribution of cardiac output during exercise, and skeletal muscle oxygen utilization during exercise. 
Skeletal muscle metabolic changes are associated with increased fatigue at submaximal exercise levels. 
Vascular changes are associated with reduced peak oxygen uptake at maximal exercise. As shown in the 
table, a compensated heart failure patient with ejection fraction (EF) of 0.30 and increased left ventricular 
end-diastolic volume (LVEDV) and left ventricular end-systolic volume (LVESV) may have normal stroke 
volume (SV) and cardiac output (CO) at rest. However, in response to exercise, limited ability to increase 
preload, contractility and heart rate are associated with a 50% decrease in maximal cardiac output reserve. 
As shown in the bottom figure, normal distribution of blood during exercise is regulated by generalized 
vasoconstriction mediated by activation of the sympathetic nervous system (SNS) and metabolic vasodila-
tion in the active skeletal muscle. The regional vasodilation delivers close to 90% of available cardiac out-
put to the active skeletal muscle in normal subjects. In heart failure, reduced cardiac output reserve and 
attenuated skeletal muscle vasodilation during exercise reduces the total and proportional regional blood 
flow available to the active skeletal muscle.
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muscle mass, fiber composition, aerobic enzyme content, 
mitochondrial structure and function, and microcircula-
tory structure and function. These changes are associated 
with increased skeletal muscle anaerobic metabolism and 
early fatigue at low work rates independent of the nutri-
tive blood flow. Although these changes in vascular and 
skeletal muscle occur secondary to the progressive ven-
tricular remodeling process, the severity of aerobic im-
pairment is strongly associated with increased mortality 
risk. Therapies directed at reversal of these peripheral ab-
normalities are associated with improved exercise capac-
ity and quality of life in heart failure.

Edema Formation

Early models of the pathophysiology of heart failure were 
developed to address the process of edema formation, since 
the most prominent signs and symptoms of decompensated 
heart failure are related to pulmonary, sphlachnic, and 
lower extremity edema formation. The cardiorenal model 
of heart failure (Figure 57-8) is generally accepted to best 
represent the underlying mechanisms of edema formation 
in most patients with heart failure. Myocardial injury leads 
to reduced contractile function and underfilling of the arte-
rial vascular space (hypotension). Activation of the sympa-
thetic nervous system, the renin-angiotensin- aldosterone 
system, and non-osmotic secretion of vasopressin promote 

renal sodium retention by increasing filtration fraction 
in the glomerulus secondary to vasoactive effects on the 
afferent and efferent arterioles, and direct signaling ef-
fects on renal proximal and distal tubules and collecting 
ducts. Intrinsic changes in glomerular and tubular function 
(glomerulo-tubular feedback via adenosine receptor type 1 
signaling, distal tubular cell hypertrophy, increased neutral 
endopeptidase, and phosphodiesterase type 5 activity) at-
tenuate the counter-regulatory renal effects of natriuretic 
peptides and also play an important role in the pathogen-
esis of diuretic resistance. In normal physiology, sodium and 
water retention would homeostatically increase ventricu-
lar preload and cardiac output. In contrast, the response 
to increased preload is severely attenuated in failing myo-
cardium, so cardiac output remains decreased and leads to 
an unregulated sodium and water retention, overfilling of 
the vascular space, and elevated pressures in the pulmonary 
and systemic venous circulations. The increased hydro-
static forces in the capillaries induced by elevated venous 
pressures lead to pulmonary, lower extremity, and sphlach-
nic edema formation.

Diastolic Heart Failure

Approximately 50% of heart failure cases are associated 
with normal ejection fraction. This clinical entity has been 
called “heart failure with preserved ejection fraction” or 
“diastolic heart failure.” This clinical entity is distinct from 
genetic forms of hypertrophic cardiomyopathy and is com-
monly associated with female gender, advanced age, and a 
history of hypertension. The pathophysiology of this en-
tity appears to be distinct from that discussed above after 
myocardial injury (Figure 57-9). Some investigators have 
identified abnormalities in the diastolic phase of the car-
diac cycle as the primary cause of this disorder. The factors 
contributing to abnormal diastolic function are not well 
characterized but may be related to changes in myocyte 
diastolic calcium handling, changes in the passive proper-
ties of the ventricular wall as determined by its connective 
tissue composition. The net effect is a shift of the diastolic 
pressure volume curve upward and to the left. Other in-
vestigators have suggested that the alterations in cardiac 
filling pressures observed in this condition are not due to 
intrinsic changes in cardiac diastolic function but, rather, 
are related to chronic changes in arterial and venous tone 
that alter ventricular loading conditions. Increased aortic 
stiffness is associated with increased velocity of pressure 
wave reflections that increase the forces that oppose ejec-
tion of blood into the aorta (input impedance). Decreased 
venous capacitance in the sphlachnic and skeletal muscle 
circulations may displace blood into the thoracic veins and 
increase pulmonary venous pressures. In many patients, 
the diastolic heart failure syndrome is likely attributable 
to a combination of both ventricular and vascular factors. 
Chronic kidney disease is common in this population and 
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Figure 57-8. Cardiorenal model of disease. Decreased contrac-
tile performance in response to myoacardial injury or overload 
reduces cardiac output and the effective arterial volume. The 
reduction in arterial filling is associated with increased sodium 
and water retention mediated by neurohormonal activation 
and intrinsic renal mechanisms. Sodium and water retention 
increases venous pressures and in normal physiology increases 
cardiac output. In failing myocardium, the attenuated response 
to increased preload fails to increase cardiac output and leads 
to excessive sodium and water retention, systemic and pulmo-
nary venous hypertension, and formation of interstitial edema 
due to increased hydrostatic forces.
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may also contribute to overfilling of the venous vascular 
space due to excess sodium and water retention. The net 
result is increased cardiac filling pressures and decreased 
stroke volume reserve comparable to that observed in pa-
tients’ systolic dysfunction. The effects of reduced cardiac 
output reserve on exercise intolerance and renal sodium 
and water retention are also comparable in the two groups. 
There are few clinical trial data to identify important causal 
pathways in the pathophysiology of disease progression in 
this entity. In contrast to patients with myocardial injury 
and systolic dysfunction, pharmacological inhibition of 
the renin-angiotensin system has not been associated with 
decreased mortality risk when compared with placebo in 
clinical trials of patients with preserved ejection fraction.
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Figure 57-9. Pathophysiology of diastolic heart failure. Ideal-
ized pressure volume loops representing changes in myocar-
dial function and/or loading conditions may contribute to the 
pathophysiology of diastolic heart failure. Normal cardiac func-
tion is represented by cycle ABCD. An alteration in the diastolic 
calcium re-uptake or changes in the physical properties of the 
ventricular wall can shift the diastolic pressure volume relation-
ship upward, leading to elevated diastolic filling pressures with 
normal ventricular volumes (cycle EBCF). Alternatively, large 
increases in afterload (induced by increased stiffness of conduit 
arteries, increased pulse wave velocity, and reflected pressure 
waves returning to the proximal aorta during early systole) in 
combination with reduced venous capacitance and displace-
ment of venous blood into the thoracic space shift the diastolic 
filling rightward along a normal curve to high diastolic filling 
pressures (cycle XYZ). In both cases, the left ventricular end-
diastolic pressures (LVEDP) are elevated to a similar degree 
(dashed lines). For clarity, these two explanations for diastolic 
heart failure are illustrated as distinct entities, but in many 
 patients a combination of altered diastolic filling properties and 
altered loading conditions likely contribute to the hemodynamic 
abnormalities associated with heart failure.
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INTRODUCTION

Ventricular diastole (from the Greek derivation for διαστολη
diastolê—“dilation”) is the filling portion of the cardiac 
cycle, which has traditionally been defined by events heard 
during cardiac auscultation. It starts with the closure of the 
aortic valve and ends with the closure of the mitral valve. 
Electrocardiographically, mechanical diastole lasts from the 
peak of the T wave to the peak of the R wave.

NORMAL AND ABNORMAL LV 
VENTRICULAR DIASTOLIC FUNCTION

The diastolic period during sinus rhythm is divided into four 
phases: (1) isovolumic relaxation time (IVRT) between the 
aortic valve closure and the mitral valve opening devoid of 
blood flow from the atria into the ventricles; (2) early or 
rapid ventricular filling (RVF); (3) diastasis, an intermezzo 
period with usually little or no appreciable ventricular filling; 

• Diastole starts with the closure of the aortic valve 
and ends with the closure of the mitral valve.

• It consists of four phases: isovolumic relaxation time 
(IVRT), early or rapid ventricular filling, diastasis, 
and late filling or atrial contraction phase.

• During IVRT, there is no blood flow or filling from the 
atria to the ventricles; it represents the time period 
between the aortic valve closure and the mitral valve 
opening.

• Diastolic dysfunction is characterized by abnormal 
active and passive relaxation properties of the left 
ventricle (LV), a rise in the LV diastolic pressures, 
and a rise in the left atrial (LA) pressures aimed at 
maintaining an LA to LV pressure gradient that is 
necessary for LV filling.

• Pseudonormal and restrictive patterns arise because 
the elevation in the LA to LV pressure gradient leads 
to an increase in the mitral E wave peak velocity, an 
increase in the mitral E/A ratio, and a shortening of 
both IVRT and DT.

• An abnormal relaxation pattern (Grade I or mild 
LV diastolic dysfunction) is characterized by IVRT 

prolongation, a mitral A wave taller than the E wave 
(E < A), a prolonged deceleration time (DT) of the 
mitral E wave, and a taller S wave than D wave on 
pulmonary venous flow velocity.

• A pseudonormal relaxation pattern (Grade II or mod-
erate LV diastolic dysfunction) is characterized by an 
E/A ratio between 1 and 2.

• A restrictive filling pattern (Grade III or severe LV dia-
stolic dysfunction) occurs when the E/A becomes >2
and the DT of the mitral E wave shortens to below 
150 msec.

• True diastolic heart failure is a result of an upward 
and leftward shift in the EDPVR curve as a result 
of the combined effects of impaired LV relaxation 
and increased LV stiffness, which leads to LV end-
diastolic pressure elevation even at normal or low LV 
filling volumes.

• About 50% of patients presenting with signs and 
symptoms of heart failure have a normal or near-
normal ejection fraction (HFNEF) without another 
explanation; risk factors for HFNEF include age, fe-
male gender, systemic hypertension, LV hypertrophy, 
and diabetes mellitus.

d PRACTICAL POINTS
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and (4) late filling or atrial contraction phase (Figure 58-1). 
The atrial contraction phase is either abolished or becomes 
asynchronous with other ventricular events during atrial ar-
rhythmias and atrioventricular block.

These four phases occur simultaneously in the right and 
left ventricles. In this chapter, we will concentrate on the 
events in the left ventricle.

Echocardiographic Correlates 
of Diastolic Phases

After placing a pulsed spectral Doppler sample volume at 
the mitral leaflet tips, one obtains a flow velocity record-
ing (depicted in Figure 58-2), a horizontal axis representing 
time, and a vertical axis representing blood velocity.

During each of the two filling phases, a distinct antegrade 
(above the baseline) wave is inscribed: E wave during rapid 
ventricular filling, and A wave during atrial contraction. As 
seen in Figure 58-1, the flow of blood from the left atrium 
into the left ventricle is the result of the left atrial pressure 
exceeding the left ventricular pressure in those two phases 
of diastole.

The time interval between the peak of the E wave and the 
end of the E wave is referred to as deceleration time (DT) 

and is inversely related to the rate of left ventricular relax-
ation and the magnitude of the pressure gradient between 
the left atrium and the left ventricle.

Because no ventricular filling occurs during IVRT, a flat 
line is inscribed on the echocardiographic flow velocity 
tracings. The length of this line segment represents the 
duration of IVRT. Like DT, IVRT is inversely related to 
the rate of left ventricular relaxation and the magnitude of 
the pressure gradient between the left atrium and the left 
ventricle. Normal E, A, DT, and IVRT values are given in 
Table 58-1.

Because no appreciable filling occurs during diastasis in 
normal individuals, a flat line is usually inscribed between 
the E and A waves. The length of this line segment is in-
versely related to heart rate. Given the absence of signifi-
cant flow during diastasis, tachycardia (unless extreme) 
is not detrimental to left ventricle filling in a normal 
individual.

When left ventricular relaxation is delayed, early left 
ventricular filling may continue past the E wave into the 
diastasis. The presence of an antegrade wave (sometimes 
referred to as L wave) in diastasis with a peak velocity 
≥20 cm/sec is indicative of left ventricular diastolic dys-
function (Figure 58-3).

Diastole

Diastasis

MVOAVC

Early
filling

Atrial
contraction

I
V
R
T

Ao

LV
LA

v a

Figure 58-1. Phases of diastole based on the intracardiac pressure measurement of the left atrium (LA), 
left ventricle (LV), and the aorta (Ao): [1] IVRT, isovolumic relaxation time; [2] E, early or passive filling 
phase; [3] diastasis; [4] A, atrial kick. AVC, aortic valve closure. MVO, mitral valve opening. v, ventricular 
wave; a, atrial wave of LA pressure curve.
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Filling in Early Versus Late 
Diastole in a Normal Ventricle

Ventricular filling is driven primarily by a pressure gradi-
ent between the left atrium and the left ventricle. However, 
the pressure difference during rapid ventricular filling arises 
from a fundamentally different reason compared to the atrial 
contraction phase.

During rapid ventricular filling in a normal individual, the left 
ventricular pressure falls below the left atrial pressure through 
active and passive relaxation of the left ventricle. In contrast, 
during the atrial contraction phase, the left ventricular filling 
occurs because the left atrial pressure rises above the left ven-
tricular pressure. In other words, the rapid ventricular filling 
phase is primarily driven by active relaxation of the left ven-
tricle, whereas the atrial contraction phase is driven by the 
systolic properties of the left atrium. In a normal individual, 
the rapid filling phase flow accounts for about three quarters 
of the total diastolic flow volume, and the atrial contraction 
phase for the remaining one quarter of the total.

Mechanical Performance 
of Left Ventricle During Diastole

Left ventricular dilation during diastole involves both ac-
tive and passive forces.

Active Relaxation
Left ventricular relaxation in early diastole is a 
load-dependent and energy consuming process. The en-
ergy in the form of adenosine triphosphate (ATP) is used 

Table 58-1 • Normal Values of Mitral Inflow 
Parameters

Mitral Value 
Parameter

AGE (years) Change 
with Age<50 >50

IVRT (msec)  65–89  73–107 ↑
Emax (cm/s)  58–86  48–76 ↓
DT (msec)  159–199  174–246 ↑
Amax (cm/s)  30–50  45–73 ↑
Emax/Amax  1.3–2.5  0.8–1.4 ↓

IVRT, isovolumic relaxation time; DT, deceleration time; E, early or passive filling 
phase; A, atrial kick.

Systole

Reservoir phase

S

Conduit phase Pump
phase

Diastole

D

Onset of
P wave
on ECG

A

AR

DT

IVRT
Mitral inflow

velocity

Pulmonary
vein velocity

Left atrial
volume

E

Figure 58-2. Schematic representation of mitral and pulmonary venous flow 
velocity patterns, and left atrial volume. Mitral inflow: IVRT, isovolumic relaxation 
time; E, early filling; DT, deceleration time; A, atrial contraction. Pulmonary vein: 
S, systolic; D, diastolic wave; AR, atrial reversal wave.
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to uncouple actin-myosin bridges and to remove cytosolic 
calcium ions into the sarcoplasmic reticulum via SERCA 
(sarco/endoplasmic reticulum Ca2+ ATP-ase).

At the end of the preceding ventricular systole, the left 
ventricle completes its torsional deformation and assumes a 
shape similar to that of a wrung towel. The untwisting of the 
left ventricular apex in the counterclockwise direction and 
the ventricular base in the clockwise fashion is the first me-
chanical event of diastole. As a result, the left ventricle un-
dergoes lengthening in its long and short axes (longitudinal 
and circumferential strains become positive), and its wall 
decreases in thickness (radial strain becomes negative).

These mechanical events of active myocardial relaxation of 
the ventricle start with the onset of IVRT and are essentially 
completed by the end of the rapid filling phase but occa-
sionally may extend into diastasis. The gold standard for the 
assessment of active myocardial relaxation is the time con-
stant τ (tau), calculated from the left ventricular pressure 
curve obtained invasively by high-fidelity pressure transduc-
ers during cardiac catheterization. The value of τ represents 
the time constant of the exponential decay of the left ven-
tricular pressure during IVRT. A τ value that is longer than 
48 milliseconds indicates abnormal LV relaxation.

Echocardiographically, active relaxation properties are as-
sessed either indirectly from the mitral blood flow velocity 
tracings or directly by tissue Doppler recordings from the 
mitral annulus.

Abnormal left ventricular relaxation (unless masked by 
concomitant left atrial pressure elevation) is characterized 

by prolongation of both IVRT and DT; these two parameters 
shorten with the rise of left atrial pressure.

By combining the color Doppler and M mode imaging over 
the left ventricle during diastole, one can determine the 
rate at which the E wave propagates from the mitral leaf-
let tips to the left ventricular apex; this rate is referred to 
as flow propagation velocity or Vp. The more impaired the 
left ventricular relaxations are, the lower the value of Vp 
(Figure 58-4).

Using the tissue Doppler technique after placing the sample 
volume at the level of either medial or lateral mitral annu-
lus, one can record the velocities of left ventricular length-
ening in the longitudinal direction during diastole (as well 
as shortening during ventricular systole). During diastole, 
tissue Doppler recordings reveal two negative (below the 
baseline) waves that are simultaneous with the blood veloc-
ity E and A waves; they are referred to as E ′ and A′ waves. 
The more impaired the left ventricular relaxations are, the 
lower the peak E ′ velocity (Figure 58-4). The amplitude of 
the E ′ wave continues to decline with the worsening of left 
ventricular diastolic dysfunction and, in principle, is not af-
fected by left atrial pressure (preload). In other words, E ′ 
may be considered as a surrogate of tau.

Passive Recoil
Active ventricular relaxation is augmented by the pas-
sive recoil of the ventricular myocardium, pericardium, 
and the surrounding thoracic tissue. The passive diastolic 
property of the ventricle is expressed as either the ven-
tricular stiffness (dP/dV) or its inverse, the LV compli-
ance (dV/dP), where P is the LV pressure and V is the LV 
volume.

This relationship between LV volume and pressure has tradi-
tionally been studied at end-diastole using the end-diastolic 
volume-pressure relationship (EDVPR) curve. This curve 
represents the lower boundary of a series of LV volume-
pressure curves obtained at various preloads (see chapter on 
cardiac catheterization).

Because EDPRV is not linear, the stiffness varies along the 
EDVPR curve; the LV becomes stiffer as the end-diastolic 
volume increases. In addition, when the LV myocardium 
hypertrophies (as in hypertrophic cardiomyopathy) or ac-
cumulates inelastic extracellular matrix substances (as in 
myocardial fibrosis or amyloidosis), the EDVRP curve shifts 
upward and leftward. This shift indicates that LV end-
diastolic pressure has risen above normal levels, even at 
normal LV filling volumes. Conversely, when the LV re-
modeling leads to an increase in end-diastolic volume (as in 
systolic LV dysfunction), the EDVPR curve shifts downward 
and rightward (Figure 58-5).

Figure 58-3. Mid-diastolic wave. Spectral Doppler recordings 
of the mitral blood inflow reveal abnormal mid-diastolic L wave 
of an A peak velocity ≥20 cm/sec, indicative of left ventricular 
myocardial dysfunction.
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The value of LV stiffness modulus, a measure of dP/dV, can 
be derived from pressure-volume tracings obtained inva-
sively by high-fidelity pressure transducers during cardiac 
catheterization. LV stiffness modulus is the chamber stiff-
ness constant (b) of an exponential curve fit to the diastolic 
LV pressure and volume points:

P = a × ev × b + c

where P = LV pressure, V = LV volume, b = chamber stiff-
ness constant, a = asymptote, and c = intercept of the 
relation.

An LV stiffness constant (b) value that is greater than 0.27 
is indicative of an abnormally stiff LV.

Although conceptually very useful, ventricular stiffness and 
compliance are not used in routine clinical practice because 
of the complexity involved in their determination.

In this chapter, the discussion will be restricted to the myo-
cardial aspect of the left ventricular diastolic function; the 
effect of the pericardial sac distensibility and the function of 
the surrounding thoracic tissue are discussed elsewhere.

Left Atrial Performance

During different parts of the cardiac cycle, the left atrium 
serves as a reservoir, a conduit, and a pump. During ven-
tricular systole, the mitral valve is closed and the left atrium 
serves as a reservoir. The filling of the left atrium is en-
hanced by the descent of the mitral annulus toward the left 
ventricular apex. This leads to an increase in atrial volume, 
which reaches its maximum at the end of ventricular sys-
tole. It is this maximum volume at the end of the reservoir 
phase that is reported as the “left atrial volume” when as-
sessing the left ventricular diastolic function. Indexed for 
body surface area, normal left atrial volume is ≤28 mL/m2. 
With chronic elevation of LA pressures (whether due to 
LV systolic or diastolic heart failure), the LA volume index 

Left ventricular
myocardial
dysfunction

Normal
individual

Normal values
Young individuals
Middle-aged & elderly

Mitral annular
tissue doppler

Color doppler flow
propagation (Vp)

Vp ≥ 55 cm/sec
Vp ≥ 45 cm/sec

E’ ≥ 10 cm/sec
E’ ≥ 8 cm/sec

Figure 58-4. Mitral annular tissue Doppler and flow propagation velocity. Mitral annular tissue Doppler 
velocities reveal É  and Á  waves. Flow propagation velocity on above color Doppler recordings is referred 
to as “slope.”

Diastolic
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Figure 58-5. End-diastolic pressure-volume relationship.
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progressively increases (Table 58-2) and with it a risk of the 
development of atrial fibrillation.

The left atrial reservoir, conduit, and pump phases can be 
studied echocardiographically by pulmonary venous flow 
velocity tracings obtained after placing a spectral pulsed 
Doppler sample volume inside a pulmonary vein, some 
1 to 2 cm from the pulmonary vein-left atrial junction 
(Figure 58-6 and Figure 58-7). On transthoracic echocar-
diography, the recordings are usually made from the right 
upper pulmonary vein in the apical four-chamber view, 

Table 58-2 • Left Atrial (LA) Volume Indexed 
for Body Surface Area

LA Volume Index (mL/m2)

Normal ≤28

Mild Dilation 29–33

Moderate Dilation 34–39

Severe Dilation ≥40

Diastolic dysfunction Mitral inflow Pulmonary vein Mean LA pressure

8–14 mm Hg

> 22 mm Hg

15–22 mm Hg

Grade III
restrictive

filling

Grade II
pseudo-

normalization

Grade I
abnormal
relaxation

Progressive
↑ LA pressure 

Progressive
↑ E wave 

Progressive
↓ S wave 

Figure 58-6. Grades of diastolic dysfunction. Mitral inflow: E, early filling; A, atrial kick. Pulmonary vein: 
S, systolic; D, diastolic wave.
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and from the left upper pulmonary vein on transesophageal 
echocardiography.

The reservoir phase, which finishes at the end of IVRT, is 
represented by the S (systolic) wave on pulmonary venous 
flow velocity spectral Doppler tracings.

The conduit phase encompasses the mitral E wave and the dia-
stasis and is characterized by the D (diastolic) wave in the pul-
monary venous flow velocity tracings. The flow of blood from 
the left atrium to the left ventricle is governed by the pressure 
gradient between the left atrium and the left ventricle. The 
higher the pressure gradient, the taller the D wave is.

In individuals who are in sinus rhythm, the atrial contrac-
tion is the final phase of the ventricular filling. Following 
the P wave on the electrocardiogram, atrial contraction 
propels the blood in two opposite directions: (1) forward 
across the mitral valve into the left ventricle, and (2) retro-
grade into the valveless pulmonary veins. During this phase, 
an atrial reversal (AR) wave is inscribed in the pulmonary 
venous spectral Doppler tracings; its timing partly overlaps 
with the mitral A wave.

When the left ventricular pressure is elevated, the peak ve-
locity of the AR wave is greater than 35 cm/sec (assuming a 
sinus rhythm and preserved left atrial systolic function), and 
it outlasts the left ventricular A wave by 30 milliseconds or 
more (Figure 58-7).

Normal Versus Abnormal Filling Patterns

In normal young individuals, the mitral blood velocity in-
flow is characterized by a short IVRT, an E wave higher than 
the A wave (E > A), and the short deceleration time of 
the E wave. The pulmonary venous flow pattern is usually 

characterized by an S wave smaller than the D wave (S < 
D), and the AR wave is short and has a peak velocity less 
that 35 cm/sec. The peak velocity of the mitral annular tis-
sue E wave is greater than 12 cm/sec, and the flow propaga-
tion velocity (Vp) of the E wave on color M mode is greater 
than 55 cm/sec. Because the sucking effect of the rapidly re-
laxing left ventricle during early diastole is the predominant 
force driving LV filling, the hearts of young and middle-age 
individuals are said to be “suckers.”

Diastolic dysfunction is characterized by three overlapping 
processes: (1) myocardial dysfunction of the left ventricle due 
to abnormal active and passive properties of the left ventricle; 
(2) a rise in the left ventricular diastolic pressure; and (3) a 
rise in the left atrial pressure aimed at maintaining LA to LV 
pressure gradient that is necessary for left ventricular filling.

Early in the progression of left ventricular dysfunction, the loss 
of active relaxation predominates; this phase is referred to as 
abnormal relaxation. In later stages, abnormal relaxation still 
exists; but on mitral and pulmonary venous flow velocity trac-
ings, its presence is masked by the effects of ever rising filling 
pressures. As the LV diastolic dysfunction progresses, the fill-
ing patterns first become pseudonormal and then restrictive.

Pseudonormal and restrictive patterns arise because eleva-
tion in the LA to LV pressure gradient leads to an increase 
in the mitral E wave peak velocity, an increase in the mitral 
E/A ratio, and shortening of both IVRT and DT. If one plots 
the mitral blood flow E/A ratio against the left atrial pres-
sure, a U-shaped curve is obtained (Figure 58-8).

In pulmonary venous tracings, the peak S wave velocity pro-
gressively diminishes and becomes lower than that of the 
D wave. In addition, the peak velocity of the AR wave rises 
above 35 cm/sec (assuming sinus rhythm and preserved left 

Figure 58-7. Mitral a wave vs. pulmonary venous reversal wave duration. When the duration of the pul-
monary venous reversal wave (AR) lasts more than 30 seconds greater than that of the mitral A wave, left 
ventricular end-diastolic pressure is elevated (>15 mm Hg), as in the above example.
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atrial systolic function), and its duration exceeds that of the 
mitral A wave by greater than or equal to 30 msec.

Although the increase in the LA to LV pressure gradient in 
individuals with advanced diastolic dysfunction alters the 
mitral and pulmonary venous filling patterns to mask the 
presence of abnormal LV relaxation, such masking is not ob-
served in mitral tissue Doppler and Vp tracings. The mitral 
annular tissue Doppler peak E velocity and the Vp progres-
sively diminish as the LV dysfunction advances, which con-
firms the continued presence of abnormal LV relaxation in 
advanced LV diastolic dysfunction.

In summary, most individuals with diastolic dysfunction 
have a LV filling pattern driven by a high LA to LV pressure 
gradient in the presence of abnormal left ventricle relax-
ation during early diastole. Descriptively, such individuals 
are referred to as “pushers.”

Numeric values for various diastolic patterns are summa-
rized in Table 58-3.

DIASTOLIC DYSFUNCTION 
FILLING PATTERNS

(1) ABNORMAL RELAXATION PATTERN (also re-
ferred to as Grade I or mild LV diastolic dysfunction) is char-
acterized by IVRT prolongation, a mitral A wave taller than 

the E wave (E < A), and prolonged DT. The pulmonary ve-
nous flow velocity pattern is characterized by an S wave that 
is taller than the D wave (S > D); the AR wave increases in 
peak velocity and duration. The mitral annular tissue Doppler 
tracings reveal a diminished peak E velocity (<8 cm/sec). The 
flow propagation velocity (Vp) slows to below 45 cm/sec.

An abnormal relaxation pattern is frequently observed in 
elderly individuals. Some researchers view this as a benign 
sign of aging (akin to gray hair), whereas others consider it a 
truly pathologic process (akin to osteoporosis).

A worsening of the LV diastolic function occurs as a con-
tinuum from abnormal relaxation through pseudonormal-
ization to restrictive filling.

Normal young

E/A > 1
D/S > 1
DT short

Restrictive

E/A > 2
D/S >> 1

DT very short

Pseudonormal

E/A = 1–2
D/S > 1
DT short

Abnormal relaxation

E/A < 1
D/S < 1
DT long

E/A
(D/S)

1

AR > 35 cm/sAR ≤ 35 cm/s

Normal LAP: “Suckers” Normal LAP: “Pushers”

Figure 58-8. The U-shaped curve of left ventricular diastolic dysfunction. For left ventricular 
filling, normal individuals primarily rely on rapid left ventricular (LV) relaxation (sucking) dur-
ing the E phase. With mild LV diastolic dysfunction (abnormal relaxation), the E phase filling is 
accomplished by prolongation of the E wave deceleration time (DT) and the shifting of the filling 
to the A phase. When that adaptation is not sufficient to fill the LV properly, the left atrial pressure 
rises to push the blood into the LV (pseudonormal and restrictive grades). Mitral inflow: E, early 
wave; A, atrial kick. Pulmonary venous flow: S, systolic; D, diastolic; AR, atrial reversal wave.

Table 58-3 • Diastolic Filling Patterns

Parameter
IVRT
(msec)

DT
(msec)

E/A
(cm/sec)

Normal Adult <100 <220 >1

Grade I: Delayed 
Relaxation

>100 >220 <1

Grade II: 
Pseudonormalization

60–100 150–200 1–2

Grade III: Restriction <60 <150 >2

IVRT, isovolumic relaxation time; DT, deceleration time; E, early or passive filling 
phase; A, atrial kick.
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(2) PSEUDONORMAL FILLING PATTERN (Grade II 
or moderate LV diastolic dysfunction) is characterized by an 
E/A ratio between 1 and 2.

(3) RESTRICTIVE FILLING (Grade III or severe LV 
diastolic dysfunction) occurs when the E/A becomes greater 
than 2 and the deceleration time of the mitral E wave short-
ens to below 150 msec.

It is important to emphasize that E/A and D/S ratios reflect, 
primarily, the magnitude of the pressure gradients between 
respective cardiac chambers (LA to LV pressure gradient 
in the case of E/A ratio, and pulmonary vein to LA pres-
sure gradient in the case of D/S ratio). Thus, these ratios 
by themselves cannot tell us whether the left ventricular 
diastolic function is normal or abnormal.

For instance, the same 3-mm Hg pressure gradient between 
the left atrium and the left ventricle (and thus the same E/A 
and D/S ratios) may occur with normal filling pressures (as in 
a young individual whose mean LA may be 5 and the LV pres-
sures may be 2 mm Hg during the rapid filling phase), as well 
as in someone with left ventricular dysfunction whose mean 
LA and LV pressures are 17 and 14 mm Hg, respectively.

Because pseudonormal and restrictive patterns reflect 
both abnormal LV relaxing properties and elevated filling 
pressures, maneuvers that diminish LA pressure (such as 
Valsalva maneuver or diuresis) will lead to a decrease in the 
E/A and D/S ratios. Thus, a restrictive pattern may turn into 
a pseudonormal pattern, and the pseudonormal pattern may 
revert to an abnormal relaxation pattern after such maneu-
vers. A decrease of ≥50% in the E/A ratio is highly specific 
for elevated LV filling pressures and is an important discrim-
inator between normal and abnormal filling patterns. One 
should also use the left atrial volume to differentiate normal 
from abnormal filling patterns. In the absence of left atrial 
enlargement, abnormal (pseudonarmal and restrictive) fill-
ing patterns are unlikely.

(4) IRREVERSIBLE RESTRICTIVE PATTERN 
(Grade IV diastolic dysfunction). Individuals with a restric-
tive filling pattern, in whom the E/A ratio does not change 
significantly after preload-lowering maneuvers, have an 
extremely severe form of diastolic dysfunction (Grade IV). 
They have an extremely poor prognosis with a survival rate 
of less than 50% at 2 years.

Echocardiographic Estimation 
of LV Filling Pressures

In general, estimation of instantaneous filling pressures by 
echocardiography is based on a ratio of a peak blood velocity 
during rapid ventricular filling (the height of the mitral E wave 
is directly proportional to the LA to LV pressure gradient) 

and the corresponding marker of LV relaxation (either the E ′ 
velocity of the mitral annular tissue Doppler, or the Vp). Left 
atrial pressure estimation by E/E’ ratio is given in Table 58-4.

Mean pulmonary artery wedge pressure (PAWP) can be esti-
mated from the following two equations:

[Equation 1] PAWP = 1.9 + 1.24 × E/E’

[Equation 2] PAWP = 4.6 + 5.27 × 
  E
Vp

Elevation of LV filling pressures occurs in symptomatic 
heart failure and the degree of pressure elevation correlates 
well with the magnitude of the patient’s symptoms. It is 
important to emphasize that the filling pressure elevation 
in systolic heart failure occurs with increased LV volumes 
(a rightward and downward shift in the diastolic pressure-
volume relationship compared to normal), whereas the 
pressure elevation in diastolic heart failure occurs at normal 
or small LV volumes (a leftward and upward shift in the dia-
stolic pressure-volume relationship compared to normal). 
These changes are depicted in Figure 58-5. Normal LV end-
diastolic volume index is ≤75 mL/m2, whereas the normal 
end-systolic volume index is ≤30 mL/m2.

Left Atrial Volume as an Indicator 
of LV Diastolic Dysfunction

The E/E’ and E/Vp ratios mentioned above give only a 
point estimate of the filling pressures at a particular mo-
ment in time. Left ventricular dysfunction is characterized 
by chronically elevated LA pressures resulting in left atrial 
enlargement. Thus, an increase in LA size is an indicator 
of chronically elevated filling pressures. The higher the 
grade of LV diastolic dysfunction, the larger the LA size is. 
The LA size should be expressed as LA volume indexed for 
body surface area; LA anteroposterior diameter should not 
be used for such a purpose, as it poorly correlates with the 
actual LA volume.

Although chronic LV diastolic dysfunction invariably leads 
to LA enlargement, not all LA enlargements are due to LV 
diastolic dysfunction. LA enlargement due to chronic vol-
ume overload (such as with mitral regurgitation or in mara-
thon runners) or pressure overload due to valvular disease 
(such as mitral stenosis) should be excluded before attribut-
ing LA enlargement to LV diastolic dysfunction.

Table 58-4 • Left Atrial (LA) Pressure Estimation 
by E/E’ Ratio

E/E’ LA Pressure

<8 Normal

8–15 Can’t Tell

>15 High
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DIASTOLIC HEART FAILURE

Heart failure, whether systolic or diastolic, has classically 
been recognized as a clinical triad of breathlessness, fatigue, 
and fluid overload. Breathlessness is caused by elevated left 
atrial pressure, which leads to alteration of diastolic filling 
patterns as visualized echocardiographically by mitral and 
pulmonary venous Doppler flow velocity indices. The LA 
pressure is either normal or mildly elevated in individuals 
with the abnormal relaxation pattern. It is moderately el-
evated in individuals with the pseudonormal pattern and 
severely elevated in those with the restrictive pattern. In 
other words, mitral and pulmonary venous Doppler flow 
indications are well correlated with the severity of the pa-
tient’s heart failure symptoms. However, it is important to 
emphasize that the mitral and pulmonary venous Doppler 
flow indices alone cannot differentiate between diastolic 
and systolic heart failure. By observing Doppler filling in-
dices, one can conclude whether the LA pressure during 
diastole is normal or abnormal but not infer whether the LV 
diastolic function is normal or abnormal.

True diastolic heart failure is a result of an upward and left-
ward shift in the EDPVR curve as a result of the combined 
effects of impaired LV relaxation and increased LV stiffness, 
which leads to LV end-diastolic pressure elevation even at 
normal or low LV filling volumes. In contrast, systolic heart 
failure is characterized by LA pressure elevation only at high 
filling volumes due to a rightward and downward shift in the 
EDRPV curve. As seen in Figure 58-5, the same LA pres-
sure elevation (and consequently the same LV Doppler fill-
ing indices) can be observed in patients with either diastolic 
or systolic heart failure.

It is now recognized that this symptomatic phase (ACC/
AHA Stages C and D; Figure 58-9) is a late manifestation 

of a disease process that might have started years or even 
decades earlier. In AHA/ACC Stage A, diastolic heart 
failure is initiated by disease-specific risk factors (such as 
age and hypertension). In Stage B, LV remodeling occurs, 
characterized by an increase in left ventricular wall thick-
ness (concentric LV hypertrophy) and progressive left atrial 
enlargement.

Once patients reach Stage C, they can be in any of the four 
New York Heart Association symptom classes (Class I: symp-
toms only at levels of exertion that would limit normal indi-
viduals; Class II: symptoms on ordinary exertion; Class III: 
symptoms at less-than-ordinary exertion; or Class IV: symp-
toms at rest). Stage D is characterized by Class IV symptoms.

TYPES OF DIASTOLIC HEART FAILURE

There is no universally agreed upon definition of diastolic 
heart failure (DHF). It may occur in conjunction with ei-
ther normal or abnormal LV systolic function.

Conceptually, isolated DHF could be defined as a combi-
nation of signs and symptoms of heart failure and LV dia-
stolic dysfunction. The clinical impression of heart failure 
can be corroborated by objective signs of pulmonary vas-
cular congestion on a chest radiograph, increased brain 
natriuretic peptide (BNP) serum levels, and the demon-
stration of elevated left atrial pressures either invasively or 
echocardiographically.

A direct demonstration of LV diastolic dysfunction would 
require a determination of abnormal values of tau and LV 
stiffness modulus, as well as the demonstration of a patho-
logic substrate through an endomyocardial biopsy. However, 
such measurements are complex and, as pointed earlier, not 
routinely used in clinical practice. As a consequence, there 

Types of heart failureACC/AHA class

Risk factors:
HTN, age, DM, renal
failure, anemia, etc.

Diastolic
dysfunction

Elevated left
atrial pressure

&
Abnormal mitral
filling patterns

Risk factors:
CAD, ethanol abuse,
chemotherapy, etc.
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dysfunction

A
Risk factors present

D
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Figure 58-9. Types and stages of heart failure. Stages A, B, C, & D refer to the American College of Cardi-
ology (ACC) and American Heart Association classification of heart failure. CAD, coronary artery disease; 
HTN, systemic hypertension; DM, diabetes mellitus.
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are only very few conditions with well-characterized LV 
diastolic dysfunctions that lead to DHF. These include hy-
pertrophic cardiomyopathy (discussed elsewhere) and infil-
trative cardiomyopathies, which are discussed below.

Instead, the presence of LV diastolic dysfunction in most 
patients with presumed DHF is inferred. In such individuals, 
LV diastolic dysfunction is suspected because they present 
with heart failure in the setting of normal or near-normal 
LV systolic function (LV ejection fraction ≥50%), normal or 
small LV diastolic volumes, and no significant valvular heart 
disease. Because the stiffness is defined as dP/dV, the pres-
ence of elevated filling pressures in the setting of normal LV 
volume is indicative of increased LV stiffness and, by exten-
sion, true LV diastolic dysfunction.

According to an American Heart Association position 
paper from 2000, DHF can be defined as either probable or 
definitive. Probable DHF is simply defined as the presence of 
clinical signs and symptoms of heart failure within 72 hours 
of detecting normal or near-normal LV systolic function and 
no significant valvular disease. The diagnosis of definitive 
DHF also requires detection of abnormal LV diastolic func-
tion by Doppler echocardiography.

Because a definitive diagnosis of DHF requires extensive ex-
pertise in echocardiographic assessment of LV diastolic func-
tion, epidemiologic studies routinely define DHF along the 
probable DHF criteria. Because LV diastolic dysfunction is 
infrequently measured directly in such studies, some prefer 
the term heart failure with normal LV ejection fraction (HFNEF) 
to that of DHF, when applied to patients in these studies.

In 2007, the European Society of Cardiology made the 
DHF diagnostic criteria even more stringent; it defined 
isolated DHF as a condition with clinical signs and symp-
toms of heart failure, normal LV systolic function, abnormal 
Doppler filling patterns, and the presence of elevated LV 
filling pressures (defined as one or more of the following: LV 
end-diastolic pressure >16 mm Hg; mean pulmonary artery 
wedge pressure >12 mm Hg; and an E/E’ >15) in the setting 
of normal LV end-diastolic volume index (≤75 mL/m2).

DIASTOLIC HEART FAILURE DUE 
TO INFILTRATIVE DISORDERS

Infiltrative myocardial disorders (restrictive cardiomyo-
pathies) are rare causes of DHF. Although such cardiomy-
opathies are infrequent, the presence of DHF in affected 
individuals is the norm. LV distensibility in these patients 
decreases due to deposition of various substances either in 
the extracellular matrix of the heart muscle (such as pro-
teins in amyloidosis and myocardial fibrosis; and small mol-
ecules in hyperoxaluria) or in the cardiac lysosomes.

AMYLOIDOSIS is a systemic multiorgan disorder caused by 
extracellular deposition of normally soluble amyloidogenic 
proteins in various organs including the heart. Amyloid fibrils 
are formed by a variety of genetically unrelated proteins that 
share the same folding pattern (β-pleated sheets). The char-
acteristics of the three most common forms of amyloidosis are 
given in Table 58-5. Although amyloidosis is the most com-
mon form of restrictive cardiomyopathy, its prevalence in the 
general population is very low (acquired systemic amyloidosis 
occurs in 1 in 100,000 US person-years).

MYOCARDIAL FIBROSIS occurs due to excessive deposi-
tion of collagen fibers in the extracellular matrix. It is often 
seen in patients with left ventricular hypertrophy due to 
systemic hypertension and, thus, may be the contributing 
factor to at least some forms of heart failure with the normal 
LVEF. It also occurs following chest radiation and in late 
stages of Trypanosoma cruzi infection. Frequently, myocar-
dial fibrosis has no apparent cause and is then referred to as 
being idiopathic.

HYPEROXALURIA is characterized by calcium oxalate 
deposits in various organs including the myocardium, the 
kidneys, and the liver.

LYSOSOMAL STORAGE DISORDERS are due to lyso-
somal enzyme deficiencies that lead to the inability to break 
down normal cellular constituents. Lysosomal deposits in-
clude lipids (as in Gaucher’s and Nieman-Picks disease), 
mucopolysaccharides (as in Hurler’s disease), and ganglio-
sides (as in Tay-Sachs disorder). Gaucher’s disease is the 
most common lysosomal storage disease and is characterized 
by a marked increase in LV wall thickness and stiffness.

HEART FAILURE WITH NORMAL LV 
EJECTION FRACTION (HFNEF)

Epidemiologic surveys and case-control studies, in both in-
patient and outpatient settings, have demonstrated that, 

Table 58-5 • Characteristics of the three most 
Common forms of Amyloidosis

Amylodo-
sis Type

Amyloid
Deposit

Underlying
Disease

Risk of Cardiac 
Involvement

AL Monoclonal
IG Light 
Chains

Multiple
Myeloma

50%

AA Serum
Amyloid
Protein

Chronic
Inflammation

10%

Familial Transthyretin 
(Prealbumin)

Gene
Mutation

5%
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currently, about 50% of patients presenting with signs and 
symptoms of heart failure have a normal or near-normal 
ejection fraction, no significant valvular disease, and no 
evidence for hypertrophic or restrictive cardiomyopathy.

Age is the major risk factor for HFNEF; the older the studied 
population, the higher the prevalence of HFNEF compared 
to systolic heart failure. With the rapidly aging population, 
HFNEF is expected to become the dominant form of heart 
failure in the near future. Other risk factors include female 
gender, systemic hypertension, LV hypertrophy (LV mass 
index >95 g/m2 in women and >115 g/m2 in men), and 
diabetes mellitus.

Because these individuals present with clinical signs and 
symptoms of heart failure in the setting of normal or near-
normal LV systolic function (LV ejection fraction ≥50%), 
normal or small LV diastolic volumes, and no significant 
valvular heart disease, they are presumed to have diastolic 
heart failure. However, there is a paucity of data in these 
individuals on the presence of true LV diastolic dysfunc-
tion as defined by abnormal tau and LV stiffness modulus 
values. Because true LV diastolic dysfunction has not been 
demonstrated directly in large groups of such patients, some 
researchers believe that the term diastolic heart failure should 
not be applied to these patients; instead, they propose heart 
failure with normal LV ejection fraction as a more neutral term 
for this disorder.

Indeed, HFNEF is a syndrome in which the LV filling 
pressure elevation is only partly explained by an intrinsic 
LV diastolic dysfunction, because there is often a contri-
bution from an increase in afterload (elevated systemic 
blood pressure; stiff aortic wall) and/or preload (anemia; 
renal failure). In one study, the mortality and morbidity of 
HFNEF was shown to be lower than that of systolic heart 
failure.

DIAGNOSIS OF DHF

Symptoms and signs of DHF are similar to those of systolic 
heart failure. Symptoms include fatigue and breathlessness 
including dyspnea on exertion, orthopnea, and paroxysmal 
nocturnal dyspnea. On physical exam, one finds pulmonary 
râles and peripheral edema. Cardiac auscultation may reveal 
either an S4 gallop (in Grade I LV diastolic dysfunction) or 
an S3 gallop (in Grades II-IV).

A chest radiograph reveals left atrial enlargement and 
pulmonary vascular congestion. Electrocardiographic 
(ECG) findings in HFNEF often include signs of left 
atrial enlargement and left ventricular hypertrophy. In 
contrast, an ECG in patients with cardiac amyloidosis 
usually has diminished voltage, as the wall thickening in 

these cardiomyopathies is due to deposits of electrically 
inert substances. In fact, the discrepancy between the low 
QRS voltage on the ECG and the apparent LV hypertro-
phy (or more precisely, LV wall thickening) on echocar-
diography is frequently the first diagnostic clue that the 
patient might have restrictive cardiomyopathy, such as 
amyloidosis.

Just as in systolic heart failure, a laboratory test for DHF 
often reveals an elevation of plasma brain natriuretic pep-
tide (BNP). In HFNEF, lab tests frequently reveal anemia 
and some degree of renal insufficiency.

Echocardiography plays the central role in the diagnosis of 
DHF; it provides information in the following four areas:

 1. ESTIMATION OF THE FILLING PRESSURES 
(e.g., LA pressures by E/E’ ratio, pulmonary wedge 
pressure by E/Vp, and LV pre-A diastolic pressure 
by the pulmonary vein AR duration of more than 
30 msec compared to mitral A wave). The finding 
of elevated pressure within 72 hours of presentation 
helps differentiate DHF from other causes of breath-
lessness. A serial filling pressure estimation may also 
be helpful in monitoring therapy in acute setting.

 2. DETERMINATION OF LV EJECTION FRAC-
TION. Normal LV ejection fraction excludes systolic 
dysfunction.

 3. DETERMINATION OF MITRAL AND PULMO-
NARY VENOUS FLOW PATTERNS (normal, abnor-
mal relaxation, pseudonormalization, and restrictive 
filling). A pseudonormal pattern in middle-age and 
elderly patients may be distinguished from the normal 
pattern by the presence of S < D in pulmonary vein 
tracings, diminished E ′ velocity or Vp, and an AR – 
A wave duration of >30 msec. The filling pat-
tern and the grade of LV diastolic dysfunction may 
change over time in the same patient; they may 
worsen as the disease progresses (as has been clearly 
shown in amyloidosis) or may improve (if it occurs 
following diuretic therapy and the decrease in filling 
pressures.

 4. CALCULATION OF LA VOLUME. The presence of 
an increased LA volume in the absence of a chronic 
volume overload or mitral valve disease is indicative 
of chronically elevated LA pressures and thus supports 
the diagnosis of DHF. Conversely, if one is contem-
plating the diagnosis of a pseudonormal filling pattern 
(Grade II LV diastolic dysfunction) but finds a normal 
LA volume, a diagnosis different from DHF should be 
considered.

 5. CALCULATION OF LV VOLUME AND MASS. 
In both HFNEF and restrictive cardiomyopathies, the 
LV wall thickness is increased and, thus, the calcu-
lated LV mass is increased (LV mass index >95 g/m2 
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in women, and >115 g/m2 in men). LV volumes in 
isolated DHF are normal (end-diastolic volume index 
≤75 mL/m2; end-systolic volume index ≤30 mL/m2).

A tissue biopsy may be required for definitive diagnosis of 
restrictive cardiomyopathies. An endomyocardial biopsy 
may often be replaced by a peripheral tissue biopsy, such as 
fat pad biopsy in amyloidosis.

THERAPY OF DHF

The choice of therapy in DHF is dictated by the general 
heart failure staging algorithm proposed by the American 
College of Cardiology and the American Heart Association 
and applicable to both systolic and diastolic heart failure 
(Figure 58-9). The ACC/AHA guidelines for the treatment 
of chronic heart failure in adults were last revised in 2005.

Stage A: At this early stage, individuals have risk fac-
tors for the development of LV remodeling and eventual 
heart failure. The major risk factors for the development 
of DHF (hypertension, diabetes mellitus, and metabolic 
syndrome) should be treated according to established guide-
lines. Thiazide diuretics, beta-blockers, and angiotensin-
 converting enzyme inhibitors (ACE-I) or angiotensin 
receptor blockers (ARBs) are beneficial for preventing DHF 
in many patients with the above risk factors. Disease spe-
cific therapy, if available, should be offered to patients with 
restrictive cardiomyopathy (e.g., appropriate treatment of 
multiple myeloma in patients with AL type amyloidosis).

Stage B: At this stage, patients have already undergone 
LV remodeling, which in case of isolated DHF refers to an 
increase in LV wall thickness and stiffness without cham-
ber dilation. The use of thiazide diuretics, beta-blockers, 
and angiotensin-converting enzyme inhibitors (ACE-I) or 
angiotensin receptor blockers (ARBs) prevents further LV 
remodeling and may even reverse it.

Stage C: It denotes patients with current or past symp-
toms of DHF. No therapeutic intervention has been shown 

unequivocally to alter the natural course of DHF once 
the symptoms develop. This is in marked contrast with 
systolic heart failure, where multiple medical and electri-
cal therapies have been shown to prolong life. In addition 
to the continuation of measures taken at Stages A and B, 
one may use diuretics to control fluid overload. In patients 
with atrial fibrillation and rapid ventricular response, the 
ventricular rate should be controlled with atrioventricular 
nodal blocking agents according to appropriate guidelines. 
Coronary revascularization may be considered if demon-
strable myocardial ischemia is thought to contribute to 
symptoms of DHF.

Stage D: These patients have symptoms at rest despite 
maximal medical therapy. There are no clinical trials data 
specifically addressing the issue of therapy for DHF at this 
stage. Heart transplant, inotropic supports, LV assist devices, 
and experimental therapy may be considered.
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• Diuretics in HF patients decrease signs and symp-
toms of volume overload, but the effect on mortality 
is unknown as no prospective trial has assessed the 
impact on morbidity and mortality.

• Digoxin is not associated with a mortality benefit, but 
is associated with a decrease in worsening HF and 
HF hospitalizations (morbidity).

• ACE-I are indicated in all patients with LV systolic dys-
function, with or without HF symptoms (i.e., stages 
B-D and NYHA class I-IV), due to improvement of 
HF symptoms, hospitalizations, and mortality docu-
mented in clinical trials.

• Trials comparing ARBs to ACE-I in chronic HF have 
demonstrated that ARBs are equivalent to ACE-I with 
respect to morbidity and mortality outcomes.

• Aldosterone blockade is indicated in chronic HF and 
in post-MI HF due to mortality benefit in clinical 
trials.

• Beta-blockers are indicated in both symptomatic 
and asymptomatic HF patients with depressed LVEF 
(ACC/AHA Stage B-D) and in patients with a history 
of MI regardless of LVEF.

• The combination of isosorbide dinitrate/hydralazine 
may be beneficial in HF patients who have persistent 
symptoms and are on ACE-I and beta-blockers, espe-
cially in African American patients.

• Nesiritide leads to vasodilation, natriuresis, and 
diuresis with improvement in filling pressures and 
symptoms but has not demonstrated long-term mor-
bidity or mortality benefit in clinical trials.

d PRACTICAL POINTS

INTRODUCTION

The 2001 American College of Cardiology/American Heart 
Association (ACC/AHA) heart failure (HF) guidelines in-
troduced a new staging system consisting of four stages for 
the HF syndrome that encompasses the development and 
progression of disease. This new staging system helps identify 
and target patients at risk of developing HF and recommends 
treatment strategies for each stage. Of note, the ACC/AHA 
HF staging system and the New York Heart Association 
(NYHA) classification are different but complementary. 
Whereas the ACC/AHA staging system classifies patients 
according to their risk, development, and progression of the 

HF syndrome, the NYHA classification concentrates on the 
severity of HF symptoms (see Figure 59-1 for staging sys-
tem). The main focus of this chapter will be on the medical 
treatment of Stage C and D patients with depressed left ven-
tricular ejection fraction (LVEF) or systolic heart failure.

The main pillars of HF management are to provide relief of 
HF symptoms, decrease morbidity, and decrease mortality. 
The two medication groups that target symptom improve-
ment with no proven impact on mortality are diuretics and 
digoxin. Morbidity and mortality benefit in the medical 
treatment of HF has been demonstrated with use of angio-
tensin-converting enzyme inhibitors (ACE-I), angiotensin 
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receptor blockers (ARBs), beta-blockers, aldosterone inhib-
itors, as well as a combination of hydralazine and nitrates.

DIURETICS

Diuretics for HF are indicated in patients with fluid reten-
tion in Stages C and D, NYHA II-IV. Loop diuretics are the 
preferred agents used for volume overload.

Recommended diuretics, mechanisms of action, and dosing 
regimens for HF are shown in Table 59-1.

Clinical Outcomes

Diuretics in HF patients decrease signs and symptoms of 
volume overload, improve exercise tolerance, and may show 
some improvement in cardiac function. However, there 
have not been any prospective trials to assess the impact 
of diuretic use on morbidity and mortality. Retrospective 
analyses have suggested increased mortality in patients tak-
ing higher doses of diuretics, however, the higher diuretic 
dose may just be a marker of higher risk patients.

Indications

Loop diuretics are the most potent in fluid removal; furo-
semide is the most widely used. The second line of more 
potent loop diuretics (better absorption and longer duration 
of action), which are usually used when patients respond 
inadequately to furosemide, are bumetanide and torsemide. 
Typically, the starting dose of the diuretic depends on the 
severity of volume overload, prior exposure to diuretics, pre-
vious dose of diuretic, and renal function. If the patient does 
not respond to a certain oral dose, the dose can be doubled 
or the same dose may be given in intravenous form.

Thiazide diuretics are typically added to loop diuretics to po-
tentiate diuretic response. Chlorothiazide or metolazone are 
given approximately 30 minutes prior to loop diuretic ad-
ministration to enhance diuretic response. 

Adverse Effects

Loop diuretics: hyponatremia, hypokalemia, hypomag-
nesemia, volume depletion, hyperuricemia, gout, hypoten-
sion, rash, ototoxicity (tinnitus, vertigo, deafness).

Stage A

At high risk, no
structural disease,

no HF

e.g. hypertension, obesity,
atherosclerotic disease,

diabetes, metabolic
syndrome, exposure to
cardiotoxins, or a family

history of cardiomyopathy

Stage B

Structural heart
disease, asymptomatic

No HF, but history
of previous MI, evidence

of LV remodeling
(hypertrophy, reduced
ejection fraction) and

asymptomatic valvular
disease

Stage C

Structural heart
disease with
prior/current

symptoms of HF

(reduced or preserved
left ventricular ejection

fraction)

Stage D

Refractory HF
requiring

specialized
intervention

•  Treat hypertension

•  Treat lipid
 disorders

•  Encourage regular
 exercise

•  Encourage
 smoking cessation

•  Discourage alcohol
 and illicit drugs 

•  Control metabolic
 syndrome

•  ACE-I or ARB for
 vascular disease,
 DM, hypertension
 with other risk
 factors

•  All measures under
 stage A & B

•  Salt restriction

Drugs:

• Diuretics∗

• ACE-I ∗

• Beta-blockers∗

• ARB

•  Digitalis

•  Hydralazine/
 isosorbide

•  Aldosterone 
 antagonists

•  BiV pacers/ICDs

•  All measures
 under stages A, B,
 and C

•  Mechanical assist
 devices

•  Heart
 transplantation

•  Continuous (not
 intermittent) IV
 inotropic
 infusions for
 palliation

•  Hospice care

•  Experimental
 surgery/drugs

•  All measures under
 stage A

•  ACE-I (or ARB) in
 appropriate
 patients

•  Beta-blockers in
 appropriate
 patients

Figure 59-1. Therapy Based on Stage of Heart Failure. *Recommended routinely in these patients. (Adapted from Hunt SA, et al, 
ACC/AHA 2005 guideline update for the diagnosis & management of chronic heart failure in the adult, 2005.)
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Thiazide diuretics: hypokalemia, increased serum choles-
terol and triglycerides, impaired glucose tolerance, diabetes 
mellitus. Metolazone can cause profound hyponatremia, 
hypokalemia, and volume depletion.

Diuretic Resistance

Definition: Unresponsiveness to higher doses of loop diuretics.

Potential causes: Potential causes are increased dietary so-
dium intake, concomitant use of agents that can block 
the effects of diuretics (e.g., NSAIDs, COX-2 inhibitors), 
significant impairment of renal function or perfusion, 
worsening HF resulting in bowel edema and intestinal 
hypoperfusion with poor absorption of the diuretic when 
given orally.

Treatment: Restrict sodium intake, intravenous diuretics, 
use of two or more diuretic classes in combination, use of 
diuretics together with drugs that increase renal blood flow 
(e.g., positive inotropes).

DIGITALIS

The positive inotropic effects of digitalis have not 
translated into robust clinical benefit in clinical trials. 
Thus, the use of digitalis in HF has acquired a more sec-
ondary role.

Mechanism of Action

Digitalis inhibits the Na+/K+ ATPase, ultimately resulting in 
increased intracellular calcium. This results in (a) increased 

inotropy and (b) decreased conduction through the SA and 
AV nodes.

Clinical Outcomes

The main DIG trial randomized 6800 patients with HF, 
LVEF <45%, and sinus rhythm to digoxin or placebo. At 
3 years follow-up, digoxin had a neutral effect on mortal-
ity but resulted in 28% reduction in HF hospitalization. 
The PROVED and RADIANCE trials demonstrated that 
discontinuation of digoxin resulted in higher frequency of 
worsening HF.

Indications

Digoxin can be used in:

 1. Patients with persistent symptoms of HF despite 
 treatment with diuretics, ACE-I, and beta-blockers 
(Stage C and D, NYHA II-IV) (ACC/AHA Class IIa 
recommendation, Level of evidence: B).

 2. LV systolic dysfunction and atrial fibrillation (for rate 
control), often in addition to beta-blockers, which 
are more effective in controlling ventricular response 
especially during exercise.

Of note, a retrospective analysis of the DIG trial demon-
strated increased risk of death in women randomized to 
digoxin. With the relatively small benefit with digoxin 
(compared to other HF medications) and the potentially 
worse outcome in women, some physicians do not use 
digoxin in women with HF. (This is not a guideline recom-
mendation and is left up to the discretion of the physician.) 

Table 59-1 • Commonly Used Diuretics in Heart Failure

Drug
Initial Dose to Maximum Daily Dose (Oral) 
or to Maximal Single Dose (Intravenous) Mechanism of Action

Loop diuretics

Furosemide oral
Intravenous
Infusion
Bumetanide oral
Intravenous
Infusion
Torsemide oral
Intravenous
Infusion

20-40 mg once or twice daily to 600 mg
40-160-200 mg
40 mg IV load, then 10-40 mg/hr
0.5-1.0 mg once or twice daily to 10 mg
1.0 mg to 4-8 mg
1 mg IV load, then 0.5-2 mg/hr
10-20 mg once daily to 200 mg
10 mg to 100-200 mg
20 mg IV load, then 5-20 mg/hr

Inhibit Na+ and Cl- reabsorption by 
blocking the Na+ -K+-2Cl- cotransporter 
in thick ascending limb of loop of Henle 
leading to free water excretion.

Thiazide diuretics

Chlorothiazide* (intravenous)
Metolazone*
Hydrochlorothiazide

250-500 mg once or twice to 1000 mg
2.5 mg once to 20 mg
25 mg once or twice to 200 mg

Block the Na+Cl- cotransporter in distal convoluted 
tubules thereby inhibiting Na+/Cl- reabsorption. 

*Thiazides with more potent diuretic effects.
Ethacrynic acid is the only loop diuretic without a sulfa moiety and may be used in sulfa-allergic patients. It is not commonly available in the United States.
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Furthermore, caution is recommended when withdrawing 
digoxin in patients who are tolerating it well.

Recommended Dosing

0.125-0.25 mg daily is recommended. Since there is no clear 
serum level–response relationship, in HF patients, 0.125 mg 
daily is typically used to prevent digitalis toxicity, especially 
in more advanced HF patients who have renal insufficiency 
or rapidly changing renal function (with diuresis, worsening 
cardiac function, addition of ACE-I or ARB, etc.). Loading 
doses are not indicated when digoxin is initiated for HF 
treatment.

Serum concentration is rarely checked to assess for thera-
peutic target but is usually checked to assess for toxicity. The 
recommended serum concentration to avoid toxicity is 0.5-
1.0 ng/mL. Post-hoc analyses have demonstrated increasing 
mortality as levels exceed 1 ng/mL.

Adverse Effects

Overt digitalis toxicity is commonly associated with serum 
digoxin levels >2 ng/mL. However, toxicity may occur with 
lower digoxin levels, especially if hypokalemia, hypomag-
nesemia, hypothyroidism, renal insufficiency, or lower body 
mass coexist.

Symptoms of digitalis toxicity include fatigue, gastrointestinal 
symptoms (e.g., anorexia, nausea, vomiting, diarrhea, abdom-
inal pain), neurological complaints (e.g., headache, dizziness, 
visual disturbances such as yellow-green halos, disorientation, 
and confusion), and cardiac arrhythmias such as bradycardia, 
ventricular ectopy, atrial arrhythmias (may be seen together 
with high degree AV block, e.g., atrial flutter with >4:1 
block or atrial fibrillation with heart block resulting in a slow, 
regular ventricular response), and ventricular arrhythmias. 
Accelerated junctional rhythm and bidirectional ventricular 
tachycardia are more specific for digitalis toxicity.

Medications that can increase digitalis levels and cause 
toxicity: amiodarone, clarithromycin, erythromycin, tetra-
cycline, itraconazole, cyclosporine, verapamil, diltiazem, or 
quinidine. Rifampin enhances digoxin metabolism and low-
ers its levels. Thus, stopping rifampin can lead to digoxin 
accumulation and toxicity.

Treatment of Digitalis Toxicity

Charcoal for drug adsorption in GI tract (within • 
6-8 hours of ingestion)
Correct hypokalemia and hypomagnesemia• 
Digoxin-specific Fab fragments are indicated in pa-• 
tients with symptomatic arrhythmias, hemodynamic 
instability, hyperkalemia (K > 5.0 mEq/L), digoxin 
level >10 ng/mL.

Hemodialysis or hemofiltration are not effective in • 
removing digoxin.

RENIN ANGIOTENSIN 
ALDOSTERONE ANTAGONISTS

Activation of the renin-angiotensin-aldosterone system 
(RAAS) plays a crucial role in the development and pro-
gression of HF. Deleterious effects of the RAAS in HF are 
mediated primarily through increased levels of angiotensin 
II. Angiotensin II is an extremely potent vasoconstrictor 
and produces sodium retention (via aldosterone and renal 
vasoconstriction) and fluid retention (via antidiuretic hor-
mone), thereby promoting the HF state. At the cellular 
level, angiotensin II promotes hypertrophy, contributing to 
remodeling of the left ventricle and alterations in the vas-
culature. Blocking the RAAS cascade at different levels has 
been shown to reduce the progression of HF and improve 
long-term outcome.

ANGIOTENSIN CONVERTING 
ENZYME INHIBITORS (ACE-I)

Mechanism of Action

ACE-I inhibit the angiotensin converting enzyme (ACE) 
that converts angiotensin I to angiotensin II. By decreas-
ing the production of angiotensin II, ACE-I decrease the 
deleterious effects of angiotensin II. Furthermore, ACE is 
involved in the degradation of bradykinin (which acts as a 
vasodilator through the release of nitric oxide) and prosta-
glandin, along with having antimitotic, antithrombotic, and 
natriuretic actions. Some beneficial effects of ACE-I may be 
due to inhibition of ACE-mediated bradykinin degradation. 
Acutely, the beneficial clinical effects of ACE-I are attrib-
uted to their vasodilatory properties (resulting in decreased 
afterload). Chronically, their neurohormonal effects appear 
more important.

Clinical Outcomes

Numerous trials have demonstrated that ACE-I improve HF 
symptoms, reduce HF hospitalizations, and improve  survival in 
patients with LV systolic dysfunction (Tables 59-2 and 59-3).

Indications

ACE-I are indicated in all patients with LV systolic dysfunc-
tion, with or without HF (i.e., Stages B-D and NYHA Class 
I-IV), irrespective of etiology of HF.

The starting and target doses of ACE-I recommended for 
HF are displayed in Table 59-4.
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Adverse Effects

Hypotension, worsening renal function, hyperkalemia, • 
cough (5-10%, up to 50% in Chinese), angioedema 
(rare, with an incidence of <1%; more frequent in 
African Americans).
A dry, nonproductive cough may occur, presumed • 
secondary to increased bradykinin levels; alternative 
causes of cough should be excluded before the ACE-I 
are stopped. Cough and angioedema usually occur 
within a few weeks of initiation but have been noted 
months to years after starting ACE-I.

Contraindications

Angioedema or anuric renal failure during prior exposure 
to ACE-I; hyperkalemia, pregnancy, bilateral renal artery 
stenosis.

Caveats When Using ACE-I

Caution in initiation or uptitration of ACE-I is advised if:

Systolic BP • <80-90 mm Hg
Creatinine • >3 mg/dL
Potassium • >5.5 mmol/L

ACE-I should be started at low doses and gradually increased 
to target doses used in clinical trials. If target doses cannot be 
reached (e.g., because of hypotension, hyperkalemia, renal 
insufficiency), the highest tolerated dose should be used. 
The ATLAS trial (Assessment of Treatment with Lisinopril 

and Survival) demonstrated that HF patients taking higher 
doses of lisinopril had a trend toward lower cardiovascular 
mortality and had significantly fewer hospitalizations for 
any cause and for HF, as compared to patients on low dose 
lisinopril.

A beta-blocker can be initiated soon after ACE-I initiation 
(if patient is euvolemic) and does not have to be delayed 
until target ACE-I dose has been reached. Both should grad-
ually be uptitrated, as tolerated.

ANGIOTENSIN RECEPTOR 
BLOCKERS (ARBS)

Mechanism of Action

Angiotensin receptor blockers (ARBs) selectively block 
the binding of angiotensin II to the angiotensin II receptor, 
Type 1 (AT1). This results in a decrease in arterial vasocon-
striction, decrease in sympathetic tone, and attenuation of 
myocardial hypertrophy. Because angiotensin II stimulates 
aldosterone production, aldosterone levels are also reduced, 
resulting in a decrease in Na+/Cl- absorption, K+ excretion, 
and water retention.

The premise for the introduction of ARBs is that ACE-I 
do not completely suppress angiotensin II levels in patients 
with HF. In fact, angiotensin II levels appear to gradually 
increase on chronic ACE-I therapy, likely due to various 

Table 59-2 • Clinical Trials of ACE-I in Post Myocardial Infarction HF/LV Systolic Dysfunction

Trial Study Population Study Drug Target Dose Outcome with Drug vs. Placebo

AIRE (n = 1986) post-MI HF ramipril, 5 mg twice daily 27% ↓ mortality

SAVE (n = 2231) post-MI LVEF <40%
without HF

captopril, 50 mg three 
times daily

19% ↓ mortality, 37% ↓ severe HF, 
25% ↓ recurrent MI

TRACE (N = 2606) post-MI LVEF ≤35% trandolapril, 4 mg once daily 22% ↓ mortality, 29% ↓ severe HF

HF, heart failure; LV, left ventricular; MI, myocardial infarction; LVEF, left ventricular ejection fraction.

Table 59-3 • Clinical Trials of ACE-I in Chronic Heart Failure

Trial Study Population Study Drug Target Dose Outcome with Drug vs. Placebo

SOLVD prevention 
(n = 4228)

LVEF < 35%, on no 
treatment for HF

Enalapril, 10 mg twice daily no difference in mortality, 29% ↓ death 
or HF development

SOLVD treatment 
(n = 2569)

Chronic HF (Class II-III) 
and LVEF < 35%

Enalapril, 10 mg twice daily 16% ↓ mortality, 26% ↓ death or HF 
hospitalization

CONSENSUS I 
(n = 253)

NYHA Class IV HF Enalapril, 20 mg twice daily 40% ↓ 6-month, 27% ↓ overall mortality, 
NYHA class improved

HF, heart failure; LVEF, left ventricular ejection fraction.
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alternative non-ACE pathways that convert angiotensin I 
to angiotensin II. ARBs were therefore developed for more 
complete inhibition of angiotensin II by directly blocking 
the angiotensin receptor.

Clinical Outcomes (Tables 59-5 and 59-6)

Trials comparing ARBs to ACE-I in chronic HF have 
demonstrated that ARBs are equivalent to ACE-I with 
respect to morbidity and mortality outcomes (trials using 
valsartan and candesartan); however, a trend toward im-
proved outcomes was noted with ACE-I in a trial compar-
ing captopril to losartan. In light of the greater amount 
of data and experience with ACE-I compared to ARBs, 
ACE-I continue to be the recommended first-line agents 
for patients with HF and depressed LVEF. ARBs are rec-
ommended in patients with HF who are intolerant of 
ACE-I. The Val-HeFT and the CHARM-Added trials as-
sessed the addition of ARBs to ACE-I on morbidity and 
mortality in patients with HF and LV systolic dysfunction. 
Both trials demonstrated a reduction in HF hospitaliza-
tions when an ARB was added to an ACE-I with modest 
reduction in cardiovascular mortality only in CHARM-
Added.

Indications

ARBs are indicated in patients with LV systolic dysfunction 
in the following scenarios:

Patients who are intolerant of ACE-I because of in-• 
tractable cough or angioedema (Stages A-D, NYHA 
Class I-IV).
ARBs can be added to ACE-I if patients continue • 
to have HF symptoms or uncontrolled hyper-
tension  despite target doses of ACE-I and beta-
 blockers.
If patients are on ACE-I but are unable to tolerate • 
beta-blockers and have persistent symptoms (Heart 
Failure Society of America recommendation).

The ARBs recommended in HF with LV systolic dysfunc-
tion and their dosing are presented in Table 59-7.

Adverse Effects

ARBs are as likely as ACE-I to produce hypotension, wors-
ening renal function, and hyperkalemia. Otherwise, ARBs 
are better tolerated than ACE-I. The incidence of cough 
is much lower in ARBs (~1%) compared to ACE-I (5-
10%), and the incidence of angioedema with ARB is ex-
tremely rare. Guidelines recommend that ARBs may be 
considered in patients who have had angioedema while 
taking ACE-I, however, extreme caution is advised.

ALDOSTERONE ANTAGONISTS

Aldosterone antagonists were investigated in the treatment 
of HF, because treatment with ACE-I and ARBs suppresses 
aldosterone levels incompletely, owing to non-angiotensin-
mediated stimulation of aldosterone. In addition to fluid re-
tention, aldosterone has adverse effects on cardiac structure 

Table 59-5 • Clinical Trials of ARBs in Post Myocardial Infarction Heart Failure

Trial; Number 
of Patients Study Population

Study Drug 
Target Dose Comparator Outcome

OPTIMAAL
(n = 5477)

post-MI, HF LVEF 
<35% or LVEDD 
>65 mm

losartan,
50 mg daily

captopril, 50 mg three 
times daily

trend toward 13% ↑ mortality 
with losartan; trend toward 
16% ↑ HF hospitalization

VALIANT 
(n = 14,500)

post-MI, with HF or 
LVEF <35%

valsartan, 160 mg 
twice daily

captopril, 50 mg 
three times daily OR 
combination of valsartan, 
80 mg twice daily, and 
captopril, 50 mg three 
times daily

similar mortality in all 
3 groups

HF, heart failure; MI, myocardial infarction; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter.

Table 59-4 • ACE-I Recommended in Heart Failure

ACE-I Initial Daily Dose Maximum Daily Dose

Captopril 6.25 mg 3 times 50 mg 3 times

Enalapril 2.5 mg twice 10 to 20 mg twice

Lisinopril 2.5 to 5 mg once 20 to 40 mg once

Fosinopril 5 to 10 mg once 40 mg once

Perindopril 2 mg once 8 to 16 mg once

Quinapril 5 mg twice 20 mg twice

Ramipril 1.25 to 2.5 mg once 10 mg once

Trandolapril 1 mg once 4 mg once
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and function (myocardial fibrosis), leading to adverse left 
ventricular remodeling.

Mechanism of Action

Aldosterone receptor blockers block the mineralocorti-
coid receptor in the distal renal tubules, thereby decreas-
ing Na+/Cl- absorption, K+ excretion, and water retention. 
Moreover, they inhibit the deleterious effects of aldosterone 
on the myocardium (decrease in myocardial fibrosis), lead-
ing to a positive impact on LV remodeling.

Clinical Outcomes

Two large prospective clinical trials have demonstrated 
mortality benefit with aldosterone receptor blockers in 
chronic HF and in post myocardial infarction (post-MI) HF 
(Table 59-8).

Indications

Aldosterone receptor blockers are recommended in:

chronic NYHA Class III-IV HF and LVEF • ≤ 35%, 
already on standard therapy for HF including ACE-I, 
beta-blockers, and diuretics.
post-MI LVEF • <40% and HF already on standard 
therapy including ACE-I and beta-blockers.

The aldosterone receptor blockers indicated in HF and their 
dosing are shown in Table 59-9.

Adverse Effects

Hyperkalemia and worsening renal function (similar 
rates with spironolactone and eplerenone), gynecomas-
tia, and other antiandrogen effects have been noted with 
spironolactone but not with eplerenone. Due to significant 
risk of hyperkalemia, these agents are not recommended if 
creatinine is >2.5 mg/dL (or GFR <30 mL/min) or potas-
sium is >5 mEq/L. Serum potassium should be monitored 
frequently after initiation or dose change of aldosterone an-
tagonists (within 7-10 days). Potassium supplements should 
not be used with these agents unless there is persistent 
hypokalemia <4 mEq/L.

BETA-BLOCKERS

Although short-term activation of the sympathetic system 
is a beneficial compensatory mechanism in HF, long-term 
sympathetic activation has numerous deleterious effects 

Table 59-6 • Clinical Trials of ARBs in Chronic Heart Failure

Trial; Number 
of Patients Study Population

Study Drug 
Target Dose Comparator Outcome with Drug

ELITE I (n = 722) LVEF ≤ 40% NYHA II-III losartan, 50 mg 
daily

captopril, 50 mg 
three times daily 

no difference in primary endpoint of 
renal dysfunction ↓ mortality or HF 
hospitalization with losartan

ELITE II (n = 3,152) LVEF ≤ 40% NYHA II-III losartan, 50 mg 
daily

captopril, 50 mg 
three times daily 

no significant difference in mortality 
or HF hospitalization

CHARM-Alternative
(n = 2,028)

LVEF ≤ 40% NYHA II-IV
ACE-I intolerance

candesartan,
32 mg daily

placebo 23% ↓ cardiovascular death 
or HF hospitalization 

Val-HeFT
(n = 5,010)

LVEF < 40% NYHA II-IV
93% on ACE-I 

valsartan, 160 
mg twice daily 

placebo no significant difference in mortality, 
13% ↓ combined end point of mortality 
and morbidity mainly due to 24% ↓ HF 
hospitalization

CHARM-Added
(n = 2,458)

LVEF ≤ 40% NYHA II-IV
100% on ACE-I

candesartan,
32 mg daily

placebo adding candesartan caused 15% ↓
composite of cardiovascular death or HF 
hospitalization, similar reduction in both 
HF hospitalization and cardiovascular
mortality

HF, heart failure; LVEF, left ventricular ejection fraction; CV, cardiovascular.

Table 59-7 • ARBs Recommended in Heart Failure

Angiotensin
Receptor Blockers Initial Daily Dose(s)

Maximum
Daily Dose(s)

Candesartan 4 to 8 mg once 32 mg once

Valsartan 20 to 40 mg twice 160 mg twice

Losartan* 25 to 50 mg once 50 to 100 mg 
once

*The ELITE II trial comparing losartan to captopril showed a trend toward improved 
outcomes with captopril. Trials using candesartan and valsartan showed similar out-
comes compared to ACE-I. Candesartan and valsartan are the recommended ARBs 
for patients with chronic heart failure due to left ventricular systolic dysfunction.
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and leads to progression of HF. Thus, blocking the effects of 
the sympathetic nervous system in HF patients has resulted 
in significant improvements in clinical outcomes and also 
structural cardiac changes.

Mechanism of Action

Beta-blockers inhibit the action of catecholamines, epi-
nephrine, and norepinephrine and thus partially block the 
effects of sympathetic activation. Individual beta-block-
ers differ in their properties of blocking α-, β1- and β2-
receptors.

Clinical Outcomes

Three beta-blockers (metoprolol succinate, carvedilol, and 
bisoprolol) have demonstrated improvement in outcomes 
in HF patients. Several other beta-blockers (e.g., bucindilol 
and metoprolol tartrate) did not show these definitive bene-
ficial effects in HF patients. The exact reasons are unknown, 
but proposed mechanisms include differences in intrinsic 
sympathomimmetic activity, additional beta-blocking prop-
erties or additional antiinflammatory properties, as well as 
dosing regimens utilized in the clinical trials.

The majority of beta-blocker trials enrolled patients with 
systolic HF (EF < 35-45%), NYHA Class II-III and in a 
euvolemic state with the exception of the COPERNICUS 
trial, which enrolled patients with NYHA Class III-IV 
HF in a euvolemic state. In these trials, the administra-
tion of beta-blockers resulted in an improvement of HF 
symptoms, a reduction in morbidity, a reduction in HF 
hospitalization, and a significant reduction in mortality 
(Table 59-10).

Indications

Patients with reduced LVEF and NYHA Class II-IV • 
HF, i.e., Stage C, D, unless contraindicated or unable 
to tolerate treatment, regardless of HF etiology.
Patients with history of myocardial infarction regard-• 
less of LVEF, i.e., Stage B.
Patients with depressed LVEF even without HF symp-• 
toms, i.e., Stage B and NYHA Class I.

Although beta-blockers have not formally been evalu-
ated in asymptomatic patients with LV systolic dysfunc-
tion (excluding post-MI), the guidelines recommend their 
use in these patients because of their favorable effect on 
disease progression and clinical outcome in symptomatic 
patients.

The beta-blockers recommended in HF with their dosing 
are shown in Table 59-11.

Caveats When Using Beta Blockers

During initiation and uptitration of beta-blockers:
ensure euvolemia before initiating.• 
add to low dose ACE-I (not necessary to maximize • 
ACE-I first).
inform patients that they may initially experience • 
 increased volume retention or fatigue. If these side ef-
fects are not severe, continuation of the beta-blocker 
+/- increase in diuretics is recommended.

Adverse Effects

Adverse effects may include fluid retention, worsening HF, 
fatigue, hypotension, and bradyarrhythmias (sinus bradycar-
dia, atrioventricular block).

ISOSORBIDE DINITRATE/
HYDRALAZINE COMBINATION

The combination of isosorbide dinitrate/hydralazine (I/H) 
may be beneficial in selected HF patients, attributed to 
 venous and arterial vasodilatory effects.

Table 59-9 • Aldosterone Antagonists Recommended 
in Heart Failure

Aldosterone
Antagonists Initial Daily Dose(s)

Maximum
Daily Dose(s)

Spironolactone 12.5 to 25 mg once 25 mg once 

Eplerenone 25 mg once 50 mg once

Table 59-8 • Clinical Trials of Aldosterone Antagonists in Heart Failure

Trial; Number 
of Patients Study Population Study Drug Outcome with Drug vs. Placebo

RALES (n = 1663) chronic HF Class III-IV, 
LVEF < 35% or LVEDD > 65 mm

spironolactone,
25 mg daily

30% ↓ mortality, 35% ↓ HF 
hospitalizations

EPHESUS (n = 6642) post-MI, LVEF < 40% and HF eplerenone, 25 mg, 
increased to 50 mg daily

15% ↓ mortality, 13% ↓ cardiovascular 
death or cardiovascular hospitalization 

HF, heart failure; MI, myocardial infarction; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter.
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Mechanism of Action

Isosorbide dinitrate: forms nitric oxide (NO), which • 
activates guanylate cyclase, resulting in an increase of 
cGMP, which leads to smooth muscle relaxation and 
venous and arterial dilation.
Hydralazine: not well understood. Primarily results in • 
arterial vasodilation.

Clinical Outcomes

The major trials evaluating I/H in the treatment of HF are 
shown in Table 59-12.

Indications

I/H may be considered in patients:

with reduced LVEF who are already taking ACE-I and • 
beta-blockers and have persistent HF symptoms, espe-
cially in African American patients.
with current or prior HF symptoms and reduced • 
LVEF, intolerant of ACE-I or ARB because of 
 hyperkalemia, renal insufficiency, or other side  effects.

Recommended Dosing

Hydralazine: 37.5 mg three times/day; target: 75 mg • 
three times/day.
Isosorbide dinitrate: 20 mg three times/day; target: • 
40 mg three times/day.

Adverse Effects

Isosorbide dinitrate: flushing, headaches, develop-• 
ment of tolerance, hypotension.
Hydralazine: nausea/vomiting/diarrhea, reflex tachy-• 
cardia, lupus-like syndrome, hypotension.

ANTICOAGULATION

The use of anticoagulation (warfarin) for primary prevention 
of thromboembolic events in HF patients is based on the 
premise that stasis of blood flow in large, dilated chambers 

Table 59-10 • Clinical Trials of Beta-Blockers in Heart Failure

Trial; Number 
of Patients Study Population

Study Drug 
Target Dose

Outcome with 
Drug vs. Placebo 

Post myocardial infarction

CAPRICORN
(n = 1959)

post-MI, LVEF ≤ 40% carvedilol, 25 mg 
twice daily

no difference in composite of all-cause 
mortality or cardiovascular hospitalization,
23% ↓ in all-cause mortality, 25% ↓
cardiovascular mortality 

Chronic HF

US Carvedilol 
(n = 1094)

chronic HF (Class II-III), 
LVEF ≤ 35%

carvedilol, 25 to 50 mg 
twice daily

65% ↓ mortality, 27% ↓ cardiovascular 
hospitalization

MERIT HF 
(n = 3991)

chronic HF (Class II-III), 
LVEF ≤ 40%

metoprolol succinate, 200 mg 
once daily

34% ↓ mortality, ↓ HF mortality, 
cardiovascular mortality, sudden death 

CIBIS II
(n = 2647)

Chronic HF (Class III-IV), 
LVEF ≤ 35%

bisoprolol, 10 mg daily 34% ↓ mortality, 36% ↓ HF 
hospitalization

COPERNICUS
(n = 2289)

chronic HF (Class III-IV), 
LVEF < 25%

carvedilol, 25 mg twice daily 35% ↓ mortality, 24% ↓ death or 
hospitalization

COMET
(n = 1511)

chronic HF (Class II-IV), 
LVEF < 35%, previous 
cardiovasular hospitalization

carvedilol, 25 mg twice daily 
vs. metoprolol tartarate, 
50 mg twice daily

17% ↓ mortality with carvedilol

HF, heart failure; MI, myocardial infarction; LVEF, left ventricular ejection fraction; CV, cardiovascular.

Table 59-11 • Beta-Blockers Recommended 
in Heart Failure

Drug Initial Daily Dose
Maximum/
Target Dose

Carvedilol 3.125 mg twice 25 mg twice, 
50 mg twice for 
patients over 85 kg

Metoprolol
succinate (extended 
release)

12.5 to 25 mg 
once

200 mg once

Bisoprolol* 1.25 mg once 10 mg once

*Approved for use in Europe but not in the United States.
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could lead to formation of intracardiac thrombi. However, 
studies have shown the risk of thromboembolism in HF to 
be low (1% to 3% per year). Anticoagulation for primary 
prevention of thromboembolic events in all patients with 
HF due to depressed LVEF is still debated.

Indications

Class I patients with HF who have paroxysmal or • 
chronic atrial fibrillation or a previous thromboem-
bolic event.
Anticoagulation should also be considered in pa-• 
tients with a known intracardiac thrombus, patients 
with illnesses that predispose to intracardiac throm-
bus formation (amyloidosis, LV noncompaction), 
and patients with familial dilated cardiomyopathy 
and history of thromboembolism in first-degree 
 relatives.

Due to lack of proven benefit, use of warfarin in HF patients 
without atrial fibrillation and no previous thromboembolic 
events has a Class IIb indication.

Based on the above evidence and recommendations, a 
summary of HF medications indicated in the different 
stages of chronic HF is displayed in Figure 59-1 as sum-
marized by the ACC/AHA guidelines for Chronic HF, 
2005.

In addition to diuretics, other intravenous therapies may be 
utilized for the treatment of acute decompensated heart failure 
(ADHF), as described briefly below.

INTRAVENOUS VASODILATORS

Nitrates

Intravenous nitrates have been used for many years for 
ADHF. At lower doses, nitrates are potent venodilators 
and effectively decrease right heart pressures, pulmonary 
artery, and pulmonary capillary wedge pressures (PCWP). 
At higher doses, nitrates cause arteriolar vasodilation 
 resulting in afterload reduction and increased cardiac 
 output (CO).

Intravenous nitrates are indicated in ADHF to acutely re-
duce filling pressures and increase cardiac output. Once 
the patient is stabilized, oral vasodilators (ACE-I, ARBs, 
or I/H) can be initiated and uptitrated while weaning off 
intravenous nitrates. Intravenous nitrates can be started at a 
dose of 10-20 mcg/min and uptitrated every 5-15 minutes as 
tolerated (uptitration may be limited by hypotension, head-
ache, gastrointestinal side effects). Maximum recommended 
dose is 400 mcg/min.

Sodium Nitroprusside (SNP)

Mechanism of Action. SNP is a prodrug that is converted to 
nitric oxide and cyanide. It is a very potent arterial vasodila-
tor and venodilator.

Clinical Outcome. Although randomized trial data are not 
available, invasive hemodynamic studies have demonstrated 
a significant decrease in PCWP and peripheral resistance 
with an increase in CO and diuresis.

Table 59-12 • Clinical Trials of Isosorbide Dinitrate/Hydralazine Combination in Heart Failure

Trial; Number 
of Patients Study Population

Study Drug 
Target Dose Comparator Outcome

V-Heft I 
(n = 642 men)

symptomatic HF, reduced 
exercise capacity, LV 
dysfunction (LVEF < 45%,
cardiothoracic ratio >0.55,
or LVID > 2.7 cm/m2)

hydralazine, 75 mg 
four times daily and 
isosorbide dinitrate 
40 mg four times daily

placebo or 
prazosin, 20 mg 
daily

borderline significant mortality 
reduction with I/H. Mortality in the 
prazosin group similar to placebo

V-Heft II 
(n = 804 men)

symptomatic HF, reduced 
exercise capacity, LV 
dysfunction (LVEF < 45%,
cardiothoracic ratio >0.55,
or LVID > 2.7 cm/m2)

hydralazine, 75 mg 
four times daily, and 
isosorbide dinitrate, 
40 mg four times daily

enalapril, 10 mg 
twice daily

28% ↓ mortality with 
enalapril

A-Heft (n = 1050 
African American 
patients)

chronic HF 
(Class III-IV)

hydralazine, 75 mg 
three times daily, and 
isosorbide dinitrate, 
40 mg three times daily 

placebo significant decrease in composite 
endpoint (death from any cause, 
first HF hospitalization, or change in 
quality of life); significant decrease 
in components (43% ↓ death, 33% ↓
HF hospitalization)

HF, heart failure; LV, left ventricular; LVEF, left ventricular ejection fraction; I/H, isosorbide dinitrate/hydralazine; LVID, left ventricular internal dimension.
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Indications. ADHF, especially in the presence of:

increased afterload (e.g., hypertensive ADHF).• 
significant mitral regurgitation.• 

Dosage. Start at 10 mcg/min (0.3-0.5 mcg/kg/min) and upti-
trate every 5-15 minutes as tolerated to achieve a mean ar-
terial pressure of 65-70 mm Hg or systolic blood pressure of 
90-100 mm Hg. Maximum recommended dose is 400 mcg/
min (<4-5 mcg/kg/min).

Adverse Effects. Adverse effects may include hypotension, 
coronary steal phenomenon (thus, not indicated in pa-
tients with acute coronary syndromes), nausea/vomiting, 
abdominal discomfort, cyanide toxicity, and methemo-
globinemia.

Rebound hypertension is possible if SNP is stopped abruptly, 
thus, gradual tapering is recommended.

Thiocyanate toxicity is rare, however, it occurs more often 
with hepatic dysfunction, renal insufficiency, and exposure 
to higher doses (>250 mcg/min) for >48 hours.

Nesiritide

Mechanism of Action. Nesiritide is recombinant B-type na-
triuretic peptide (BNP) that, through the cGMP pathway, 
leads to vasodilation, natriuresis, and diuresis.

Clinical Outcome. Trials have shown an improvement in 
filling pressures and symptoms of volume overload with ne-
siritide in ADHF, but no trial has demonstrated long-term 
morbidity or mortality benefit. Although approved for the 
treatment of ADHF, its benefit over other vasodilators is 
not clear. Recent retrospective analyses have raised concern 

for possible adverse effects on renal function and survival, 
based on which a large prospective trial is ongoing.

Dosage. 2 mcg/kg (bolus), followed by continuous infusion 
at 0.01 mcg/kg/min.

Adverse Effects. Adverse effects may include hypotension, 
headaches, and worsening renal function.

INOTROPES

Inotropes are mainly initiated in Stage D or in NYHA Class 
IV HF patients. Two main groups of inotropes are used: 
phosphodiesterase inhibitors and beta-agonists.

The mechanisms of action, dosing, and adverse effects of the 
commonly used agents in ADHF are detailed in Table 59-13. 
Of note, milrinone may be preferred over dobutamine in 
patients already taking beta-blockers and may be more ef-
fective in the presence of significant secondary pulmonary 
hypertension. However, due to greater vasodilation, milri-
none causes more hypotension than dobutamine. In addi-
tion, milrinone has a more prolonged duration of action, 
especially with renal dysfunction. Furthermore, if hypoten-
sion is an issue, dopamine, which has greater alpha-blocking 
vasoconstrictor activity in addition to its beta-agonist ef-
fects at medium to high doses (5-25 mcg/kg/min), may be 
required. More potent vasoconstrictors such as epinephrine 
and norepinephrine may be needed for severe hypotension.

Clinical Outcomes

Inotropes have been shown to improve hemodynamics (in-
crease cardiac output, decrease filling pressures, promote 

Table 59-13 • Inotropes in Heart Failure

Inotrope Mechanism of Action Hemodynamic Effect Dosing Adverse Effects

Milrinone phosphodiesterase
III inhibitor

positive inotropy and 
vasodilation

0.25-0.75 mcg/
kg/min

hypotension, arrhythmias 
(atrial and ventricular), rare 
thrombocytopenia

Dobutamine predominant β-1 agonist 
(weak β-2 and α-1 agonist)

positive inotropy and 
positive chronotropy

2.5-20 mcg/kg/min sinus tachycardia, arrhythmias 
(atrial and ventricular), 
development of tolerance, 
eosinophilic myocarditis with 
peripheral eosinophilia (rare)

Dopamine <5 mcg/kg/min: mesenteric 
and dopaminergic receptors; 
5-10 mcg/kg/min: β-1 and 
dopaminergic receptors; 
>10 mcg/kg/min: β-1 and 
α-receptors

low dose: mesenteric 
vasodilation, some 
inotropy; medium 
dose: positive inotropy 
and chronotropy; 
high doses: positive 
inotropy, chronotropy, 
and peripheral 
vasoconstriction

1-20 mcg/kg/min arrhythmias similar to 
dobutamine
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diuresis) and HF symptoms (symptoms of volume overload 
and low output). However, no inotrope has been shown to 
improve survival. On the contrary, the majority of prospec-
tive trials demonstrated increased mortality in HF patients 
routinely treated with inotropes.

Indications

Because of worse outcomes with inotropic therapy, guide-
lines recommend chronic intravenous intropic therapy only 
if standard HF therapy and attempts at weaning the ino-
tropes repeatedly fail. In the acute setting, they should be 
used only in patients with ADHF who do not respond to or 
are unable to tolerate intravenous vasodilator therapy.

Thus, inotropic therapy can be considered for:

temporary in-hospital use for ADHF with markedly • 
reduced cardiac output and end-organ hypoperfusion.
as a bridge to heart transplantation in hospitalized pa-• 
tients or in a subgroup of patients awaiting transplan-
tation at home who have an implanted defibrillator to 
reduce the risk of sudden death.
as palliation to allow patients to die with comfort • 
(Class IIb indication, Level of evidence: C).
routine intermittent infusions of positive inotro-• 
pic agents are not recommended for patients with 
refractory end-stage HF (Class III indication, Level of 
evidence: B).

NEWER MEDICATIONS

Vasopressin Antagonists

Vasopressin or ADH is an endogenous peptide hormone 
that is released from the posterior pituitary and increases 
free water absorption in the distal convoluted tubules and 
collecting tubules of the kidney. Vasopressin receptor an-
tagonists have been investigated in several prospective HF 
trials. Tolvaptan (a selective V2 antagonist) has been the 
most extensively studied vaptan in HF and is now FDA ap-
proved for the treatment of hyponatremia in the setting of 
HF. Treatment with tolvaptan has been shown to decrease 
body weight, reduce edema, and normalize serum sodium in 
patients with hyponatremia. However, no significant impact 
on morbidity and mortality has been demonstrated.

Calcium Sensitizers

The proarrhythmic properties of inotropes have been 
attributed to calcium influx into the myocyte and 

intracellular calcium overloading. Calcium sensitizers in-
crease the sensitivity of the myocardial contractile appa-
ratus to calcium without increasing intracellular calcium 
concentration, theoretically allowing for positive inotro-
pic action without proarrhythmic effects. Levosimendan, 
the most widely studied calcium sensitizer, has been dem-
onstrated to reduce PCWP, right atrial, and pulmonary 
artery pressures and increase stroke volume and cardiac 
index in patients with ADHF. Clinically, improvement in 
dyspnea and fatigue was demonstrated. In the REVIVE II 
trial, levosimendan compared to placebo resulted in clini-
cal improvement in HF symptoms and a shorter hospi-
tal stay. Mortality at 90 days did not differ significantly 
between groups, although there were more deaths in the 
levosimendan group. The SURVIVE trial compared levo-
simendan to dobutamine in ADHF. The primary end-point 
of mortality at 180 days was not significantly different 
between levosimendan and dobutamine. However, there 
was a trend toward lower mortality in the levosimendan 
arm. Calcium sensitizers are not approved for HF in the 
United States.

Statins

Several retrospective analyses and smaller prospective tri-
als have indicated beneficial effects of HMG coenzyme 
A reductase inhibitors (statins) in patients with HF, po-
tentially as a result of the statins’ pleiotropic effects. Two 
prospective randomized trial, the CORONA trial, and 
Gissi-HF trial, compared rosuvastatin to placebo in pa-
tients with ischemic and non-ischemic cardiomyopathy. 
Treatment with rosuvastatin did not confer significant 
clinical benefit. Therefore, currently, statins are not in-
dicated in all HF patients but should be used in patients 
with known coronary artery disease and elevated levels of 
low-density lipoprotein cholesterol, as recommended by 
the lipid guidelines.
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• A clinically oriented classification system for cardio-
myopathies based on ventricular morphology and 
function divides the disorders into the following 
phenotypes: hypertrophic, dilated, restrictive, ar-
rhythmogenic right ventricular cardiomyopathy, and 
unclassified.

• Restrictive left ventricular physiology is defined as 
increased stiffness of the myocardium, which causes 
the ventricular pressure to rise disproportionately 
higher than the increase in ventricular volume. 

• In restrictive cardiomyopathies (RCM), there is a 
normal or increased ventricular wall thickness with 
normal or reduced ventricular volumes. 

• In RCM, elevated filling pressures are needed to 
maintain cardiac output, but result in volume over-
load and right-sided or left-sided congestion, leading 
to diastolic heart failure.

• The diagnostic approach to RCM first involves rul-
ing out constrictive pericarditis, due to similar symp-
toms, and excluding a secondary cause of restrictive 
cardiomyopathy.

• Both constrictive and restrictive disease present with 
a “dip and plateau” pattern on cardiac catheteriza-
tion hemodynamics, but RCM is associated with 
LVEDP often >5 mm Hg greater than RVEDP, RV 
systolic pressure >50 mm Hg, RVEDP < one-third 
of RV systolic pressure, and concordant changes in 
RV and LV pressure with inspiration/expiration.

• Treatment of RCM involves diuretics for symptoms 
of heart failure, treatment of arrhythmias, and trying 
to maintain sinus rhythm to maintain atrial contrac-
tion for ventricular filling. 

• Types of amyloidosis included primary (AL), famil ial 
(transthyretin), senile (transthyretin), and second-
ary (AA); treatment is supportive, but chemother-
apy is used in primary amyloidosis. 

• Sarcoidosis leads to RCM, varying from subclini-
cal diastolic dysfunction, to systolic dysfunction, to 
acute presentation with sudden death or high-degree 
heart block.

• Endomyocardial fibrosis is primarily a disease of the 
tropics with insidious onset and poor prognosis.

d PRACTICAL POINTS

Cardiomyopathies are grouped into specific morphologi-
cal and functional phenotypes. A clinically oriented clas-
sification system for cardiomyopathies based on ventricular 
morphology and function remains the most useful method 
for diagnosing and treating patients with heart muscle dis-
ease. Accordingly, cardiomyopathies are now divided into 
the following phenotypes: hypertrophic, dilated, restrictive, 
arrhythmogenic right ventricular cardiomyopathy, and un-
classified, with each phenotype subclassified into familial 
and nonfamilial forms.

Restrictive left ventricular physiology is defined as increased 
stiffness of the myocardium, which causes the ventricular 
pressure to rise disproportionately higher than the increase 
in ventricular volume. In restrictive cardiomyopathies, there 
is a restrictive ventricular physiology in the presence of nor-
mal or increased ventricular wall thickness. The diastolic 
and systolic ventricular volumes are either normal or re-
duced. Restrictive cardiomyopathy (RCM) occurs in a wide 
range of different pathologies. Nonfamilial cardiomyopathy 
may be idiopathic or result from various systemic disorders, 
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like amyloidosis, sarcoidosis, carcinoid heart disease, and 
scleroderma. Similarly, it is also suggested that cardiac amy-
loidosis should be listed in the differential diagnosis of both 
hypertrophic (HCM) and restrictive cardiomyopathy. Thus, 
cardiac amyloidosis has been considered as a separate entity 
(see Table 60-1).

CLINICAL FEATURES

Clinical characteristics of restrictive cardiomyopathy can be 
divided into cardiac and noncardiac features.

Cardiac Features

Restrictive cardiomyopathy leads to diastolic dysfunction, 
which means that elevated filling pressures are needed to 
maintain cardiac output. Elevated filling pressures result in 
volume overload and right-sided or left-sided congestion, 
leading to diastolic heart failure. Thus, the most common 
symptoms are dyspnea (71%), edema (46%), palpita-
tions (33%), fatigue (32%), orthopnea (22%), and chest 
pain (22%). Most common clinical signs are jugular ve-
nous distension (52%), systolic murmur (46%), third heart 

sound (27%), pulmonary rales (18%), ascites (15%), and 
edema (15%).

Extracardiac Clinical Features

In a patient with suspected restrictive cardiomyopathy, an 
underlying systemic disorder should always be sought before 
labeling it as idiopathic. The following tables summarize 
the symptoms and signs seen in various systemic diseases 
that can cause restrictive cardiomyopathy (see Table 60-2 
and 60-3).

DIAGNOSTIC APPROACH TO 
RESTRICTIVE CARDIOMYOPATHY

There are two very important steps in the diagnos-
tic  approach to a patient with suspected restrictive 
cardiomyopathy. First, we must rule out constrictive 

Table 60-1 • Etiology of Restrictive 
Cardiomyopathy (RCM)

Familial Causes Nonfamilial Causes

1. Familial, unknown gene idiopathic

2.  Sarcomeric protein 
mutations:Troponin I 
(RCM +/- HCM) Essential 
light chain of myosin

amyloid (AL/prealbumin)

3.  Familial amyloidosis:
Transthyretin 
(RCM + neuropathy)
Apolipoprotein
(RCM + nephropathy)

scleroderma

4. Desminopathy endomyocardial fibrosis:
a.  hypereosinophilic 

syndrome
b. idiopathic
c. chromosomal cause
d.  drug (serotonin, 

methysergide,
ergotamine, mercurial 
agents, busulfan)

5. Pseuxanthoma elasticum carcinoid heart disease

6. Anderson–Fabry disease metastatic cancers

7. Haemochromatosis radiation

8. Glycogen storage disease drugs (anthracyclines)

Reprinted with permission from Elliott P, Andersson B, Arbustini E, et al. Classifica-
tion of the cardiomyopathies: A position statement from the European Society of 
Cardiology working group on myocardial and pericardial diseases. European Heart 
Journal. 2008;29:270–276. doi:10.1093/eurheartj/ehm342.

Table 60-2 • Clinical History and Potential Causes 
of Restrictive Cardiomyopathy

History
Potential Causes of Restrictive 
Cardiomyopathy

Previous malignancy radiation, anthracycline, 
doxorubicin

Drug intake L-tryptophan, chloroquine

Weight loss amyloidosis

Renal impairment cystinosis, scleroderma, 
mitochondrial myopathy, 
amyloidosis, Fabry’s disease

Gastrointestinal
problems

scleroderma, mitochondrial 
myopathy, carcinoid, amyloidosis

Pulmonary problems scleroderma, carcinoid, Churg-
Strauss syndrome

Flushing carcinoid

Allergic rhinitis Churg-Strauss syndrome

Nasal polyps Churg-Strauss syndrome

Diabetes mellitus hemochromatosis, mitochondrial 
myopathy

Hepatic problems hemochromatosis, amyloidosis

Acroparesthesias Fabry’s disease

Bone pain multiple myeloma

Fever reactive arthritis

Arthralgia reactive arthritis

Muscle weakness 
and wasting 

neuromuscular disorders like 
desminopathy,
mitochondrial myopathy, 
polymyositis, dermatomyositis, 
chloroquine myopathy

Reprinted with permission from Stöllberger C, Finsterer J. Extracardiac medi-
cal and neuromuscular implications in restrictive cardiomyopathy. Clin. Cardiol. 
2007;30:375–380.
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pericarditis, since constrictive pericarditis presents with 
similar symptoms and can be potentially cured by surgery. 
Second, we must exclude a secondary cause of restrictive 
cardiomyopathy.

DIFFERENCES BETWEEN RESTRICTIVE 
CARDIOMYOPATHY AND 
CONSTRICTIVE PERICARDITIS

Clinical Examination

One sign that is classical to constrictive pericarditis is peri-
cardial knock, which occurs before S3 but after an opening 
snap during the cardiac cycle. In restrictive cardiomyo-
pathy, S4 (early stage) or S3 (late stage) may be present 
and regurgitant murmurs are more common. However, since 
most other clinical signs are similar, clinicians have to rely 
on other diagnostic tests to differentiate between the two 
conditions.

Role of Brain Natriuretic Peptide (BNP)

Brain natriuretic peptide is released by ventricular muscle 
in response to ventricular muscle stretch. Therefore, levels 
are elevated in most patients with heart failure. In patients 
with idiopathic constrictive pericarditis, there is external 
constriction of the heart, rather than a primary abnormal-
ity of the myocardium. Therefore, BNP levels are lower in 
patients with idiopathic constrictive pericarditis compared 
to patients with restrictive cardiomyopathy. However, 
BNP levels cannot be used to differentiate secondary con-
strictive pericarditis and restrictive cardiomyopathy since 
both the heart and pericardium are diseased in secondary 
pericarditis. Similarly, utility of BNP levels is limited in 
patients with coexisting constrictive pericarditis and renal 
failure.

Chest X-ray

Calcifications may sometimes be seen in patients with con-
strictive pericarditis. Since it does not give any information 
about the pathophysiological abnormality, it is of limited 
use to the clinician in differentiating these two diseases in 
the modern era.

Electrocardiography

In restrictive cardiomyopathy low voltage tracing (amy-
loidosis), atrial fibrillation or conduction disturbances are 
common.

Echocardiography

Echocardiography is the main diagnostic procedure used to 
differentiate between restrictive cardiomyopathy and con-
strictive pericarditis since it is noninvasive and less time 
consuming. Also, various stages of diastolic dysfunction can 
be characterized. Understanding the pathophysiology of 
these two diseases is important to interpret the results of 
echocardiography.

Pathophysiology

In constrictive pericarditis, due to external constriction 
of the heart, there is dissociation of pressures within the 
heart and thoracic cavity during the respiratory cycle. This 
causes decreased pulmonary diastolic blood flow and de-
creased left ventricular filling during inspiration, but the 
total volume of blood entering the heart during the re-
spiratory cycle is unchanged. Therefore, right ventricular 
filling increases during inspiration and causes the inter-
ventricular septum to move to the left. Opposite changes 
are seen during expiration. In restrictive cardiomyopathy, 
both ventricular relaxation and compliance are affected 
and there is no change in ventricular filling during the re-
spiratory cycle.

Table 60-3 • Clinical Examination and Potential 
Causes of Restrictive Cardiomyopathy

Abnormality Potentially Indicates

Skin fibrosis scleroderma

Raynaud’s phenomenon scleroderma

Nail dystrophy amyloidosis

Hyperpigmentation hemochromatosis, POEMS 
syndrome*

Angiokeratoma Fabry’s disease

Purpura multiple myeloma

Porokeratosis of Mibelli primary cardiac amyloidosis

Skin infiltrates multiple myeloma, amyloidosis

Yellowish reticulated 
skin lesions 

pseudoxanthoma elasticum

Skeletal abnormalities Gaucher’s disease

Joint abnormalities Gaucher’s disease, amyloidosis, 
reactive arthritis

Arthritis hemochromatosis

Bronchospasm Churg-Strauss syndrome, 
carcinoid

Hepatomegaly amyloidosis, Gaucher’s disease

Splenomegaly amyloidosis, Gaucher’s disease, 
POEMS syndrome,* cystinosis

Macroglossia amyloidosis

Muscle weakness 
and wasting 

neuromuscular disorders as 
listed in Table 60-2

*POEMS syndrome: polyneuropathy, organomegaly, endocrinopathy, M-protein, 
skin changes. Reprinted with permission from Stöllberger C, Finsterer J. Extracardiac 
medical and neuromuscular implications in restrictive cardiomyopathy. Clin. Car-
diol. 2007;30:375–380.
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These physiologic abnormalities can be evaluated by two-
dimensional, M-mode, Doppler, and myocardial ( tissue 
Doppler) imaging. The various parameters measured are 
isovolumic relaxation time (IVRT), mitral inflow and 
 pulmonary venous Doppler flow velocities, tissue Doppler 
mitral annular velocities, and color M-mode measured mi-
tral inflow propagation velocity (Vp).

Two-dimensional Echocardiography

The classic feature in restrictive cardiomyopathy is small 
ventricular cavities and large atria. In amyloidosis, the ven-
tricular walls may be thickened and a “granular sparkling” 
myocardial texture may be seen. In constrictive pericardi-
tis, the classic findings include pericardial calcification and 
adhesion, and septal bounce in early diastole. The inferior 
vena cava is plethoric in both the conditions.

Color M-mode and Doppler 
Echocardiography

Flow propagation velocity (Vp) is inversely proportional 
to time constant of relaxation. Since relaxation is affected 
in myocardial restriction, Vp is decreased in restrictive 
cardiomyopathy.

In constrictive pericarditis, there is rapid filling of the ven-
tricles (75%) in the first 25% of diastole. Due to reduced 
compliance of the heart, there is an abrupt decline in ven-
tricular filling during mid-diastole. Therefore Vp is rapid in 
constrictive pericarditis during early diastole and a slope of 
>100 cm/s for the first aliasing contour has a 74% sensitiv-
ity and 91% specificity to diagnose constriction and thus 
differentiate these two conditions.

A >10% variation in early mitral inflow peak velocity dur-
ing the respiratory cycle has 84% sensitivity and 91% speci-
ficity to diagnose constrictive pericarditis. Some patients 
might not show this variation because of increased left atrial 
pressure, and various maneuvers that decrease the preload 
can be used to unmask this variation and help to classify 
their disease. Also, in restriction, mitral and tricuspid flow 
velocity decrease during atrial contraction.

Isovolumic relaxation time shows greater than 25% varia-
tion with respiration in constriction. Both conditions lead 
to shortening of mitral and tricuspid deceleration times but 
there is further shortening with inspiration in patients with 
restriction. Diastolic mitral and tricuspid regurgitation is 
also more common in patients with restriction.

A >18% variation in pulmonary venous diastolic flow also 
diagnoses constriction with a sensitivity of 79% and speci-
ficity of 91%. Rapid volume expansion increases this varia-
tion more and can further help to differentiate constrictive 
pericarditis from restrictive cardiomyopathy. Additionally, 

in restrictive cardiomyopathy there is a decreased pulmo-
nary venous systolic to diastolic blood flow ratio (<0.5).

Myocardial (Tissue Doppler Imaging)

Mitral annular velocity (E’) of >8 cm/s is seen in constric-
tive pericarditis and it is markedly reduced in restriction. 
This cut-off value has a sensitivity of 95% and specificity 
of 96%. It has been shown that combining E’ with systolic 
mitral annular velocity (S’) and the time difference between 
the onset of mitral inflow and onset of E’ has higher sensi-
tivity. In patients with no respiratory  variation in transmi-
tral velocities, E’ can be used to differentiate between these 
two diseases (see Figure 60-1 and 60-2).

Cardiac Catheterization

If Doppler echocardiography is unable to differentiate, then 
measuring of intracardiac hemodynamics becomes impor-
tant. Both the conditions show a characteristic rapid decline 
and rapid rise of ventricular pressure to a plateau in early di-
astole (dip and plateau or square-root sign). Left ventricular 
end diastolic pressure (LVEDP) is often 5 mm Hg greater 
than right ventricular end diastolic pressure (RVEDP) in re-
striction. In constriction, RV systolic pressure is <50 mm Hg 
and RVEDP is greater than one-third of RV systolic pressure. 
The characteristic respiratory variation in ventricular pres-
sures can also be seen in constrictive pericarditis. Recently, 
it has been shown that the ratio of right ventricular to left 
ventricular systolic area during the respiratory cycle accu-
rately differentiates these two diseases.

CT Scan/MRI (Magnetic Resonance Imaging)

Pericardial thickening of >4 mm in constrictive pericardi-
tis helps to differentiate it from restrictive cardiomyopathy. 

Real-time cine MRI shows increased ventricular coupling 
in patients with constriction and thus is helpful in patients 
with normal thickness of pericardium.

Endomyocardial Biopsy

In cases where the diagnosis remains unclear, endomyocar-
dial biopsy can be done and it may reveal a specific disease 
causing restriction. Normal appearing myocytes support the 
diagnosis of constrictive pericarditis.

INVESTIGATIONS TO RULE OUT 
SECONDARY CAUSES OF RESTRICTIVE 
CARDIOMYOPATHY

Depending on the clinical history and examination, the fol-
lowing investigations can be done to rule out secondary non-
familial causes of restriction (see Table 60-4 and 60-5).
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CARDIAC AMYLOIDOSIS

Amyloid is defined as extracellular tissue deposition of insol-
uble fibrillar proteins, which have a characteristic appearance 
in an electron microscope, show apple green birefringence 
under polarizing light microscopy, and have an affinity for 
Congo red. Multiple organs can be involved in amyloidosis, 
but involvement of the heart confers a worst prognosis.

Classification

Cardiac amyloidosis is classified into immunoglobulin (AL), 
secondary (reactive), hereditary, age related, and hemodial-
ysis-associated amyloidosis.

Immunoglobulin Amyloidosis (AL)

In immunoglobulin amyloidosis, there is excess production 
of immunoglobulin light chain protein (AL). This is seen in 
primary amyloidosis, multiple myeloma, and other plasma 
cell disorders. It is a rare disease with an incidence of 5.1 to 
12.8 per million person-years and accounts for 85% of newly 
diagnosed amyloidosis cases. In primary amyloidosis, there 
is clonal proliferation of plasma cells and up to 5 to 10% of 
plasma cells produce a light chain isotype. Laboratory stud-
ies show monoclonal light chains in urine or serum protein 
electrophoresis with a lambda to kappa ratio of 2:1. Bone 
marrow biopsy may reveal plasma cell proliferation with ex-
cessive light chain staining.

Multiple organ systems are affected in immunoglobulin 
 amyloidosis. The heart is most commonly involved in 
about 70% of patients. There may be asymptomatic ECG 
 abnormalities before onset of heart failure. Heart failure 
confers worst prognosis with median survival of 0.75 years. 
Heart failure symptoms are predominantly of the right 
side. The most common ECG abnormalities seen are low 
limb voltage or pseudo infarction pattern. Involvement 
of the His-Purkinje system is common, leading to prolon-
gation of the infra-His (HV) conduction, which is asso-
ciated with a high prevalence of sudden death in these 
patients.

Extracardiac involvement is also common. Fatigue and 
weakness are the most common symptoms and patients are 
frequently misdiagnosed with flu when these are present-
ing symptoms. Carpal tunnel syndrome may be present for 
years before amyloidosis is diagnosed. Gastrointestinal in-
volvement is common, leading to weight loss and hepato-
megaly. Nephrotic syndrome results from involvement of 
the kidney and macroglossia sufficient to cause problems 
with breathing, speech, mastication, and deglutition may 
also be seen.

Secondary (AA) Amyloidosis

This type results from deposition of serum amyloid A 
(SAA) protein, an acute phase reactant in response to 
inflammation. However, due to decreased incidence of 
chronic infections such as tuberculosis, osteomyelitis, and 
bronchiectasis, this form is less commonly seen in Western 
countries. It can still be seen in patients with chronic in-
flammatory diseases such as rheumatoid arthritis, inflam-
matory bowel disease, and familial Mediterranean fever. 
Secondary amyloidosis mostly causes renal disease, with he-
patomegaly and/or splenomegaly seen in 10% of patients. 
Heart involvement is rare and does not lead to any clini-
cally significant heart failure.

Hereditary (Familial) Amyloidosis

Familial amyloidosis is an autosomal dominant disease 
that is caused by mutation in either transthyretin (TTR) 
or apolipoprotein. Transthyretin mutation is much more 
common than apolipoprotein. Transthyretin is a thyroid 
binding protein found in the plasma and cerebrospinal 
fluid. It is primarily produced in the liver and in small 
amounts in the choroid plexus and retina. The gene for 
TTR is located on chromosome 18 and to date more than 
100 TTR gene mutations have been identified. Out of 
these, more than 80 have been found to have amyloido-
genic properties. The most common mutation causing 
cardiac disease is  methionine-for-valine substitution at po-
sition 30 (Val30Met). Other mutations causing significant 
heart disease include serine-for-isoleucine substitution at 

Table 60-4 • Investigations in Restrictive 
Cardiomyopathy

Investigation Disease Diagnosed

Transferrin saturation, 
serum ferritin

hemochromatosis

Alpha-galactosidase
A levels

Fabry’s disease

Glucocerebrosidase levels Gaucher’s disease

Endomyocardial biopsy Churg-Strauss syndrome, 
lymphoma, multiple myeloma, 
endomyocardial fibrosis, 
pseudoxanthoma elasticum

Biopsy of affected organs scleroderma, amyloidosis

Cystine levels, corneal slit 
lamp examination

cystinosis

Cardiac MRI, nuclear 
medicine

sarcoidosis

Peripheral blood 
eosinophilia

hypereosinophilic syndrome

Urinary 5-HIAA carcinoid syndrome

Abbreviations: MRI, magnetic resonance imaging. Reprinted with permission 
from Stöllberger C, Finsterer J. Extracardiac medical and neuromuscular implica-
tions in restrictive cardiomyopathy. Clin. Cardiol. 2007;30:375–380.
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position 84 and alanine-for-threonine substitution at po-
sition 60.

Familial amyloidosis with Val30Met mutation was consid-
ered to be endemic to certain parts of the world, like Oporto 
in Portugal, the northern part of Sweden, and Arao and 
Ogawa in Japan. However, in the past 20 years, this disease 
has been found in many nonendemic areas with different 
genetic mutations and phenotypic presentations. Patients 
with Val30Met mutations from endemic areas tend to be 
younger at onset of disease and have various conduction 
abnormalities without significant heart failure. In contrast, 
patients with Val30Met mutation from nonendemic areas 

and with non-Val30Met mutations tend to have the disease 
at an older age with an increased frequency of heart failure.

Transthyretin familial amyloidosis primarily leads to pro-
gressive peripheral and autonomic neuropathy. Patients de-
velop ascending sensory and motor neuropathy and often 
become wheelchair dependent. Autonomic neuropathy 
causes impotence, incontinence, orthostatic hypotension, 
and constipation. In elderly black persons, a unique form 
is seen without neurologic symptoms. These patients have 
isoleucine 122 gene mutation of the TTR DNA. However, 
its phenotypic presentation is variable and the penetration 
of the disease is not clear.

Table 60-5 • Differences Between Restrictive Cardiomyopathy and Constrictive Pericarditis

Evaluation Type Restrictive Cardiomyopathy Constrictive Pericarditis

Physical examination S4 (early disease), S3 (advanced disease), apical 
impulse may be prominent, regurgitant murmurs 
common

pericardial knock may be present, apical 
impulse usually not palpable, regurgitant 
murmurs uncommon

BNP levels increased low in primary constrictive pericarditis

Chest X-ray no calcifications calcification sometimes seen

Electrocardiography low voltage (especially in amyloidosis), pseudoinfarction, 
left-axis deviation, atrial fibrillation, conduction 
disturbances common

low voltage (<50%)

Two-dimensional 
echocardiography

small LV cavity with large atria, increased wall thickness 
sometimes seen (especially thickened interatrial septum 
in amyloidosis), thickened cardiac valves and granular 
sparkling texture in amyloidosis

normal wall thickness, pericardial thickening 
seen, prominent early diastolic filling with 
abrupt displacement of interventricular septum

Mitral inflow no respiratory variation of mitral inflow, 
E/A ratio >2

inspiration decreases mitral inflow and 
expiration shows opposite changes

Pulmonary vein blunted S/D ratio (0.5), prominent and prolonged AR, no 
respiratory variation in D wave

S/D ratio = 1, inspiration decreases PV, S 
and D waves and expiration shows opposite 
changes

Tricuspid inflow mild respiration variation of tricuspid inflow E wave, 
E/A ratio >2, TR peak velocity no significant change 
with respiration

inspiration increases tricuspid inflow E waves 
and TR peak velocity and expiration shows 
opposite changes

Hepatic vein blunted S/D ratio, inspiration increases reversal inspiration = minimal increase in HV, S and D 
flows, and expiration decreases diastolic flow 
and increases reversal

Color M-mode slow flow propagation rapid flow propagation (≥100 cm/s)

Mitral annular motion low velocity early filling (<8 cm/s) high velocity early filling (≥8 cm/s)

Cardiac catheterization “dip and plateau,” LVEDP often >5 mm Hg greater 
than RVEDP, RV systolic pressure >50 mm Hg, 
RVEDP < one-third of RV systolic pressure

“dip and plateau,” RVEDP and LVEDP usually 
equal, inspiration increases RV systolic 
pressure and decreases LV systolic pressure, 
expiration causes opposite changes

Endomyocardial
biopsy

may reveal the specific cause normal or shows nonspecific myocardial 
fibrosis or hypertrophy

CT/MRI normal pericardium thickened pericardium

Abbreviations: BNP, brain natriuretic peptide; LV, left ventricular; E/A mitral E to A wave ratio; S/D systolic to diastolic flow ratio; A R aortic regurgitation; PV, pulmonary vein; 
TR tricuspid regurgitation; LVEDP, left ventricular end diastolic pressure; RVEDP, right ven tricular end diastolic pressure; CT, computerized axial tomography scan; MRI, magnetic 
resonance imaging. Reprinted with permission from Asher CR, Klein AL. Diastolic heart failure: Restrictive  cardiomyopathy, constrictive pericarditis, and cardiac  tamponade: Clinical 
and echocardiographic evaluation.  Cardiology in Review. 2002;10(4):218–229.
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Age-related Amyloidosis

Age-related amyloidosis can be divided into senile systemic 
and isolated atrial amyloidosis.

Senile systemic amyloidosis results from deposition of wild 
type transthyretin, primarily affecting the heart. It is primar-
ily seen in elderly men and affects almost a quarter of people 
over the age of 85 years. History of myocardial infarction 
and variations in the alpha-2-M and tau genes are also as-
sociated with this disorder. Heart failure is not as severe and 
disease course is less progressive than primary amyloidosis. 
However, the failure to recognize the disease early in the 
course can lead to clinically significant heart failure.

Isolated atrial amyloidosis in contrast is seen more com-
monly in elderly females. It occurs due to deposition of 
atrial natriuretic peptide, released by atria as a result of 
increased wall stretch. Therefore, it can also be seen in 
patients with valvular heart disease and atrial fibrillation. 

However, it does not lead to any clinically significant heart 
disease.

Hemodialysis-related Amyloidosis

B-2 microglobulin accumulates in chronic renal failure pa-
tients when dialysis cannot effectively clear it. The deposits 
are primarily in the joint with minimal involvement of the 
heart. Renal transplantation helps decrease the deposits, 
thus improving the joint pain (See Table 60-6).

Pathophysiology and Clinical Manifestations

Of the different subtypes of amyloidosis mentioned above, 
only primary, hereditary, and senile amyloidosis cause sig-
nificant cardiac involvement and, thus, heart failure. Thus, 
the clinical findings in amyloidosis include dilated or re-
strictive cardiomyopathy, congestive heart failure, coronary 
insufficiency, valvular dysfunction, pericardial tamponade, 

Table 60-6 • Classification of Cardiac Amyloidosis

Amyloidosis Type

Primary
Hereditary
(ATTR)

Senile
Systemic
(ATTR)

Isolated
Atrial
Amyloidosis Reactive (AA)

Dialysis-related
(B-2 Microglobulin)

Protein Light chain Mutant TTR TTR Atrial 
natriuretic
factor

Amyloid A B-2 microglobulin

Cardiac 
Involvement

22–34% Variable Common Limited to 
heart

< 10% Unknown, 
asymptomatic

Median Survival, 
mo.

13 (4 mo if heart 
failure present 
at diagnosis)

70 75 — 24.5% —

Extracardiac
Manifestations

Renal failure, 
proteinuria,
autonomic
dysfunction,
macroglossia,
purpura,
neuropathy, 
carpal tunnel 
syndrome

Severe
neuropathy, 
autonomic
dysfunction,
renal failure, 
blindness

Diffuse organ 
involvement

None Renal failure, 
proteinuria,
hepatomegaly
associated
with chronic 
inflammatory
conditions

Arthralgias, carpal 
tunnel syndrome, 
arthropathies, bone 
cyst, pathologic 
fractures

Diagnostic
Testing

SPEP, UPEP, 
bone marrow 
biopsy tissue 
analysis
revealing
plasma cell 
dyscrasia, kappa 
and lambda 
chain antiserum 
staining

ATTR antiserum 
staining, serum 
TTR isoelectric 
focusing,
restriction
fragment length 
polymorphism
analysis

TTR and 
serum
staining

Atrial
natriuretic
factor
antiserum
staining

Target organ 
biopsy specimen 
analysis, AA 
antiserum staining

Synovial and bone 
specimen analysis, 
B-2 microglobulin 
antiserum, serum 
B-2 microglobulin 
concentration

SPEP, serum protein electrophoresis; TTR, transthyretin; UPEP, urine protein electrophoresis.
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ENDOMYOCARDIAL FIBROSIS (EMF)

Endomyocardial fibrosis is primarily a disease of the trop-
ics, although cases have been reported out of these regions. 
However, it is still mostly found in sub-Saharan Africa. 
Uganda particularly has a high prevalence of this disease, 
where it shows a bimodal peak at age 10 and 30 with adult 
EMF affecting women twice as much as men. EMF has been 
frequently compared to Loeffler’s endocarditis, which is seen 
primarily in the temperate regions.

Various theories have been proposed for the pathophysiol-
ogy of endomyocardial fibrosis. The most prominent one 
is the eosinophil hypothesis. It has been suggested that 
parasitic infections in these regions cause eosinophilia and 
subsequent cardiac damage occurs due to various toxins re-
leased by the eosinophils. However, the similarities between 
the fibrotic stage of Loeffler’s endocarditis and EMF as well 
as the mismatch between the geography of EMF and the 
prevalence of parasite-induced eosinophilia have raised 
questions for this hypothesis.

The main pathology in EMF is fibrosis of the endocardium 
and, to a lesser extent, of the inflow tract and apex of ven-
tricular myocardium in one or both of the ventricles. This 
results in endocardial rigidity, atrial regurgitation, and 
restriction to diastolic filling of the ventricles. There is 
characteristic enlargement of the atria with normal sized 
ventricles. The characteristic echocardiographic appear-
ance is obliteration of the apex of the involved ventricle 
and grossly dilated atria. There is also thickening of the 
posterior left ventricular wall in patients with left heart 
involvement and thickening of the anterior interven-
tricular septum in patients with right sided involvement. 
Ventriculography also shows the obliteration of the apical 
region and, along with echocardiography, helps in estab-
lishing the diagnosis. Therefore, endomyocardial biopsy is 
not essential for diagnosis.

Prognosis for EMF is poor and most patients die within 2 
years of diagnosis. Patients typically have an insidious onset 
of the disease, which gradually progresses to heart failure. 
Atrial fibrillation can be seen in patients with right ventric-
ular disease. Other ECG findings include low QRS voltage, 
first-degree heart block, and atrial enlargement.

OTHER INFILTRATIVE DISORDERS

Fabry’s disease is an X-linked disease that causes deficiency 
of the enzyme ceramide trihexosidase in the lysosomes. As 
a result, there is deposition of a glycolipid in many differ-
ent tissues throughout the body, including the heart. The 
disease has complete phenotypic presentation in males and 
incomplete phenotypic appearance in females.

Figure 60-3. Example of a heart with amyloidosis. 
(A)  Macroscopic view showing nodules with amyloid (arrows). 
(B) Microscopic view showing eosinophilic areas containing am-
yloid (asterisks); original magnification, × 100. (C) Microscopic 
view showing eosinophilic bands, containing amyloid, around in-
dividual cardiomyocytes (arrows); original magnification, × 100. 
(D) Microscopic view (same figure as C) showing apple green bi-
refringence under polarized light; original magnification, × 100. 
(E) An intramyocardial artery showing Congo red stained amyloid 
(arrow); original magnification, × 400. (F) An intramyocardial ar-
tery (same figure as E) showing apple green birefringence under 
polarized light; original magnification, × 400. (G) Amyloidosis is 
characterized by the deposition of fine fibrillar material (asterisk) 
in and around cardiomyocytes (arrow); original magnification, 
× 10,000. (H) Amyloidosis is characterized by the deposition 
of fine fibrillar material (asterisk) around small vessels; arrow, 
endothelial cell; original magnification, × 15,000.  (Reprinted 
with permission from Kholová I, Niessen HWM. Amyloid in the 
cardiovascular  system: A review. J Clin Pathol. 2005;58:125–133. 
doi:10.1136/jcp.2004.017293)

increased sensitivity to digitalis, and atrial thrombosis and 
embolization (see Figure 60-3).

Diagnosis and management of cardiac amyloidosis can be 
summarized as follows (see Figure 60-4):
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Sarcoidosis can also affect the heart, primarily causing inter-
stitial inflammation. This leads to diastolic dysfunction and 
restrictive cardiomyopathy. With progression of the disease, 
there is fibrosis of the myocardium causing systolic dysfunc-
tion. The course of the disease is variable with many pa-
tients having subclinical diastolic dysfunction, while rarely 
some patients might show an acute presentation with sud-
den death or high-degree heart block. Myocardial imaging 
(thallium-201 or gallium-67) may show areas of myocardial 
involvement. Endomyocardial biopsy is also useful in the 

diagnosis of sarcoidosis, however, a negative biopsy doesn’t 
necessarily rule out the diagnosis.

In carcinoid syndrome, high circulating levels of 5-hydroxy-
indoleacetic acid lead to proliferation of fibroblasts and for-
mation of fibrous plaques. These plaques are found mainly 
over the tricuspid and pulmonary valves and the right ven-
tricular endocardium. This can lead to tricuspid regurgita-
tion, which is the predominant finding in carcinoid heart 
disease.

Where feasible, special
stains such as immunogold

One or (usually) more positive All negative

Amyloid type confirmed

AL amyloidosis
Chemotherapy and supportive

therapy

Quantify light chains (as baseline for follow-up)
and exclude concomitant myeloma

SSA
Supportive therapy.

TTR

Genetic testing for
mutant TTR or ApoA1

Negative

Familial

Familial amyloidosis
Supportive therapy.

Assess for liver transplant
and need for cardiac

transplant.

Probably
SSA

Therapy as below

Biopsy positive:
Amyloidosis confirmed

Serum and urine IFE, FLC assay,
Bone marrow biopsy

Special stains
unavailable

Genetic testing for
mutant TTR

Suspected cardiac amyloidosis
(E.g. heart failure with typical echocardiogram)

Careful physical exam seeking other potential organ involvement
e.g. proteinuria, periorbital purpura.

Biopsy of selected cardiac or non-cardiac tissue

Positive

Positive Negative
AL amyloidosis

Figure 60-4. Diagnosis and management of cardiac amyloidosis. (Reprinted with permission from Falk RH. Diagnosis and 
management of the cardiac amyloidoses. Circulation. 2005;112:2047–2060.)
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TREATMENT OF RESTRICTIVE 
CARDIOMYOPATHY

Symptomatic Therapy

Diuretics are the mainstay of treatment to relieve the symp-
toms of heart failure. However, excessive diuresis can cause 
hypotension and should be avoided. Any associated arrhyth-
mia should be promptly and adequately treated as atrial con-
traction is important for ventricular filling. Therefore, sinus 
rhythm should be maintained. Amiodarone can be used, or 
in advanced conduction system disease, a pacemaker can be 
implanted. When a patient with cardiac sarcoidosis pres-
ents with life-threatening ventricular arrhythmia, an auto-
matic implantable defibrillator can be used. Patients with 
restrictive cardiomyopathy, especially those having atrial 
fibrillation, valvular regurgitation, or low cardiac output, 
are at increased risk of atrial thrombus formation and em-
bolization. These patients should receive anticoagulation 
with warfarin. In severe cardiac amyloidosis, there might be 
thrombus formation even in the presence of normal sinus 
rhythm and it is prudent to anticoagulate in such patients.

Specific Therapy

Amyloidosis
For symptomatic therapy, digoxin should be avoided as it 
binds to amyloid fibrils and leads to toxic side effects.Similarly, 
negative inotropic agents like calcium channel blockers and 
ACE inhibitors should be avoided as these patients often 
have autonomic dysfunction and orthostatic hypotension.

Definitive treatment for AL amyloidosis is oral chemo-
therapy with melphalan to stop plasma cell production of 
the amyloid paraproteins. However, treatment benefit is 
limited as most patients have extensive involvement of 
the heart at the time of diagnosis. This increases the peri-
treatment mortality rates. Patients with normal ejection 
fraction, absence of heart failure, and minimal involve-
ment of other organ systems benefit the most from treat-
ment. In such patients, combined treatment with high dose 
melphalan and bone marrow transplantation has shown to 

improve survival and quality of life. A limited number of 
patients with no significant extracardiac disease have been 
successfully treated with a combination of melphalan, bone 
marrow transplant, and heart transplant.

Hereditary amyloidosis can be treated by liver transplanta-
tion as the mutant TTR protein is produced by the liver. 
Liver transplantation in these patients has a good suc-
cess rate with 5-year survival rates reported to be 60-77%. 
However, these benefits are limited in patients with mini-
mal involvement of the heart. In selected cases with ex-
tensive myocardial involvement, combined heart and liver 
transplantation has been found to be successful. Senile sys-
temic amyloidosis has a very good prognosis and responds 
well to symptomatic management of heart failure.

Endomyocardial Fibrosis
This disease can be successfully treated with cardiac surgery. 
Surgical therapy consists of excision of the fibrotic endo-
cardium with or without replacement of the mitral and/or 
tricuspid valves. A 10-year survival rate with this treatment 
has been found to be approximately 70%.

Treatment of other disorders causing restrictive cardiomyo-
pathy can be summarized as follows:
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• Improved survival has been shown with both im-
plantable cardioverter defibrillator (ICD) and cardiac 
resynchronization therapy (CRT), alone or in combi-
nation, in symptomatic heart failure patients.

• The MADIT trials established the mortality benefit 
of prophylactic ICD therapy in ischemic heart failure 
with risk stratification based on the presence of coro-
nary artery disease and ejection fraction.

• SCD-HeFT is a landmark clinical trial demonstrating 
that ICD prophylaxis was effective in the primary pre-
vention of mortality, regardless of ischemic or nonis-
chemic etiology of heart failure.

• Concerning medical therapy for suppression of ven-
tricular arrhythmias, SCD-HeFT also confirmed that 
the use of amiodarone does not improve survival 
when used for suppression of ventricular arrhyth-
mias in this patient population.

• The current ACC/AHA/HRS 2008 recommenda-
tions for primary prevention ICD include an ejection 
fraction less than or equal to 35% for patients with 
symptomatic heart failure (NYHA Class II and III) 
and either ischemic (greater than 40 days out from a 
myocardial infarction) or nonischemic disease.

• Current recommendations also include NYHA Class I 
patients with ischemic disease with an ejection frac-
tion less than or equal to 30% (based on MADIT II 
inclusion criteria).

• Current CRT indications are based on QRS duration 
from the landmark CRT trials; use of dyssynchrony 
studies in narrow QRS patients is not part of guide-
lines at this time.

d PRACTICAL POINTS

INTRODUCTION

Device therapy has been well established as the standard of 
care in appropriate patients in the chronic heart failure pop-
ulation. In fact, device therapy, in addition to pharmaco-
logic therapy, is now considered evidence-based treatment 
in these patients, supported by numerous clinical trials. 
Improved survival has been shown with both implantable 
cardioverter- defibrillator (ICD) and cardiac resynchroniza-
tion therapy (CRT), alone or in combination, in symptom-
atic heart failure patients. Although almost half of heart 
failure mortality is associated with ventricular tachyarrhyth-
mias, mortality in advanced clinical disease (New York 
Heart Association, NYHA Class III and IV) results more 
often from worsening heart failure. The survival benefit 

associated with CRT alone is attributed partly to synchro-
nization of ventricular dyssynchrony through simultaneous 
pacing of the right and left ventricles, thereby improving the 
pump function of the heart. CRT also improves symptoms 
[in terms of functional class, 6-minute hall walk (6MW), 
and quality of life (QOL)] in refractory heart failure, all of 
which have been primary endpoints of early CRT trials.

The use of these strategies is now driven by guideline 
statements, issued by the American College of Cardiology 
(ACC), American Heart Association (AHA), Heart Failure 
Society of America (HFSA), European Society of Cardiology 
(ESC), and the Heart Rhythm Society (HRS, formerly the 
North American Society for Pacing and Electrophysiology). 
With increasing studies and available literature, ICD and 
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CRT indications have changed and will inevitably continue 
to expand as the field advances. Updated guidelines from 
major societies regarding appropriate use of such devices in 
heart failure management will be reviewed in this chapter 
with an emphasis on the recent ACC/AHA/HRS 2008 
joint statement, along with highlights from the landmark 
clinical trials. Focus will be on Class I and Class III indica-
tions, along with reviewing randomized trial data, as this 
represents material that will be tested on the cardiovascular 
board examination.

DEFIBRILLATORS IN 
CHRONIC HEART FAILURE

As we gain experience with device therapy in chronic heart 
failure, we are improving the process of risk stratifying ap-
propriate candidates for “primary” implantable defibrillator 
therapy or those who are at risk of ventricular arrhythmias. 
Therefore, ICDs in these patients are considered primary 
prevention devices, compared to “secondary” prevention, 
when ICDs are implanted in those who have survived a 
cardiac arrest or had documented sustained ventricular 
tachycardia or syncope of unknown etiology in the setting 
of systolic dysfunction. The term sudden cardiac death (SCD) 
refers to a cardiac cause that results in death soon after the 
onset of symptoms. Despite advances in the prevention of 
SCD, it remains a major cause of mortality, which is es-
pecially the case in chronic heart failure. Guidelines have 
been endorsed by the major international societies, such 
as the American College of Cardiology, American Heart 
Association, European Society of Cardiology, and the Heart 
Rhythm Society; as new data surface, a joint statement was 
issued from the ACC, AHA, and HRS in 2008 reviewing 
the available trial data and ongoing issues regarding man-
agement of ventricular arrhythmias and preventing sudden 
cardiac death in this patient population. For practical pur-
poses, this chapter will focus on this recent guideline state-
ment, rather than comparing it to the earlier 2005 ACC/
AHA and 2006 HFSA Practice Guideline statements.

The first successful ICD implant was in the 1970s, and the 
technology continues to advance. Current devices are capa-
ble of improved arrhythmia discrimination, “painless” ther-
apy with antitachycardia pacing for ventricular arrhythmias, 
low energy cardioversion, high energy defibrillation, and 
bradycardia pacing. The majority of devices are implanted 
in the pectoral area, in a subcutaneous or submuscular posi-
tion, with venous access obtained through the subclavian or 
axillary veins (Figure 61-1).

Review of Clinical Trials

Early ICD mortality trials compared device therapy to an-
tiarrhythmic drug therapy with amiodarone or sotalol in a 

high risk patient population, patients who either had docu-
mented ventricular arrhythmias or cardiac arrest or were 
post-myocardial infarction without advanced heart failure. 
Subsequent trials focused on primary prevention in the 
heart failure population, initially in those with documented 
ventricular arrhythmias and later based on ejection fraction 
as risk stratification. Details of the individual clinical trials 
can be found in Table 61-1, which summarizes the inclu-
sion criteria, primary endpoint, and results.

MADIT Clinical Trials: MADIT I and II
The Multicenter Automatic Defibrillator Trials (MADIT) 
evaluated prophylactic use of an ICD as primary prevention 
in high risk patients with coronary artery disease. The first 
study, MADIT I, enrolled patients who had documented 
ventricular arrhythmias, a history of asymptomatic nonsus-
tained ventricular tachycardia (from 3 to 30 beats), and in-
ducible, nonsuppressible sustained ventricular tachycardia 
on electrophysiology (EP) study. Patients had NYHA Class 
I-III heart failure, had an ejection fraction less than or equal 
to 35%, and were greater than 3 weeks post-myocardial 
infarction. Patients were treated with conventional medi-
cal therapy, which included antiarrhythmics at the physi-
cian’s discretion (usually amiodarone), or were assigned to 
an ICD in addition to conventional medical therapy. The 
study was small with 196 patients; a large survival benefit 
was noted in the ICD group of 54% (HR 0.46, 95% CI 

Figure 61-1. Chest radiograph of a dual chamber defibrilla-
tor system implanted for primary prevention in a patient with 
dilated cardiomyopathy. Right ventricular lead is a dual coil lead 
placed in the apex. Arrows mark the proximal (or superior vena 
cava coil) and distal coils. (Chest radiograph obtained from the 
Ohio State University Medical Center.)
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0.26-0.82, p = 0.009). Subgroup analysis revealed that ICD 
prophylaxis in higher risk heart failure patients (defined as 
an ejection fraction <26%, heart failure requiring therapy, 
and QRS ≥120 ms) independently predicted improved 
survival, with survival benefit proportional to the number 
of risk factors. A concern regarding this trial involves the 
inclusion criteria of sustained ventricular tachycardia dur-
ing EP study that was not suppressible by procainamide, 
questioning whether patients in the drug therapy arm were 
likely to respond to pharmacologic therapy. This limitation 
was addressed in MADIT II with enrollment of a lower risk 
heart failure population.

MADIT II was a much larger trial, enrolling 1,232 patients, 
and did not require a history of documented ventricular 
tachyarrhythmias or EP study. Risk stratification was based 
on a more stringent ejection fraction criteria of 30% or 
less (compared to 35% in MADIT I) and the presence of 
coronary artery disease with patients at least 40 days post-
myocardial infarction. The ICD group was compared to a 
control group of conventional medical therapy, with similar 
percentages of patients taking standard medical therapy in 
both groups, at the last follow-up visit. A large benefit from 
ICD therapy was found and resulted in early termination of 
the study. A 31% reduction in all-cause mortality was noted 
in the ICD group (p = 0.016), attributed to a reduction in 
sudden cardiac death. Sudden cardiac death occurred in 
10% of the conventional medical therapy group compared 
to 3.8% of the ICD group (p < 0.01).

Post-hoc analysis of MADIT II results evaluated the influ-
ence of the length of time from myocardial infarction to de-
vice implant on the observed survival benefit. The mortality 
benefit after ICD prophylaxis was not seen until 9 months 
post-device implantation, suggesting that ICD therapy 

might not be effective early after a myocardial infarction. 
There was also a trend toward an increased incidence of 
heart failure hospitalization in the ICD group, possibly re-
lated to detrimental effects of right ventricular pacing or 
ICD shocks on the myocardium. The MADIT trials estab-
lished the mortality benefit of prophylactic ICD therapy in 
ischemic heart failure with risk stratification based on the 
presence of coronary artery disease and ejection fraction.

Definite
The Defibrillators in Nonischemic Cardiomyopathy 
Treatment Evaluation (DEFINITE) was designed to inves-
tigate the role of primary prevention ICD in patients with a 
nonischemic etiology of heart failure. The ejection fraction 
cut-off for this trial was slightly higher than in MADIT II 
at less than or equal to 35%, and patients were required to 
have ambient arrhythmias (frequent premature ventricu-
lar contractions or nonsustained ventricular tachycardia). 
Although ICD prophylaxis resulted in significantly reduced 
arrhythmic death and a trend toward reduction in the pri-
mary endpoint of all-cause mortality, the study was under-
powered with a lower than expected mortality rate of 14.1% 
in the control arm of conventional medical therapy. The 
inclusion of Class I patients, constituting 22% of total en-
rolled patients, might also have contributed to the lower 
than expected mortality rate.

SCD-HeFT
The Sudden Cardiac Death Heart Failure Trial enrolled 
both ischemic and nonischemic heart failure patients, 
NYHA Class II or III, with an ejection fraction less than or 
equal to 35%. This was a large trial enrolling 2,520 patients, 
randomized to one of three groups: conventional medical 
therapy in all groups plus placebo, amiodarone, or an ICD. 
It was designed to address not only the role of ICD therapy 

Table 61-1 • Summary of Clinical Trials of ICD Therapy in Chronic Heart Failure

Clinical Trial N Inclusion
Control/
Treatment Group

Primary
Endpoint Results

MADIT I 196 NYHA Class I-III, remote MI, EF 
≤35%, history of documented VT†

medical therapy/
ICD

all-cause
mortality

54% relative reduction 
with ICD*

MADIT II 1232 NYHA Class I-III, remote MI, 
EF ≤30%

medical therapy/
ICD

all-cause
mortality

31% relative reduction 
with ICD*

DEFINITE 488 NYHA Class I-III, dilated 
cardiomyopathy, EF ≤35%,
history of documented VT§

medical therapy/ 
ICD

all-cause
mortality

35% relative reduction 
with ICD (NS)

SCD-HeFT 2520 NYHA Class II-III, history of CAD or 
dilated cardiomyopathy, EF ≤35%

medical therapy/ 
ICD

all-cause
mortality

23% relative reduction 
with ICD*

*Significant p value <0.05.
†NSVT and nonsuppressible inducible VT on EPS.
§NSVT or ≥10 PVCs/hr.
Abbreviations: NYHA, New York Heart Association; MI, myocardial infarction; EF, ejection fraction; VT, ventricular tachycardia; ICD, implantable cardioverter defibrillator; 
NS, nonsignificant; CAD, coronary artery disease; NSVT, nonsustained ventricular tachycardia; PVC, premature ventricular contraction.
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but also the effect of amiodarone on heart failure mortal-
ity. By enrolling 52% ischemic and 48% nonischemic pa-
tients, the study also expanded on questions remaining from 
the DEFINITE trial, regarding the use of ICD as primary 
prevention in nonischemic patients. During 60 months of 
follow-up, there was no difference in the primary endpoint 
of all-cause mortality with the addition of amiodarone to 
standard medical therapy. However, implant of an ICD pro-
duced a significant 23% relative risk reduction and 7.2% 
absolute risk reduction in all-cause mortality at 5 years, 
compared to the control of optimal medical therapy. The 
study is a landmark clinical trial as it demonstrated that 
ICD prophylaxis was effective in the primary prevention of 
mortality, regardless of ischemic or nonischemic etiology of 
heart failure. It also confirmed that the use of amiodarone to 
suppress ventricular arrhythmias does not improve survival 
in this patient population.

CABG-Patch Trial and DINAMIT
The previously discussed trials excluded patients who had 
recent coronary artery bypass surgery or recent myocardial 
infarction (MI). The CABG-Patch Trial and DINAMIT 
studies enrolled such patients in order to study the effect 
of timing on ICD benefit. The Coronary Artery Bypass 
Graft Patch (CABG-Patch) Trial compared prophylactic 
ICD at the time of coronary artery bypass surgery to stan-
dard medical therapy in patients with an ejection less than 
35%. No significant reduction in mortality was observed 
with ICD therapy. Similarly, no survival benefit was noted 
in The Defibrillators in Acute Myocardial Infarction Trial 
(DINAMIT) when prophylactic ICD was implanted in pa-
tients who had a recent myocardial infarction (<40 days 
post-MI). Although negative studies, these trials are im-
portant as they have contributed to our current guideline 
criteria, where we exclude patients as primary prevention 
candidates until they are 40 days status post-myocardial 

infarction and have had time to document an improvement 
in systolic function after revascularization procedures.

Indications for Primary Prevention Devices

Previous guidelines for ICD therapy in heart failure were 
based on ACC/AHA recommendations from 2005. Several 
studies have been published since the latest statement; 
therefore, updated joint recommendations were published 
in 2008, ACC/AHA/HRS Guidelines for Device-Based 
Therapy: Executive Summary. Standard ACC/AHA defi-
nitions of the level of evidence and categorization of that 
evidence are listed in Table 61-2.

ACC/AHA 2005 guidelines acknowledge the risk of SCD 
in heart failure and recommend an ICD as primary preven-
tion in symptomatic patients with an ejection fraction of 
less than or equal to 30% and either ischemic or nonisch-
emic causes of systolic dysfunction. However, controversy 
developed regarding candidacy in these same patients with 
an ejection fraction between 31% and 35%, resulting from 
the different ejection fraction criteria in the primary pre-
vention studies: MADIT II and SCD-HeFT. MADIT II 
studied patients with a history of a myocardial infarction 
at least 1 month prior to enrollment and an ejection frac-
tion less than or equal to 30%; symptomatic heart failure 
was not a requirement for enrollment. Conversely, SCD-
HeFT enrolled patients with symptoms (NYHA Class II 
or III heart failure) and had a higher ejection fraction cri-
terion, less than or equal to 35%. The latest ACC/AHA/
HRS guidelines on device-based therapy from 2008 up-
dated ejection fraction criteria from the 2005 guidelines. 
The current recommendations have expanded Class I in-
dications for primary prevention to now include an ejec-
tion fraction less than or equal to 35% for patients with 
symptomatic heart failure (NYHA Class II and III) and 

Table 61-2 • ACC/AHA Classification of Recommendations and Level of Evidence

Classification

Class I

Class II

Class IIa

Class IIb
Class III

condition for which there is evidence and/or general agreement that a 
given procedure or treatment is beneficial, useful, and effective

condition for which there is conflicting evidence and/or divergence of 
opinion about the usefulness/efficacy of a procedure/treatment

weight of evidence/opinion is in favor of usefulness/efficacy

usefulness/efficacy is less well established by evidence/opinion
conditions for which there is evidence and/or general agreement that a 

procedure is not useful/effective and in some cases may be harmful

procedure/treatment
should be performed

procedure/treatment is reasonable 
to perform

procedure/treatment may be considered
procedure/treatment should not be 

performed since it is not helpful and 
may be harmful

Level of evidence

A
B
C

Data derived from multiple randomized clinical trials or meta-analysis
Data derived from a single randomized trial or nonrandomized studies
Only consensus opinion of experts, case studies, or standard of care
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either ischemic or nonischemic disease. A history of ischemic 
heart disease still includes those who are greater than 40 
days out from a myocardial infarction and all candidates 
should be on chronic optimal medical therapy and have a 
reasonable expectation of survival with a good functional 
capacity for more than 1 year. Current recommendations 
also include NYHA Class I patients with ischemic dis-
ease with an ejection fraction less than or equal to 30% 
(based on MADIT II inclusion criteria). However, similar 
patients with nonischemic etiology do not have a Class 
I indication for prophylactic ICD therapy as SCD-HeFT 
did not include this functional class of patients. (Refer to 
Table 61-3 for details on primary and secondary preven-
tion indications.)

Concerning secondary prevention with ICD implantation, 
all guideline statements endorse the use of an ICD after 
an event of ventricular fibrillation, hemodynamically un-
stable ventricular tachycardia, or resuscitated cardiac arrest. 
Table 61-3 reviews indications for ICD implantation in heart 
failure patients who have had ventricular tachyarrhythmias. 

Electrophysiology study is reasonable in patients with left 
ventricular dysfunction (EF < 40%) secondary to coronary 
artery disease who present with nonsustained ventricular ar-
rhythmias for risk stratification of SCD; however, it is not as 
informative in nonischemic heart disease due to low induc-
ibility and poor replication of results.

In addition to reviewing indications for ICD implantation 
in chronic heart failure, it is also crucial to be familiar with 
contraindications in this patient population. Guidelines 
all clearly state that ICD implantation is not indicated 
in chronic, severe refractory heart failure where a reason-
able life expectancy or expectation of improvement does 
not exist based on end-stage heart failure or comorbidi-
ties. Most of the landmark primary prevention trials ex-
cluded NYHA Class IV patients, with the exception of 
the Cardiac-Resynchronization Therapy With or Without 
an Implantable Defibrillator in Advanced Chronic Heart 
Failure (COMPANION) trial, which enrolled some Class 
IV patients. Current evidence did not include and there-
fore cannot be applied to this heart failure population.

Table 61-3 • Recommendations for ICD Therapy in Chronic Heart Failure Based on 
ACC/AHA/HRS 2008 Guidelines

Recommendation Level of Evidence

Class I (agreement on the benefit of ICD therapy)

1.  Patients with LVEF less than or equal to 35% due to a MI who are at least 40 days post-MI and are in NYHA 
functional Class II or III

2.  Patients with LVEF less than or equal to 35% with nonischemic dilated cardiomyopathy who are in NYHA 
functional Class II or III

3. Patients with LV dysfunction due to prior MI with an LVEF less than or equal to 30% who are in NYHA Class I
4.  Patients with structural heart disease and spontaneous sustained VT, regardless if hemodynamically stable 

or unstable
5. Patients with NSVT with prior MI, LVEF less than 40%, and inducible VF or sustained VT during EPS

A

B

A
B

B

Class IIa (weight of evidence is in favor of usefulness of ICD therapy)

Patients with unexplained syncope, significant LV dysfunction, and nonischemic dilated cardiomyopathy C

Class IIb (efficacy of ICD is less well established)

Patients with nonischemic heart disease who have an LVEF less than or equal to 35% who are in NYHA 
functional Class I

C

Class III (agreement that an ICD is not effective and may be harmful)

1.  Patients who do not have a reasonable expectation of survival with an acceptable functional status for at least 
1 year, even if they meet specific ICD criteria specified in the Class I, IIa, and IIb recommendations listed 
above

2. Incessant VT or VF
3.  NYHA functional Class IV patients with drug-refractory heart failure who are not candidates for heart 

transplantation or implantation of a CRT device
4.  Patients with significant psychiatric illnesses that may be aggravated by device implantation or may preclude 

follow-up
5.  Syncope of undetermined etiology without inducible VT or VF and without structural heart disease
6.  Ventricular tachyarrhythmias due to a completely reversible disorder in the absence of structural heart 

disease (e.g., electrolytes, drug, trauma)

C

C
C

C

C
B

Abbreviations: ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; MI, myocardial infarction; NYHA, New York Heart Association; LV, left 
 ventricular; VT, ventricular tachycardia; NSVT, nonsustained ventricular tachycardia; VF, ventricular fibrillation; CRT, cardiac resynchronization therapy.
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Other Issues Involving Defibrillator Therapy

The cost of a defibrillator implant along with follow-up 
(device interrogation, changeout of generator when the 
battery wears, lead revisions, etc.) is not inexpensive. 
Recommendations on such an intervention are based on 
the cost efficacy, meaning that the health benefits support 
the procedure. A combined CRT-ICD device costs around 
$30,000 in the United States, with additional costs from 
 follow-up and repeat procedures for complications or gener-
ator change. Appropriate device candidates based on clini-
cal trials have an estimated cost benefit per quality-adjusted 
life year of $34,900 in MADIT and $70,200 in SCD-HeFT.

Complications from a defibrillator implant include bleed-
ing, infection, pneumothorax or hemothorax as a result of 
intravenous access, transient heart block from placing leads 
(usually in the setting of a left bundle branch block), per-
foration resulting in tamponade (from perforation of the 
myocardium or coronary sinus in a CRT implant), or ar-
rhythmias such as ventricular tachycardia or supraventricu-
lar tachycardia from lead placement. Patients may require 
reoperation due to delayed perforation, noncapture from 
leads due to micro- or macro-dislodgement, and infection 
requiring extraction (from endocarditis, pocket infection, or 
erosion). Complications may also arise from conscious seda-
tion resulting in hypoxia or defibrillation threshold testing 
after device implant. With the latter, patients may experi-
ence high thresholds requiring external rescue from induced 
ventricular fibrillation (VF), and induction of VF might not 
be well tolerated in advanced heart failure patients. Testing 
is usually not recommended in patients with critical aortic 
stenosis for this reason.

A concern with ICD therapy based on current guidelines is 
that many patients who meet criteria are lower risk and do 
not have lethal tachyarrhythmias. In fact, estimates of ap-
propriate ICD therapies range from one-third to two-thirds 
of all ICD events in the first few years after implantation. 
This has led to controversy regarding the issue of risk as-
sessment in these patients. Wider QRS complex has been 
associated with a higher cardiovascular risk in heart failure 
patients; on the other hand, some clinical trial data have 
not shown that QRS duration alone reliably predicts this 
mortality risk. Noninvasive testing with T wave alternans 
may be beneficial but is not well established with supportive 
data at this time.

CARDIAC RESYNCHRONIZATION 
THERAPY

Cardiac resynchronization therapy is now a well-established 
treatment in chronic heart failure patients with moderate to 
severe symptoms, refractory to pharmacologic therapy. Lead 

placement is similar to dual chamber pacemakers and defi-
brillators, with the addition of a left ventricular (LV) lead. 
This lead is still implanted from the right sided chambers, 
with cannulation of the coronary sinus and placement of the 
LV lead in a lateral or posterior branch along the epicardial 
surface of the ventricle, opposed to the endocardial place-
ment of the right ventricular (RV) and right atrial (RA) 
leads (Figures 61-2 and 61-3). Ideal placement is obtained 
with achievement of appropriate pacing thresholds, stable 
lead position, and avoidance of diaphragmatic stimulation. 
The concept behind biventricular pacing involves “resyn-
chronization” of a dyssynchronous ventricular contraction. 
In a typical left bundle branch block or wide QRS, there 
is impaired contraction, related to delay in interventricular 
(between the right and left ventricles) and intraventricu-
lar (within the LV segments) timing. The end result is a 
dyssynchronous contraction and impaired cardiac output 
from reduced ventricular filling, prolonged mitral regurgita-
tion (MR), and reduced LV dP/dt. Currently, we consider 
this dyssynchronous contraction as represented by the QRS 
width on ECG (or an electrical conduction delay); in fact, 
prolongation of QRS greater than 120 ms has been shown 
to be a significant predictor of LV systolic dysfunction and 
mortality in patients with heart failure. However, more 
evidence is emerging regarding mechanical dyssynchrony 

Figure 61-2. Chest radiograph of a cardiac resynchronization 
therapy system implanted in a patient with dilated cardiomyo-
pathy. This is a pacing system only, as the right ventricular lead 
is not a defibrillator lead; it is also positioned on the septum. 
Arrow marks the left ventricular lead, which is in a lateral branch 
of the coronary sinus and is located on the epicardial surface of 
the heart. (Chest radiograph obtained from the Ohio State Univer-
sity Medical Center.)
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(or delay based on various echocardiographic parameters 
evaluating inter- and intraventricular segments). For review 
purposes for the boards, however, focus is on QRS crite-
ria greater than 120 msec as a consensus has not yet been 
reached regarding dyssynchrony criteria in patients who do 
not have a wide QRS. 

Early CRT data focused on improved clinical endpoints, 
including 6MW, QOL, and NYHA class. Subsequent ran-
domized controlled trials were larger and evaluated primary 
endpoints of morbidity and mortality, with CRT alone or 
combined with ICD. Prior to reviewing landmark clini-
cal trials in CRT, it is important to first mention the Dual 
Chamber and VVI Implantable Defibrillator (DAVID) trial, 
which suggested that chronic RV pacing worsened heart 
failure progression, thus leading to the concept of biven-
tricular pacing.

Review of Clinical Trials

Early Trials of Cardiac Resynchronization Therapy
Early CRT trials enrolled in the 1990s and established the 
safety of implanting a coronary sinus lead for LV pacing and 
later for combining CRT and ICD devices. Only a few early 
trials utilized epicardial pacing leads implanted via limited 
thoracotomy; most studies implanted all leads transvenously. 
With initial studies establishing improvement in functional 
status, symptoms, LV ejection fraction, and reverse remodel-
ing in Class III and IV heart failure patients, study endpoints 

advanced to morbidity (hospitalization endpoints) and mor-
tality in much larger trials. Inclusion criteria and endpoints 
are reviewed in Table 61-4 for the landmark randomized 
trials to date, but only a few will be reviewed in detail.

The Pacing Therapies in Congestive Heart Failure studies 
(Path CHF I and II), completed in 1998 in Europe, intro-
duced the benefit of CRT with findings of an acute invasive 
hemodynamic benefit with biventricular pacing and further 
improvement when the atrio-ventricular (AV) delay was ad-
justed. The studies were small, enrolling 41 and 86 patients, 
respectively, but this immediate hemodynamic benefit cor-
related with short-term clinical improvement.

MIRACLE Trials
The Multicenter InSync Randomized Clinical Evaluation 
(MIRACLE) study was completed in 2000 and was a larger 
trial compared to earlier CRT studies, enrolling 453 pa-
tients. Patients were assigned to 6 months of biventricular 
pacing in addition to optimal medical therapy or the con-
trol of  optimal medical therapy without pacing. The study 
confirmed favorable clinical effects of CRT (6MW, QOL, 
NYHA class), with improvements noted as early as 1 month 
after implant. Exercise capacity (measured by oxygen con-
sumption or VO2), LV ejection fraction, and episodes of 
heart failure hospitalization also improved. Patients had 
evidence of reverse remodeling with improved systolic and 
diastolic dimensions during the follow-up period. This study 
was not designed to evaluate the effect on mortality.

Figure 61-3. (a) Example of coronary sinus venography with balloon catheter, to determine potential targets for left ventricular lead 
positioning. (b)Right anterior oblique view of a cardiac resynchronization therapy system implanted in a patient with chronic dilated
cardiomyopathy. (Image obtained from the Ohio State University Medical Center Electrophysiology Lab.)
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Table 61-4 • Summary of Major Clinical Trials of Cardiac Resynchronization Therapy Alone or 
with an Implantable Cardiac Defibrillator

Study (N, Year of Publication) Inclusion Criteria Endpoints Results

Multicenter InSync 
Randomized Clinical 
Evaluation: MIRACLE 
(524, 2002)

NYHA Class III-IV, LVEF ≤35%,
LVEDD ≥55 mm, QRS ≥130 ms, 
stable optimal medical therapy

Primary: NYHA, QOL, 6MW

Secondary: peak VO2,
echo parameters, 
QRS, hospitalization, 
neurohormones

improvement in NYHA, 6MW, 
QOL, LVEF, LV dimensions, 
MR, peak VO2; reduced 
hospitalizations

Multisite Stimulation in 
Cardiomyopathy: MUSTIC 
SR (58, 2001)

NYHA Class III, LVEF <35%,
LVEDD >60 mm, QRS ≥200 ms, 
6MW <450 m

Primary: 6MW

Secondary: QOL, peak VO2,
hospitalization, patient 
treatment preference, 
echo parameters, all-cause 
mortality

Primary: 6MW

Secondary: QOL, peak VO2,
hospitalization, patient 
treatment preference, echo 
parameters, all-cause mortality

Multisite Stimulation in 
Cardiomyopathy: MUSTIC 
AF (43, 2002)

NYHA Class III, LVEF <35%,
LVEDD >60 mm, paced QRS 
≥200 ms, 6MW <450 m

Primary: 6MW

Secondary: QOL, peak VO2,
hospitalization, patient 
treatment preference, 
echo parameters, all-cause 
mortality

Primary: 6MW

Secondary: QOL, peak VO2,
hospitalization, patient 
treatment preference, echo 
parameters, all-cause mortality

Pacing Therapies in 
Congestive Heart Failure: 
PATH-CHF (42, 2002)

NYHA Class III-IV, QRS >120
ms, sinus rate >55 bpm, PR 
≥150 ms

Primary: peak VO2, QOL, 
NYHA, 6MW, LVEF

improvement in functional 
status, QOL, and exercise 
capacity

CONTAK-CD (581, 2003) NYHA Class II-IV, LVEF ≤35%,
QRS ≥120 ms, ICD indication, 
stable optimal medical therapy

Primary: composite of 
all-cause mortality, HF 
hospitalization, VT/VF

Secondary: peak VO2, QOL, 
6MW, NYHA, echo indices, 
neurohormones

no improvement in primary 
endpoint; safety endpoints 
and effectiveness met (lead, 
system); improvement in 
6MW, QOL, VO2, functional 
status in NYHA Class III-IV

Multicenter InSync ICD 
Randomized Clinical 
Evaluation MIRACLE ICD 
(362, 2003)

NYHA Class III-IV, LVEF ≤35%,
LVEDD ≥55 mm, QRS ≥130 ms, 
ICD indication

Primary: NYHA, QOL, 6MW

Secondary: peak VO2,
exercise duration, 
echo parameters, 
composite (mortality, 
HF hospitalization, 
NYHA, patient global self 
assessment), safety of 
CRT-D

improvement in NYHA, QOL, 
clinical composite endpoint, 
safety of CRT-D

Comparison of Medical 
Therapy Pacing and 
Defibrillation in Heart Failure: 
COMPANION (1520, 2004)

NYHA Class III-IV, LVEF ≤35%,
QRS ≥120 ms, PR >150 ms, 
no pacer or ICD indication, 
HF hospitalization in past year

Primary: combined all-cause 
mortality, HF hospitalization

Secondary: QOL, functional 
capacity, peak exercise, 
cardiac morbidity

improvement in primary 
endpoint of all-cause mortality 
and hospitalization with CRT 
and CRT-D; reduced all-cause 
mortality with CRT-D; study 
stopped early due to benefit

Cardiac Resynchronization in 
Heart Failure: CARE-HF 
(800, 2004)

NYHA Class III-IV, LVEF 
≤35%, LVEDD ≥30 mm, QRS 
≥150 ms or QRS >120 + echo 
dyssynchrony criteria, stable 
optimal medical therapy

Primary: combined 
all-cause mortality, 
unplanned cardiovascular 
hospitalization

Secondary: all-cause 
mortality, all-cause mortality 
or HF hospitalization, 
NYHA, LVEF, QOL, 
neurohormones

improvement in combined 
primary endpoint and of all-
cause mortality alone with 
CRT; improvement in LVEF, 
QOL, neurohormones

Abbreviations: CRT, cardiac resynchronization therapy; CRT-D, cardiac resynchronization therapy with defibrillator; HF, heart failure; ICD, implantable cardioverter defibrillator; 
LVEDD, left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; NYHA, New York Heart Association Class; QOL, quality of life; 
peak VO2, peak oxygen uptake; VT, ventricular tachycardia; VF, ventricular fibrillation; 6MW, 6-minute walk;.
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The MIRACLE-ICD trial was completed in 2001 and was 
designed as a safety and efficacy trial to evaluate combining 
CRT devices with an ICD. The addition of biventricular 
pacing did not reduce survival, increase arrhythmia risk, or 
interfere with ICD therapy. This combined device was ap-
proved by the Food and Drug Administration in 2002.

At that time, the MIRACLE trial was the first randomized, 
double blind controlled trial and the largest in enrollment. 
It confirmed earlier results from the smaller CRT trials, in 
terms of clinical and echocardiographic improvement and a 
reduction in heart failure morbidity.

COMPANION Trial
The Comparison of Medical Therapy, Pacing, and 
Defibrillation in Heart Failure trial was the first trial de-
signed to evaluate the effects of CRT on mortality and hos-
pitalization in advanced heart failure. Patients with NYHA 
Class III and IV heart failure on optimal medical therapy 
with QRS less than or equal to 120 msec were randomized to 
three groups: the control of optimal medical therapy alone 
and two treatment groups of either CRT or CRT combined 
with ICD, in addition to optimal medical therapy. The pri-
mary endpoint was a combination of all-cause mortality and 
all-cause hospitalization, which was significantly reduced in 
both treatment groups (CRT or CRT-D) when compared 
to the control of medical therapy alone. All-case mortal-
ity alone was a secondary endpoint and was significantly 
reduced only in the combined treatment group of CRT-D 
when compared to the control. A trend toward mortality 
reduction was noted in the CRT-only group (p = 0.06); 
however, an important point is that this study was not designed 
to compare the treatment groups. The COMPANION trial 
supported previous CRT studies with improved clinical 
and functional status and reduced morbidity. An essential 
finding was the survival benefit that was documented with 
combined CRT and ICD therapy, documented first in this 
study. The majority of patients who meet criteria for a CRT 
implant also have primary prevention ICD indications, 
and COMPANION supports choosing a CRT-D device in 
these patients for arrhythmia protection and to slow disease 
progression.

CARE-HF
The Cardiac Resynchronization–Heart Failure (CARE-HF) 
trial was a mortality trial designed to evaluate the effects 
of CRT without a defibrillator in advanced heart failure, 
NYHA Class III and IV. It was a randomized controlled un-
blinded study and was also the first to incorporate echocar-
diographic evidence of ventricular dyssynchrony in the 
inclusion criteria (for patients with a QRS between 120 and 
150 msec). CRT achieved both primary and secondary end-
points in the study. CRT resulted in significant reductions 
in the primary composite endpoint of all-cause death or car-
diovascular hospitalization and the secondary endpoint of 

all-cause mortality alone. Of note, the relative risk reduction 
with CRT in CARE-HF patients was equivalent to that of 
COMPANION CRT-D patients (36%). The CRT-only pa-
tients in COMPANION had a trend to significance with a 
24% reduction in mortality, which may be due to the shorter 
follow-up in COMPANION and may have reached signifi-
cance with a longer duration. With 18-month follow-up in 
CARE-HF, the benefits of CRT increased over time, in-
cluding echocardiographic evidence of reverse remodeling 
measured as LV ejection fraction, MR, and LV end-systolic 
volumes. This response to CRT may partly be explained by 
the selection criteria, requiring either a QRS greater than 
150 msec or echocardiographic evidence of dyssynchrony in 
QRS between 120 and 150 msec. Thus, CARE-HF demon-
strated the survival benefit of CRT without an ICD in Class 
III and ambulatory Class IV heart failure.

Current Indications and Future Trials

Recommendations for CRT are based on inclusion criteria 
from the eight large randomized trials that have been per-
formed to date. ACC/AHA guidelines were updated in 2008 
to include a Class I CRT implant for those patients with 
ischemic or nonischemic etiology of NYHA Class III and IV 
heart failure on optimal medical therapy with an LVEF less 
than or equal to 35%, LV end-diastolic diameter less than or 
equal to 55–60 mm, sinus rhythm, and a wide QRS complex 
less than or equal to 120 ms. Patients meeting these criteria 
with atrial fibrillation have a Class IIa indication for CRT, 
as most studies excluded this patient population.

At this point, data from major trials indicate that 30% of 
patients implanted with CRT are considered nonresponders. 
However, a general consensus as to this definition does not 
exist. Response is defined as clinical improvement in some 
data, based on functional status, quality of life, and exercise 
capacity. Other studies have focused on echocardiographic 
improvement, based on LV dimensions and ejection frac-
tion, but the percentage improvement in these parameters 
has also varied from 5 to 15%. Some patients respond clini-
cally but not echocardiographically, and vice versa. This 
emphasizes the importance of clearly defining who has 
“responded” to CRT. Current studies are also focusing on 
optimizing programming of these devices to improve the 
nonresponder rate, including individual optimization of 
atrioventricular and right to left ventricular (VV) delays.

Echocardiography presents a promising approach in defin-
ing mechanical delays in conduction (LV dyssynchrony), 
as opposed to basing this conduction delay solely on elec-
trical evidence with ECG and QRS duration. Most trials to 
date included patients based on defined ECG criteria with 
QRS width, but smaller echocardiographic studies assessing 
various parameters have observed the presence of LV dys-
synchrony in up to 50% of normal QRS duration heart failure 



724 SECTION IX /  Heart Failure

patients and its absence in many symptomatic patients with 
QRS greater than 120 ms. Two recent trials have utilized 
echocardiographic evidence of dyssynchrony as enrollment 
criteria for CRT implants. The Predictors of Response to 
CRT (PROSPECT) enrolled patients with standard CRT in-
dications but tested the performance of various echocardio-
graphic parameters in terms of predicting CRT response; the 
study had modest sensitivity and specificity with no single 
echocardiographic parameter adding significantly to our cur-
rent patient selection. The Resynchronization Therapy in 
Normal QRS trial (ReThinQ) enrolled patients with QRS 
less than 130 ms who had echocardiographic evidence of me-
chanical dyssynchrony but did not find an improvement in 
peak oxygen consumption with CRT in these patients. This 
was a small trial of 172 patients with a shorter follow-up of 
6 months, compared to many CRT trials. At this time, the 
use of echocardiographic dyssynchrony alone in narrow QRS 
patients is not supported in selecting CRT patients. It is also 
unclear whether patients with QRS delay but no echocardio-
graphic evidence of dyssynchrony will be CRT responders.

Future CRT trials will further evaluate observations from 
smaller studies in order to identify additional patients who 
could potentially benefit from CRT. Based on such obser-
vations from the pilot study, MIRACLE-ICD II, the impact 
of CRT on asymptomatic and mild heart failure will be ad-
dressed in two clinical trials: the Resynchronization Reverses 
Remodeling in Systolic Left Ventricular Dysfunction 
(REVERSE) trial, which has completed enrollment but is not 
yet published, and MADIT-CRT, with a primary endpoint of 
all-cause mortality and heart failure events. Currently enroll-
ing trials are evaluating other heart failure populations, such 
as EchoCRT, readdressing the role of CRT in narrow QRS 
heart failure using different echocardiographic criteria for 
dyssynchrony, and the Biventricular Versus Right Ventricular 
Pacing in Heart Failure Patients with Atrioventricular Block 
study (BLOCK HF), assessing the role of CRT in patients 
with standard pacing indications. The next few years should 
provide substantial additional information regarding the ap-
plication of CRT in heart failure.

Procedure Safety

The majority of clinical trials utilized an over-the-wire coro-
nary sinus lead for CRT. The lateral wall is the optimal site 
for LV pacing based on the typical contraction pattern noted 
in a LBBB with the greatest delay in the lateral or posterior 
segments. There appears to be a learning curve in terms of 
successful lead implantation and length of the procedure. 
In fact, the success rate in early CRT trials ranged from 88 
to 90% but was 95% in CARE-HF. Procedural complica-
tions are similar to those from standard defibrillator and 
pacer implants but also include failure of LV lead implan-
tation, coronary sinus trauma, lead dislodgement requiring 
reoperation, diaphragmatic stimulation, and loss of capture. 

Diaphragmatic stimulation requiring reoperation can occur 
in 1 to 4% of cases but has improved with bipolar leads and 
multiple options in pacing configurations. Coronary sinus 
trauma can occur in 2 to 4% of cases but usually can be fol-
lowed without further issues. Cardiac tamponade as a result 
occurs in less than 1% of these cases.

CONCLUSIONS

CRT and defibrillator devices have an established role in 
the treatment of patients with advanced heart failure and 
systolic dysfunction, with a proven survival benefit whether 
used alone or in combination. ICD has been shown to be 
superior to antiarrhythmic therapy in the prevention of sud-
den death, and its application is beneficial in both ischemic 
and nonischemic patients. Current CRT guidelines focus on 
electrical delay based on QRS duration to define candidates, 
but echocardiography has demonstrated a possible role for 
mechanical delay, or ventricular dyssynchrony, to define 
potential candidates. Recent studies have not yet supported 
echocardiographic measures in patient selection, but ongo-
ing trials will address remaining questions about the role of 
mechanical dyssynchrony and how to best define it and if 
these parameters predict a patient’s response. Advances in 
imaging techniques could be of invaluable assistance in CRT 
implantation. With the incorporation of echo parameters to 
identify the most delayed LV segment and imaging to detail 
coronary sinus target vessels, LV lead positioning could be 
optimized based on the individual patient. Additionally, op-
timizing programming, with individually tailoring AV and 
VV delays, has been beneficial in the immediate setting and 
is being studied further for long-term benefits. Ongoing and 
future trials will address application of these devices in other 
heart failure populations and whether those with milder 
heart failure, narrow QRS, right bundle branch block, and 
chronic pacing indications will benefit from CRT. ICD tri-
als will address who will benefit most from an ICD, if a role 
exists early after a myocardial infarction, and the use of T 
wave alternans studies for risk stratification.
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Hypertrophic Cardiomyopathy
Calum A. MacRae

62

• The pathology of HCM is characterized hypertro-
phy of individual myocytes and extensive sarcomere 
disarray.

• The majority of inherited cases of HCM exhibit 
 autosomal dominant transmission, but penetrance 
is variable and skipped generations are present.

• Molecular genetic studies have identified genes 
 encoding sarcomeric contractile proteins as the 
causal mutation in the majority of cases.

• Symptoms: syncope, often with exercise or post 
 exertion, atypical chest pain, exertional dyspnea, pal-
pitations, asymptomatic.

• Physical exam findings: Bisferiens-type pulse, palpa-
ble S4, hyperdynamic apical impulse, dynamic (with 
maneuvers) outflow tract murmur with preserved 
A2, mitral regurgitation.

• LV outflow tract obstruction results from systolic 
anterior motion of the mitral valve apparatus as the 

anterior leaflet of the mitral valve is pulled into ap-
position with the septum by a Venturi effect.

• Prognosis of HCM is based on the risk of sudden 
cardiac death.

• High risk features requiring ICD: family history of 
sudden death, NSVT on 48-hour Holter, recurrent 
syncope, exertional syncope or exertional hypoten-
sion, severe LVH (>30 mm).

• Symptoms particularly in the presence of an outflow 
tract gradient are usually treated with beta-blockers 
or calcium channel blockers.

• Surgical myomectomy and mitral valve replacement/
repair can be performed when there is significant 
mitral regurgitation with primary valvular abnormali-
ties; controlled iatrogenic myocardial injury using 
 alcohol septal ablation has been attempted in high 
risk surgical patients.

d PRACTICAL POINTS

DEFINITION AND 
DIAGNOSTIC CRITERIA

Idiopathic Left Ventricular Hypertrophy (LVH) or Right 
Ventricular Hypertrophy (RVH). 

Hypertension, valve disease, infiltrative disorders, and ath-
letic or endocrine stimuli to hypertrophy should be excluded 
during the initial evaluation (Table 62-1).

Epidemiology

Estimates of the prevalence of hypertrophic cardiomyopa-
thy (HCM) vary widely, but more recent studies suggest 

that the disorder may affect as many as 1 in every 1,000 
individuals.

Pathology

The pathology of HCM is characterized by sarcomere disar-
ray and hypertrophy of individual myocytes. It is important 
to distinguish this from a range of rare storage disorders that 
also may cause increased ventricular wall thickness in the 
absence of true hypertrophy. In addition to this,  there is 
also extensive myocyte disarray far beyond the focal areas 
of such disarray often seen in the septum of healthy indi-
viduals. Myocardial mass is typically greatly increased but in 
some instances may be completely normal. It is important 
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to remember that right ventricular as well as left ventricular 
involvement occurs.

Superimposed on chronic cases is myocardial fibrosis, which 
may be diffuse. There may be focal areas of endocardial thick-
ening typically on the ventricular side of the anterior leaflet of 
the mitral valve and the region of the upper ventricular septum, 
where apposition results from dynamic outflow obstruction 
and systolic anterior motion of the mitral valve apparatus.

Abnormal insertion of individual chordae as well as distortion 
of the mitral valve itself are also seen in a subset of patients.

ETIOLOGY

Some of the earliest descriptions of HCM recognized a sub-
stantial inherited contribution to the disease and a large 
proportion of those diagnosed with HCM (70-90%) have a 
family history of the disease. The vast majority of inherited 
cases of HCM exhibit autosomal dominant transmission, 
but penetrance can be quite variable and skipped genera-
tions are not uncommon.

Molecular genetic studies of large kindreds with multiple 
affected members led to the mapping and cloning of the 
causal mutations, the majority of which are in genes encod-
ing sarcomeric contractile proteins (Table 62-2). These 
studies not only confirmed the genetic basis of the disease 
but also identified the sarcomere as a central regulator of 
myocardial mass. Subsequent studies have begun to explore 
the molecular mechanisms of HCM.

The manifestations of HCM are quite varied or pleiotropic 
even within each family, though certain phenotypic features 
are recognized to be most commonly associated with specific 
genes. There are also some clinical features that are common 
within specific families but rare or exceptional in HCM in 
general. These include massive left ventricular (LV) wall 
thickness (>30 mm), high-grade atrioventricular block, 

and ventricular preexcitation. Molecular genetic studies in 
such families have identified mutations, not in sarcomeric 
contractile protein genes but rather in several metabolic 
pathways (Table 62-2). Clinical and basic studies of the 
mechanisms of disease in such kindreds suggest that while 
there may be a contribution from activation of myocyte hy-
pertrophic pathways, much of the increase in myocyte size 
results from storage abnormalities. As our understanding of 
the molecular mechanisms grows, newer classifications of 
cardiomyopathy will emerge.

In all forms of HCM, there is expression of the mutant pro-
teins outside the heart, for example, in skeletal muscle or 
even vascular smooth muscle. This may explain some of the 
exertional symptoms, vasomotor abnormalities, and other 
features of these disease entities.

CLINICAL PRESENTATION

History

Many of those with HCM will be completely asymptomatic, 
and as a result, the familial nature of the disease is often only 
identified after a clinical event in a family member. Syncope, 

Table 62-2 • Causal Genes in HCM

Protein Gene Typical Features

Cardiac β-myosin
heavy chain

MYH7 classic HCM

Cardiac troponin T TNNT2 less hypertrophy and 
more sudden death

Cardiac myosin 
binding protein C

MYBPC3 general association 
with late onset LVH

Cardiac troponin I TNNI3 rare, less hypertrophy

α-tropomyosin TPM1 rare

Essential and 
regulatory myosin 
light chains

MYL2, MYL3 mid-cavitary
obstruction

Actin ACTC HCM and DCM 
overlap families

Titin TTN rare

α-myosin heavy 
chain

MYH6 rare

AMP kinase 
(storage)

PRKAG2 preexcitation, AV block, 
exercise hypotension

Lysosomal-
associated
membrane protein 
2 (storage)

LAMP2 massive wall thickening, 
sudden death

α-galactosidase A 
(storage)

GLA other features of 
Fabry’s disease

HCM, hypertrophic cardiomyopathy; LVH, left ventricular hypertrophy; DCM 
 dilated cardiomyopathy.

Table 62-1 • Definition and Diagnostic Criteria

Primary diagnostic criterion

Unexplained myocardial hypertrophy

Secondary diagnostic criterion

In context of a history of HCM in first-degree relative (with 
consequent a priori risk of 0.5), any unexplained cardiac 
abnormality should be treated with a high index of suspicion. 
It is recommended that family be formally evaluated.

Exclusions

Hypertension
Pulmonary or aortic stenosis
Extreme athletic activity
Abnormalities of thyroid or pituitary function
Infiltrative or storage disorders
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often with exercise or post exertion, atypical chest pain, ex-
ertional dyspnea, and palpitations all are common. Typically, 
these symptoms emerge during the pubertal growth spurt. 
Unfortunately, it is not uncommon for sudden death to be 
the initial presenting feature, and many individuals will pres-
ent for reassurance after the loss of a relative. A history of a 
murmur during childhood or of recurrent bronchitis or pneu-
monia is sometimes seen. In view of the emerging evidence 
that Fabry’s disease may present as isolated HCM, a history of 
acroparaesthesiae and renal impairment should be sought.

Family History

The family history is a central component of the evaluation 
of anyone with unexplained myocardial disease but is par-
ticularly important in HCM. Affected relatives with sudden 
death or chest pain syndromes have often been labeled as suf-
fering from myocardial infarction, and a careful assessment, 
ideally of primary clinical data from family members, can be 
very useful. In some instances, there is overlap with other 
forms of cardiomyopathy or valve disease diagnosed in first-
degree relatives. Ultimately, a definitive diagnosis can some-
times only be made through evaluation of the entire family.

Physical Examination

Late outflow tract obstruction results in a bisferiens-type 
pulse, which is often accompanied by a hyperdynamic apical 
impulse with similar biphasic features and a palpable S4. A 
variable and provokable basal ejection systolic murmur with 
late systolic mitral regurgitation is typical for HCM, but less 
definitive findings are common. Indeed, this classic clinical 
exam (Table 62-3) associated with HCM is relatively un-
usual, especially in the context of an extended family. Many 
family members will exhibit only a fourth heart sound or a 
soft outflow tract murmur.

INITIAL INVESTIGATION

ECG

The ECG is often diffusely abnormal with widespread re-
polarization abnormalities that do not obey the patterns of 
coronary distribution. Voltage evidence of LVH is helpful 
but not uniform, while unusual conduction defects as well 

as frank bundle branch blocks (often with very fractionated 
surface electrograms) are common. More subtle ECG ab-
normalities can also be useful, especially in the context of 
a family history of HCM, where the a priori probability of 
HCM is as high as 0.5 in every at-risk individual.

Echo (Fig. 48-25)

The classical echocardiographic finding is asymmetric sep-
tal hypertrophy, but this is increasingly recognized to be the 
case in a minority of patients. More typical is concentric 
LVH, but the hypertrophic myocardium may be located 
anywhere including the apex, free wall, or right ventricle 
or even restricted to the papillary muscles. Systolic anterior 
motion of the mitral valve apparatus on M-mode correlates 
well with outflow tract obstruction as the anterior leaflet of 
the mitral valve is pulled into apposition with the septum 
by a Venturi effect. Areas of endocardial thickening on the 
leaflet and the septum reveal the chronicity of the physiol-
ogy and can be helpful in differentiating this from the ef-
fects of volume depletion. Outflow tract obstruction usually 
occurs late in systole and correlates poorly with symptoms, 
signs, or objective hemodynamics. Primary mitral valve ab-
normalities are also visualized on echo.

Laboratory Testing

There are no typical laboratory abnormalities in HCM. The 
presence of an elevated creatine kinase (CK) or creatine ki-
nase myoglobin (CKMB) is suggestive of a nonsarcomeric 
variant of HCM, but systematic evaluation in broad cohorts 
under a range of conditions has not been performed.

Holter

48-hour ECG monitoring has been used in the risk strati-
fication of HCM patients for decades, and high levels of 
ventricular ectopy are an important determinant of possible 
therapy. It is also useful to define occult atrial fibrillation or 
other arrhythmias that may require intervention.

Tomographic Imaging

Computed tomography (CT) and magnetic resonance (MR) 
are useful for the delineation of focal hypertrophy in locations 
that are poorly accessible from standard echocardiographic 
windows. Both techniques can assess for the anomalous 
coronary origins that are rarely found with HCM, but CT 
angiography is better suited for the evaluation of possible 
myocardial bridging, which should be specifically sought if 
there is a history of typical angina. MR offers insights into 
tissue characteristics including scarring, which may ul-
timately prove useful in risk stratification and also can be 
useful in the evaluation of those resuscitated from sudden 
death where there is still concern for other causes, including 
arrhythmogenic right ventricular cardiomyopathy (ARVC).

Table 62-3 • Physical Exam

Bisferiens-type pulse

Palpable S4

Hyperdynamic apex

Dynamic (with maneuvers) outflow tract murmur 
with preserved A2

Mitral regurgitation
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Exercise Testing

Exercise performance is often normal; when there is limita-
tion, it can be difficult to attribute the mechanism to myo-
cardial dysfunction. On perfusion imaging, particularly with 
thallium, patchy defects are often seen but appear to rep-
resent regional metabolic abnormalities or scarring and are 
not associated with coronary disease. Some individuals with 
HCM exhibit profound abnormalities of the vasomotor re-
sponse to exercise and display sudden onset of inappropriate 
vasorelaxation with hypotension and abrupt limitation of 
exertion. These individuals are at increased risk of sudden 
cardiac death.

Cardiac Catheterization

In most instances, the diagnosis of HCM will have been made 
prior to invasive testing, though occasionally, in the context 
of chest pain, angiography will be performed acutely.

Interestingly, there is little correlation between hemody-
namic findings and symptoms or exercise performance. Left 
heart catheterization ideally performed using an end-hole 
catheter may establish evidence of an intraventricular gra-
dient at baseline or under provocation. Brockenborough’s 
sign is typical but not pathognomonic for HCM. Left ven-
triculography classically describes a spade-shaped cavity 
distorted by mitral valve anterior motion or papillary mus-
cle hypertrophy, while mitral regurgitation may be evident. 
Coronary angiography may reveal anomalous origins, in 
which case, the course of the coronaries with respect to the 
great vessels should be defined. Severe myocardial bridg-
ing may result in exertional chest pain or arrhythmias, but 
less significant bridging is not uncommon. Right ventricu-
lar biopsy is useful only in the context of potential storage 
disorders.

SAECG

Signal averaged ECG has proven useful in the identifica-
tion of subclinically affected family members. Hopes that it 
might prove useful in defining those at risk of sudden death 
have not been realized.

Electrophysiology Studies

Electrophysiology input is often sought in making decisions 
regarding defibrillator implantation. Provokable arrhyth-
mias in HCM do not predict the risk of sudden death. More 
recent efforts to characterize the arrhythmic substrate using 
multi-electrode arrays with systematic assessment of myo-
cardial electrical heterogeneity have shown some promise. 
The presence of a bypass tract and the risk of associated 
conduction system abnormalities are an indication for an 
invasive electrophysiologic evaluation.

PROGNOSIS AND NATURAL HISTORY

The main concern when evaluating a patient with HCM 
is the risk of sudden cardiac death. This risk is at its high-
est during the pubertal growth spurt but remains elevated 
throughout life. The majority of the risk factors thought 
to predict sudden death have been studied without regard 
for the familial nature of the disease, and it can be difficult 
to discriminate the family-specific risk from the disease-
specific risk. In any event, currently accepted risk factors 
(Table 62-4) include ventricular ectopy and ventricular 
tachycardia on monitoring, extreme LVH (>30 mm), ex-
ercise hypotension, syncope, and a family history of sudden 
death. At present, the best predictor of sudden death in 
HCM patients is a personal history of cardiac arrest; 59% 
of individuals with one episode of cardiac arrest have a sec-
ond one within 5 years. However, in the absence of a prior 
cardiac arrest, the criteria for risk prediction become less 
clear. A personal history of unexplained syncope or a fam-
ily history of sudden cardiac death has modest  additional 
predictive utility. Care is necessary in defining the true risk 
of sudden death within a family. In particular, it can be 
difficult to estimate the risk of sudden death if there is no 
reliable assessment of the denominator, i.e., the number of 
family members who actually have HCM.

Clinical symptoms with HCM will often progress with age, pre-
sumably as a result of worsening myocardial function as well as 
diminished pulmonary and peripheral compensation reserve. 
A small subset of HCM patients will develop progressive ven-
tricular cavity enlargement, leading to dilated cardiomyopa-
thy and overt heart failure. Interestingly, in families where 
this occurs, sarcomeric mutations are also seen supporting the 
clinical overlap of the major inherited myocardial syndromes 
(HCM, dilated cardiomyopathy, restrictive cardiomyopa-
thy, and ARVC). Even more rare is a progressive restrictive 
cardiomyopathy with worsening bilateral heart failure. Very 
occasional kindreds exist where familial restrictive cardiomy-
opathy is associated with specific troponin mutations.

CLINICAL AND GENETIC SCREENING

The allelic heterogeneity of HCM, which includes over 
400 causal mutations, makes individualization of treat-
ment and prognosis on the basis of genetics implausible. It 

Table 62-4 • Risk Factors for Sudden Death
Family history of sudden death

Non-sustained ventricular tachycardia on 48-hour Holter

Recurrent syncope

Exertional syncope or exertional hypotension

Severe left ventricular hypertrophy (>30 mm)
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is unlikely that for any mutation, adequate samples will ever 
be assembled for a reliable estimate of risk. Furthermore, 
incomplete penetrance and variable expressivity within 
families erode confidence in the predictive utility of mu-
tations. Attempts to prognosticate on the basis of genetic 
mutations have been difficult to replicate, and designations 
of mutations as “benign” or “malignant” are often the re-
sult of observational studies in small numbers of families. It 
is of course expected that some mutations will have a more 
deleterious impact on protein function than others, but ex-
trapolation of the clinical impact of a single mutation from 
a small number of individuals to populations with different 
genetic and environmental backgrounds should be under-
taken with caution.

Thus, at present, a genetic diagnosis is most useful for 
screening relatives in a family bearing a known mutation. 
A preclinical diagnosis of HCM, either through genetic or 
clinical screening, offers an opportunity to make therapeu-
tic decisions prior to disease onset. Unfortunately, there are 
no clear options for treatment to alter the course of disease. 
Clinical screening also can be carried out using ECG and 
echocardiography and may be as useful in many instances. 
Echocardiography has greater specificity, although even 
subtle ECG abnormalities, even in the absence of LVH on 
echocardiography, are suggestive for affected status, given 
the high pretest probability of disease in first-degree rela-
tives. As multiple HCM variants can show clinical onset 
late in life, it is unclear if screening can be stopped confi-
dently at any age.

THERAPY

The majority of those with HCM are asymptomatic and at 
low risk and do not require any therapeutic intervention. 
Substantial exertional symptoms particularly in the pres-
ence of an outflow tract gradient are usually treated with 
beta-blockers or calcium channel blockers in the first in-
stance. Failure to respond to a combination of these drugs 
can be approached with the addition of disopyramide, but 
there must be monitoring for autonomic and proarrhythmic 
effects. These drugs are thought to reduce myocardial con-
tractility and so diminish the outflow tract gradient and its 
physiologic consequences. Responses to these measures are 
difficult to predict but can be excellent.

In the presence of an outflow tract gradient, the failure of 
medical therapy has led to measures to address the gradient 

mechanically. Especially if there is significant mitral re-
gurgitation with primary valvular abnormalities, surgical 
myomectomy and mitral valve replacement or repair have 
been undertaken with some success. In those at high risk 
for surgery or those who do not desire surgery, controlled 
iatrogenic myocardial injury using alcohol septal ablation 
has been attempted. Results are not dissimilar to those seen 
with surgery, though with both modalities, randomized con-
trolled trials are unlikely ever to be performed.

Atrial fibrillation can have a major impact on hemodynam-
ics in those with HCM, and aggressive efforts are usually 
made to maintain sinus rhythm, usually with amiodarone. 
There are no studies of the utility of pulmonary vein isola-
tion in HCM, but given the diffuse nature of the underlying 
myopathy, such interventions might be predicted to be of 
limited duration. Ablation of the AV node and permanent 
pacing can be used in extreme circumstances.

Implantable cardiac defibrillator (ICD) implantation is rec-
ommended for those who have any form of malignant ar-
rhythmia or are at high risk for sudden death. Prediction 
of risk is unfortunately far from a perfect science, and the 
risks and benefits of chronic device implantation have to be 
carefully weighed with the patient. In those in whom ICD is 
not feasible or refused, long-term therapy with amiodarone 
has been used.

Endocarditis prophylaxis is no longer recommended for 
isolated HCM, though estimates of the incidence of endo-
carditis in HCM suggest it may be close to that seen in con-
genital heart disease.
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Myocarditis
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63

• Myocarditis refers to inflammation that results from 
a distinct external agent.

• Currently, the Dallas criteria, based on a patho-
logical sample from an endomyocardial biopsy, are 
considered the gold standard for the diagnosis of 
myocarditis.

• Infectious, pharmacologic, and autoimmune re-
sponses are the three main categories of causative 
agents.

• The most common etiology is viral, however, Chagas’ 
disease (parasitic) is one of the most common eti-
ologies worldwide, especially in endemic areas.

• Human immunodeficiency virus (HIV) may result in 
myocarditis and possibly, dilated cardiomyopathy.

• There are five main bacterial infections that should 
be considered for myocardial involvement: mycobac-
teria, chlamydia pneumoniae, streptococcus species, 
mycoplasma pneumoniae, and treponema pallidum.

• Giant cell myocarditis patients often have a pro-
gressive clinical course with significant conges-
tive heart failure as well as arrhythmias and heart 
block.

• Indications for a biopsy include (a) rapidly progres-
sive or refractory heart failure; (b) heart block or ven-
tricular arrhythmias; (c) heart failure with rash, fever, 
or peripheral eosinophilia; (d) a history of collagen 
vascular disease or known infiltrative disorders; or 
(e) a high suspicion for giant cell myocarditis (young 
age and progressive heart failure).

• In terms of treatment, immunosuppressive therapy 
does not significantly improve mortality or left ventric-
ular ejection fraction (LVEF) in acute myocarditis.

• Creatine kinase (CK) and CK-MB have a relatively poor 
predictive value and very low sensitivity, so troponin 
is clinically useful when myocarditis is suspected.

d PRACTICAL POINTS

INTRODUCTION

Myocarditis is a condition that results from direct injury to 
the heart and the concomitant immune and inflammatory 
host response. The injury often occurs as a result of exposure 
to a specific causative agent; however, there are many differ-
ent possible agents that can incite the process. Perhaps the 
most common cause of cardiac inflammation is myocardial 
ischemia; however, myocarditis particularly refers to inflam-
mation that results from a distinct external agent. Possible 
causative agents include viruses, bacteria, parasites, drugs, 
and autoimmune triggers. Currently, the Dallas criteria, 
based on a pathological sample from an endomyocardial bi-
opsy, are considered the gold standard for the diagnosis of 

myocarditis. Determination of the actual inciting agent can 
often be elusive when based on common diagnostic tech-
niques; however, there are new laboratory and imaging tech-
niques that may improve the diagnostic yield. Therapeutic 
measures include not only the spectrum of management op-
tions for congestive heart failure but also the treatment of 
inflammatory response and specific etiologic agents.

EPIDEMIOLOGY

The epidemiology of myocarditis is often a reflection of the 
diagnostic criteria as well as the examined population. 
The Dallas criteria of endomyocardial biopsy specimens 



732 SECTION IX /  Heart Failure

are considered to be restrictive and incidence based on 
these criteria alone can be underestimated. Often, myo-
carditis is a diagnosis of exclusion, requiring exclusion of 
common conditions such as myocardial infarction second-
ary to epicardial coronary disease. Nevertheless, there are 
several studies that provide information about the inci-
dence of myocarditis. Based on pathologic diagnosis, the 
incidence is estimated at 8 to 10 per 100,000. An early 
study of postmortem cases showed a prevalence of 1 to 
9%. More recently, a large prospective trial of 1,278 pa-
tients with dilated cardiomyopathy (DCM) found that 
the incidence of myocarditis as the etiology of the DCM 
was 9% based on clinical and endomyocardial biopsy di-
agnosis. Postmortem data of young adults who died of sud-
den death found myocarditis as the probable cause in 8.6 
to 12.0% of the group. In a similar evaluation of 25-year 
data of sudden death in military personnel, myocarditis 
was the probable cause in 20% of the group. The variabil-
ity in incidence and prevalence may result from a dispar-
ity in timing of the initial insult and the resultant clinical 
presentation.

With the advent of new molecular and imaging techniques, 
the incidence and prevalence of probable myocarditis are 
found to be higher. Molecular presence (polymer chain 
reaction [PCR]) of a viral genome on biopsy was found in 
67% of 245 patients with dilated cardiomyopathy, whereas 
there was no inflammatory infiltrate on these same biopsies. 
Another study found a lower but still elevated 38% viral 
positivity by PCR in 624 patients with biopsy-proven myo-
carditis. Advanced noninvasive imaging techniques, such as 
cardiac magnetic resonance imaging (MRI), may offer sup-
portive evidence in conjunction with other diagnostic mo-
dalities that could increase accuracy of the true incidence 
and prevalence of the disease.

ETIOLOGIC AGENTS

A variety of possible causative agents can induce myo-
carditis. Infectious, pharmacologic, and autoimmune re-
sponse are the three main categories of causative agents. 
Table 63-1 lists these possible etiologic agents according to 
category. Perhaps the most common agent is viral, and this 
has been supported with recent data from PCR detection of 
a viral genome in biopsies of those patients with suspected 
myocarditis or cardiomyopathy. However, global epidemiol-
ogy indicates that Chagas’ disease may be one of the most 
common etiologies of myocarditis and resultant cardiomyo-
pathy, especially in endemic countries. Detection of other 
agents is usually based on supportive clinical or laboratory 
data. Understanding the etiology of myocarditis may be use-
ful in the development of therapeutic options and monitor-
ing methods.

Viruses

A range of viral vectors has been implicated in myocardi-
tis. Traditionally, the enteroviruses, especially the cox-
sackie virus, have been the most commonly diagnosed viral 
vector; however, there is growing evidence that there is 

Table 63-1 • Etiologic Agents

Category Subcategory Causative Agent

Infectious viral adenovirus
coxsackie virus

enterovirus

cytomegalovirus

parvovirus B19

hepatitis C virus

human deficiency virus

herpes virus

Epstein-Barr virus

mixed infection

bacterial mycobacteria

chlamydia pneumoniae

streptococcal species

mycoplasma pneumoniae

treponema pallidum

fungal aspergillus

candida

coccidioides

cryptococcus

histoplasma

protozoal trypanosoma cruzi

parasitic schistosomiasis

larva migrans

Drugs anthracyclines

cocaine

clozapine

sulfonamides

cephalosporins

penicillins

tricyclic antidepressants

Autoimmune giant cell myocarditis

Churg-Strauss

Sjögren’s syndrome

sarcoidosis

systemic lupus 
erythematosus, rheumatoid 
arthritis, dermatomyositis, 
and polymyositis
Takayasu arteritis

Wegener’s granulomatosis

small pox vaccination

inflammatory bowel disease
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a significant geographical variation to the viral etiology. 
Adenovirus, parvoviruses, hepatitis C, and cytomegalovirus 
have been seen in increasing frequency in endomyocardial 
biopsy specimens, primarily based on PCR diagnostic tech-
niques. In a European study of 254 patients, 54% of patients 
tested positive for parvovirus, 21.6% for enteroviruses, and 
only 1.6% for adenovirus. In contrast, in a primarily North 
American sample, 22.8% of patients tested positive for ad-
enovirus and 13.6% positive for enterovirus. Hepatitis C in-
fection (HCV) seems to be most dominant in the Japanese 
population of myocarditis. It is interesting that the HCV 
infection was manifest in those patients as a hypertrophic 
cardiomyopathy.

Coxsackie B virus is a single-stranded ribonucleic acid 
(RNA) virus that primarily infects via the gastrointesti-
nal or respiratory system. A coxsackie–adenoviral receptor 
(CAR) on the cell surface is utilized for cell entry, resulting 
in internalization of the virus and the subsequent inflam-
matory host response. In most cases, the virus is cleared 
within 1 to 2 weeks; however, it can persist longer and can 
lead to chronic inflammation and poor overall prognosis. 
Adenovirus is a DNA virus that utilizes the same CAR re-
ceptor for entry, primarily via mucosal surfaces. This virus 
is a common pathogen in the pediatric population and is 
significantly more virulent with a resultant increased cell 
death. Parvoviruses are single-stranded DNA viruses that 
also primarily infect a pediatric population and cause fifth 
disease with a presentation of fever and skin exanthem. 
Myocarditis can occur after this infection in some cases. 
Parvovirus has also been implicated in an adult population 
and is gaining strength as a possible etiological agent, espe-
cially in the European cohort studied to date. This virus also 
appears to infect endothelial cells, and the subsequent en-
dothelial dysfunction may play a significant role in inflam-
mation, vasospasm, and cardiac dysfunction. Hepatitis C is 
a RNA virus that appears to be a significant pathogen of 
myocarditis in Japan and other Asian countries, perhaps as 
a result of the overall greater incidence of the disease and/or 
the more aggressive myopathic course in this population. As 
noted earlier, more often, there is a hypertrophic response of 
the myocardium and this could result in dilated cardiomyo-
pathy in the long term. Fulminant myocarditis is often seen 
after the 1st or 3rd week of the illness.

Cardiomyocytes are susceptible to the human immunode-
ficiency virus, resulting in myocarditis and possible dilated 
cardiomyopathy. Postmortem studies in HIV patients show 
a 67% infection rate. The incidence rate is 15.9 per 1000 
cases in an asymptomatic HIV population, with high risk 
patients (CD4 counts <400) having a higher incidence 
(83% with histological evidence). HIV-related cardiomyo-
pathy appears to have a poor prognosis compared to other 
etiologies. Of course, in HIV patients, reasons beyond the 

HIV infection could contribute to this presentation, includ-
ing associated HIV medications, opportunistic infections, 
or immunological disarray. Influenza can be associated with 
cardiac symptoms, with symptoms occurring 4 days to 2 
weeks after the onset of illness. Approximately 5 to 10% of 
patients during influenza epidemics are affected by cardiac 
symptoms; however, the actual incidence of myocarditis is 
unclear due to variable clinical presentation. Clinical mani-
festations can vary from asymptomatic electrocardiogram 
(ECG) changes to fulminant heart failure.

Bacteria

Bacteria can cause myocarditis from the host inflammatory 
response, from direct invasion of the myocardium, or via 
bacterial toxins. Specifically, there are five main bacterial 
infections that should be considered for myocardial involve-
ment. Group A Beta-hemolytic streptococcus may result in 
acute rheumatic fever (ARF) and is associated with acute 
carditis. Bacteria surface M-proteins mimic myocardium 
(myosin and tropomyosin) proteins and other associated 
cardiac structures (i.e., valves—laminin), with a resultant 
hyperantigenic response. Bacterial toxins may also play a 
role in the immunological response. Initially in acute cardi-
tis, there is significant inflammation, edema, and collagen 
degeneration, mainly in the valvular tissue, but it can also 
be seen in the endocardium. Approximately 40 to 60% 
of ARF episodes result in rheumatic heart disease, mainly 
presenting with acute valvular abnormalities ( mitral regur-
gitation and less commonly, aortic regurgitation). In the 
following 6-month period, pathognomonic Aschoff bodies, 
which are granulomatous formations, manifest in all layers 
of the heart as well as in the valve tissue. Presence of the 
Aschoff bodies may or may not be associated with actual 
carditis. Both acute and chronic myocardial dysfunction can 
occur from acute rheumatic fever. The severity of the myo-
cardial involvement appears to be primarily due to the val-
vulitis rather than the direct myocardial involvement, and 
repeated bouts of rheumatic fever are frequently associated 
with recurrence of carditis. Although steroids are utilized as 
empiric therapy for acute rheumatic carditis, the randomized 
clinical trials do not support the use of steroids. Otherwise, 
the treatment for cardiac involvement is based on guideline 
based management for valvular disease and heart failure.

Cardiac involvement occurs in approximately 10% of the 
patients affected with Lyme disease, caused by the tick-
borne spirochete, Borrelia burgdorferi. The primary clinical 
manifestation is atrioventricular block. Patients with high-
degree block require hospitalization, close monitoring, and 
possibly, temporary transvenous pacing. Direct spirochetal 
involvement (based on biopsy specimens) is likely respon-
sible for the AV block. Antibiotics are utilized in treating 
cardiac manifestations; however, the actual efficacy of anti-
biotics is unclear. Although the ECG abnormalities are the 
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main evidence of cardiac involvement, either cardiac biopsy 
or a gallium scan can be used to confirm the diagnosis. In 
general, Lyme disease associated myocarditis should be con-
sidered in patients who have traveled in endemic areas, es-
pecially if they have atrioventricular conduction problems.

Beyond rheumatic fever and perhaps Lyme disease, the 
prevalence of the bacterial manifestation is infrequent in 
the modern day. Systemic illness with Clostridium difficile 
can result in myocardial involvement and can result from a 
direct toxin effect on the myocardium, myocardial abscess 
formation, and associated purulent pericarditis. Diphtheria 
is not seen in the modern world due to standard vaccina-
tion programs. However, in half the cases of diphtheria in-
fection, there can be myocardial involvement from toxin 
release, which, similar to Lyme disease, affects the conduc-
tion system. An antitoxin may be useful if administered 
immediately, however, complete AV block often results in 
death, despite transvenous pacing. In fact, cardiac involve-
ment is the most common cause of death in this infection. 
Tuberculosis uncommonly effects the myocardium; however, 
when it does, it is usually by direct, lymphatic, or hematog-
enous spread and can result in a variety of abnormalities, in-
cluding arrhythmias, heart failure, and sudden death. Most 
common, tuberculosis causes pericarditis and manifests as 
constrictive pericardial disease in later life. Finally, Whipple 
disease, primarily an intestinal disease, can be associated 
with myocardial involvement. This mainly occurs as a result 
of direct infection by the bacterium, Tropheryma whippelii, 
and the associated inflammation. A variety of cardiac mani-
festations, including valvular abnormalities (aortic regur-
gitation), heart block, and congestive heart failure (CHF), 
have been seen. Antibiotic therapy can be used to treat; 
however, relapses do occur.

Parasites

Protozoan Disease—Chagas’ Disease
Chagas’ disease is an important and common cause of acute 
myocarditis, chronic dilated cardiomyopathy, and other 
chronic cardiac problems. Worldwide, 18 million people 
are infected, with 5 million having symptomatic disease and 
South America being the primary endemic region being 
South America. During the acute phase of the disease, chil-
dren and young adults are bitten by the reduviid bug. The 
causative agent, Trypanosoma cruzi, infects the GI tract of 
the bug and is transmitted during the reduviid bite. Parasites 
directly infect the myocardium with a marked cellular and 
antibody-mediated immunological reaction against the para-
site antigens. Cardiac manifestation from the acute infection 
can be myocarditis with heart failure and pericardial effu-
sion. Approximately 10% are symptomatic from the acute 
phase; however, death can occur in 10% of those clinically 
affected. Treatment during the acute phase improves both 

acute and chronic outcomes in Chagas’ disease. Chagas’ has 
a latent phase that is often asymptomatic; however, ECG 
abnormalities occur and can portend increased morbidity 
and mortality in the chronic stage. Progressive cardiomyo-
pathy can occur in 30% of the patients.

Chronic Chagas’ disease has some unique pathologi-
cal features with associated clinical manifestations. 
Cardiomyopathy usually involves all four chambers, how-
ever, right-sided involvement and heart failure are more 
common. Chagas’ involvement in the conduction system 
results in parasympathetic denervation that can contribute 
to autonomic dysfunction. A variety of ECG abnormalities, 
including right bundle branch block, left anterior fascicular 
block, atrial fibrillation, and ventricular arrhythmias, can 
be present, with possible clinical sequelae including sudden 
death. Finally, the ventricular apex is markedly thinned, 
aneurysmal, and associated with bulky thrombus formation 
that has an increased risk of embolic phenomenon.

Diagnosis of Chagas’ disease utilizes a serodiagnostic test 
(complement—fixation) with high sensitivity and spec-
ificity. In endemic areas, up to 50% of chronic Chagas’ dis-
ease patients have persistent parasitemia, and xenodiagnosis 
is used for detection of the parasite. Essentially, patients are 
bitten by a noninfected reduviid insect and diagnosis is based 
on detection of the parasite in the GI tract of the insect. 
Treatment of Chagas’ disease involves the following: (1) acute 
antiparasitic treatment with nifurtimox, benznidazole, or 
itraconazole that can reduce the parasitemia, (2) chronic 
antiparasitic treatment that may improve progression and 
outcomes, (3) traditional treatment of congestive heart fail-
ure, (4) amiodarone that may control arrhythmias, however, 
implantable cardioverter defibrillators (ICDs) are mainly 
utilized in life-threatening situations in most endemic areas, 
and (5) anticoagulation for left ventricular apical aneurysm 
with thrombus formation, atrial fibrillation, or recurrent 
thromboembolic events (i.e., stroke).

Metazoal Parasites
Echinococcus and trichinosis can involve the myocardium, 
however, it is uncommon. Echinococcal infestation results 
in intramyocardial hydatid cyst formation and possible rup-
ture. Depending on where the rupture occurs, the clinical 
manifestation can be acute or chronic pericardial disease, 
systemic embolic phenomenon, or pulmonary embolism 
and hypertension. Cardiac imaging with 2D echocardiog-
raphy or MRI can aid in the diagnosis. Blood eosinophilia 
can be useful; however, the serological evaluation is usually 
not helpful in a cardiac diagnosis. Surgical excision of cysts 
is recommended, even in asymptomatic patients, to reduce 
the complication potential of cystic rupture. Trichinosis 
usually does not infest the heart; however, there can be an 
immunological response to the parasite in the myocardium 
with resultant dilated cardiomyopathy, clinical myocarditis, 
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and heart failure. The cardiac involvement usually occurs 
in the 2nd or 3rd week of infection. ECG abnormalities can 
be seen primarily as depolarization or premature ventricular 
contractions (PVCs). A positive indirect immunofluores-
cence test in the appropriate clinical situation is diagnostic 
and treatment with anthelminthics and steroids can signifi-
cantly improve the outcomes.

Drugs

Hypersensitivity reactions to a number of different medica-
tions can induce myocarditis. The main drugs to consider 
as possible agents include penicillin, sulfonamides, cepha-
losporins, diuretics, digoxin, clozapine, and dobutamine. 
Symptoms can occur after the initial ingestion, or in the 
case of some drugs, it can be an idiosyncratic reaction. 
Clinically, patients may develop skin rash, fever, peripheral 
eosinophilia, and sinus tachycardia. A predominant eosino-
philic infiltrate on biopsy may support the diagnosis, and 
in severe cases, there is a significant necrotic component 
on the biopsy that is associated with a rapidly deteriorating 
course. In most cases, drug cessation usually improves the 
situation. Use of steroids may improve the situation as well. 
There is approximately a 1% risk (10-year accrual) of myo-
carditis with clozapine, with the median age being 30 years 
and onset within 2 to 3 weeks of drug initiation.

Autoimmune Disorders

Almost all of the autoimmune diseases listed in Table 63-1 
can be associated with active myocarditis. Myocarditis is 
the most common myocardial disease in systemic lupus 
erythematosus (SLE). Clinical presentation of myocardi-
tis occurs in 3 to 15% of patients with SLE and 5 to 20% 
are noted to have echocardiographic evidence of global 
hypokinesis. Nonorgan-specific autoantibodies have been 
implicated in immune complex formation. Deposition of 
such antibodies is the initial trigger for the inflammatory 
processes responsible for Libman-Sacks verrucous endo-
carditis, myocarditis, and pericarditis in patients with SLE 
and associated disorders. Polymyositis and dermatomyosi-
tis have chronic inflammatory infiltration of the skeletal 
muscle. Similarly, cardiac involvement is primarily inflam-
matory with mononuclear cell infiltrates localized to the 
endomyosin and perivascular areas; however, there can 
also be degeneration of the cardiac myocytes. Chronic 
CHF is reported in 3 to 45% of this population. Left ven-
tricular (LV) dysfunction has been reported in 12 to 42% 
of the population compared to 30% in an age-matched 
control group. Rheumatoid arthritis (RA) associated car-
diomyopathy is seen in 3 to 30% of postmortem studies in 
RA patients, with histology showing either focal nonspe-
cific, diffuse necrotizing, or granulomatous myocarditis. 
In a small case series, 37% of RA patients were found to 
have cardiomyopathy by echocardiography. Drugs such 

as corticosteroids used in RA and other autoimmune dis-
orders may be associated with cardiomyopathy. Smallpox 
vaccinations may cause myopericarditis, with cases usually 
identified 4 to 30 days after the vaccination. The reported 
incidence is 7.8 cases per 100,000. Eosinophilic myocardi-
tis can result from systemic diseases, post-vaccination, and 
from certain drugs. Associated systemic diseases include the 
hypereosinophilic syndrome, Loeffler’s endomyocardial fi-
brosis, and Churg-Strauss syndrome (CSS). Cancer as well 
as infectious causes such as helminthic, parasitic, or proto-
zoal agents can lead to eosinophilic myocarditis. Clinically, 
the patient presents with congestive heart failure and on 
diagnostic evaluation will be found to have a predominant 
eosinophilic infiltrate, an endocardial and valvular fibrosis, 
and an endocardial thrombus formation. An acute necro-
tizing form of eosinophilic myocarditis often results in a 
high death rate. The most progressive and fulminant form 
of myocarditis, giant-cell myocarditis, is felt to be second-
ary to autoimmune causation and secondary to autoim-
mune disorders, thymoma, and drug hypersensitivity.

Other Agents

A variety of physical agents can induce injury to the myo-
cardium. Direct damage as well as an inflammatory reaction 
can be responsible for the myocardial changes, thus the 
clinical presentation can be acute myocarditis or chronic 
cardiomyopathy depending on the agent and the effect on 
the heart. Numerous chemicals, including arsenics, lithium, 
industrial agents, and medications, are associated with 
myocardial involvement. Radiation therapy can result in a 
variety of cardiac abnormalities, usually related to fibrotic 
changes in the myocardium and other structures. Radiation 
causes long-term effects on the capillary endothelial cells, 
which ultimately cause ischemia and chronic fibrosis. 
Epicardial coronary arteries can show radiation injury with 
chronic narrowing and focal ostial stenosis, resulting in 
ischemia induced cardiomyopathy. Clinical symptoms from 
radiation-related changes usually occur long after exposure. 
They are often related to the cumulative dose of radiation 
and the direct mass of heart irradiated. Acute myocardial 
involvement postradiation is infrequent; the patient often 
presents with acute pericarditis.

Significant variations in body temperature can also af-
fect the heart and result in clinically important sequelae. 
Heat stroke patients can have a variety of cardiac involve-
ment, including ECG abnormalities, transient right or left 
ventricular dysfunction, and frank decompensated heart 
 failure. Pathological findings show hemorrhagic changes in 
the subendocardium and subepicardium, usually in the sep-
tum and posterior wall of the left ventricle. Hypothermia 
can also cause myocardial damage, with biopsy findings of 
microinfarcts in the myocardium, likely related to circula-
tory collapse, hemoconcentration, and depressed cellular 



736 SECTION IX /  Heart Failure

metabolism from hypothermia. Supportive treatment and 
core warming may improve the clinical situation.

PATHOPHYSIOLOGY

The development of the pathologic and clinical sequelae of 
myocarditis is a result of both the inciting agent and the host 
response. Viral myocarditis has been the most thoroughly 
investigated form of myocarditis from animal pathophysi-
ologic models. It forms the basis of the understanding of the 
direct viral invasion as well as the host inflammatory and 
reparative processes in this disease. The first stage of viral 
myocarditis is the viral phase, which involves the direct 
viral effect by viral entry and proliferation, immune activa-
tion, and cell death. Many viruses, such as coxsackie, will 
initially invade the lymphoid organs, proliferate in the im-
mune cells, and then enter the heart via transfer of the 
virus onto myocardial specific receptors (such as coxsackie-
 adenovirus receptor [CAR]). A cofactor or decay-acceler-
ating factor (DAF) can aid in determining the virulence. 
Once in the myocyte, the RNA viruses will duplicate via a 
template that was formed from reverse-transcription of the 
initial viral strand. The virus affects the cell via the follow-
ing mechanisms: (1) direct cell damage and death, (2) acti-
vation of various internal molecules, such as tyrosine kinase 
p56, that permit more viral entry and activate T-cells, 
(3) upregulation of the CAR and subsequent myocyte sus-
ceptibility as a result of the virus and associated inflamma-
tion, and (4) viral persistence that can lead to cleavage of 
the dystrophin and eukaryotic initiation factor-4, leading 
to myocardial dysfunction, chronic myocarditis, and dilated 
cardiomyopathy.

The immune system is intimately involved in the host re-
sponse to the viral invasion in regard to defense as well as 
the damage to the cardiac myocyte. After the initial viral 
entry, there is often an inflammatory cell infiltration and 
ultimate release of proinflammatory cytokines and antiin-
flammatory interferons that will modulate the overall myo-
cardial damage. Two forms of immunity are important—the 
innate and acquired immunity. Innate immunity is usually 
the first line of immune defense. The toll-receptors are cell 
surface receptors that recognize general molecular patterns, 
with myocardial toll receptors being able to recognize such 
entities as double-stranded RNA and bacterial liposaccha-
ride. MyD88 is a key protein in the dendritic-cell toll-like 
receptor signaling that is required for the development of 
myocarditis. The viruses and other agents can be detected 
by the toll receptors and can lead to cytokine and interferon 
production. Cytokine production occurs via the transcrip-
tion factor, Nuclear Factor-KappaB (NF-kB), and is generally 
detrimental to the cell. Cytokines, including interleukins, 
interferon-Y, and tumor necrosis factor (TNF), will induce 
further damage to the cell by recruiting inflammatory cells 

and promoting production of additional cytokines. It is 
interesting that cytokines can induce nitric oxide (NO) 
synthase, which will decrease levels of nitric oxide and is 
apparently beneficial to cell survival by reducing viral rep-
lication and inflammation. Interferon is activated via inter-
feron regulatory factors (IRFs) and is generally beneficial to 
the cell. The IRFs are also important in down-regulation of 
the NF-kB as well as the acquired immunity pathway. There 
are also other negative modulators of cytokine, such as the 
suppressors of cytokine signaling (SOCS). Imbalance in this 
system can also affect the host response.

In animal models of myocarditis, CD4+ T lymphocytes are 
stimulated by the large amount of circulating self-antigens 
and result in the release of both Th1 and Th2 cytokine re-
lease. Regulatory T cells influence the circulating CD4+ T 
cells and ultimately the course of autoimmune myocarditis. 
One subgroup of the regulatory T cells is known to express 
CD4, transcription factor forkhead box p3 (FOX P3), and 
a high level of corticosteroid-induced tumor necrosis factor 
receptors, all of which can prominently affect the inflamma-
tory process. In an animal model of coxsackie B myocarditis, 
both CD4 and CD8 have been implicated in the inflamma-
tory response. Associated CD4+CD25+FOXp3+ T cells 
are important negative regulatory T cells in the coxsackie 
virus B myocarditis. Th17 cells, a third group of T helper 
cells, can produce interleukin and have been implicated in 
myocarditis. Thus, T cells play an integral role in myocardi-
tis, which supports the role of anti-T cell therapy in autoim-
mune myocarditis.

Acquired or cellular immunity plays an important role in the 
inflammatory response. Initially, the T-cell receptor recog-
nizes a specific viral peptide pattern and then induces two 
main immune effects: (1) T-killer cell production to directly 
kill the viral antigen and (2) B-cell activation leading to pro-
duction of specific antibodies to neutralize the antigen. It is 
unfortunate that, often, the viral protein mimics proteins in 
the heart and induces autoantibody action to such molecules 
as myosin, laminin, and so on. T-cell receptor activation 
may also be directly detrimental to the host. There is also 
cross- reactivity between cardiac myosin and the endogenous 
human cell-surface protein laminin, which could result in 
ongoing stimulus for chronic myocarditis. Recently, cross-
reactivity between cardiac myosin and B1-adrenergic recep-
tor has been noted and may contribute to cardiomyocyte 
apoptosis. For instance, T-cell receptor activation signals the 
tyrosine kinase p56, which permits greater viral entry and 
heightens the overall inflammatory response. P56 knock-out 
mice have essentially no inflammation and markedly re-
duced mortality. Activated T-cells also kill the infected cells 
via cytokines and perforins, which can worsen the overall 
inflammatory milieu. Thus, appropriate immune responsive-
ness likely modulates the overall viral clearance while keep-
ing in check the overexuberant inflammatory response.
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The description above essentially refers to most viral-
 mediated myocarditis processes; however, there are likely 
similar responses to other inciting agents. HIV likely infects 
in the same manner yet also can lead to significant endo-
cardial fibrosis. Co-infection with opportunistic infections 
can result in direct invasion and contribute to myocardial 
damage. Giant cell myocarditis (GCM) is a unique type of 
myocarditis that appears to be autoimmune in nature as no 
particular inciting agent has been identified. Biopsy shows 
multinucleated giant cells with associated macrophage an-
tigens and T-cell lymphocyte proliferation. The clinical 
course is often progressive and fatal.

Cardiac remodeling is important to the chronic outcome in 
myocarditis. Cytokines such as transforming growth factor 
lead to activation of pathologic fibrosis and contribute to 
chronic remodeling. Besides the cytokine and interferon 
balance for appropriate immune responsiveness, the immune 
system can activate the matrix metalloproteinases (MMPs) 
that affect collagen and elastin in the cardiac matrix and 
are important in chronic remodeling and myocardial func-
tion. Last, ongoing viral and inflammatory interchange as 
evidenced by a detection of viral RNA at both acute and 
chronic stages in both animal and human myocarditis af-
fects the progression to cardiomyopathy and congestive 
heart failure.

CLINICAL PRESENTATION

Clinical presentation of myocarditis is a wide spectrum 
including asymptomatic electrocardiographic and cardiac 
imaging abnormalities, acute and chronic heart failure, 
and frank acute hemodynamic collapse secondary to car-
diogenic shock. Viral epidemics often have patients with 
transient ECG abnormalities but rarely with significant 
cardiac decompensation. Myocarditis usually has two pat-
terns of manifestation—acute decompensation in children 
and young adults and chronic presentation of CHF in older 
adults. There are four possible clinical presentations: (1) 
acute myocarditis, (2) fulminant myocarditis, (3) giant cell 
myocarditis, and (4) chronic active myocarditis.

Acute Myocarditis

Patients usually present with myocardial infarction, CHF 
symptoms, or arrhythmias. Symptoms in order of decreas-
ing frequency can include fatigue, dyspnea on exertion, su-
praventricular and ventricular arrhythmias, and chest pain. 
Patients who present with frank chest pain often have other 
clinical features of myocardial infarction (focal ST elevation, 
elevated troponin, and wall motion abnormality on echo) 
that most likely require a cardiac catheterization to exclude 
coronary artery occlusion. The chest pain can occur from 
the associated pericarditis or coronary artery spasm. Report 

of a viral prodrome is variable and has been reported 20 to 
80% of the time; thus, diagnosis of myocarditis is essentially 
based on clinical presentation and diagnostic testing that 
is outlined later. In the European Study of Epidemiology 
and Treatment of Inflammatory Heart Disease (ESETCID), 
3,055 patients with suspected myocarditis were screened 
and found to have the following symptom incidence of a 
viral prodrome: 72% with dyspnea, 32% with chest pain, 
and 18% with arrhythmias.

Fulminant Myocarditis

Patients usually present with frank hemodynamic collapse 
secondary to cardiogenic shock. Also, in most cases, there 
is onset of viral prodrome symptoms 2 weeks prior to car-
diac symptoms. Evaluation often reveals severe ventricular 
dysfunction with normal chamber size on echo. The inflam-
matory changes on biopsy are significant but do not neces-
sarily match the clinical presentation. Likely secondary to 
overexuberant and acute cytokine response, the patients 
often present with hemodynamic collapse, rapid onset of 
symptoms, and fever. Aggressive supportive treatment with 
vasopressors, diuretic treatment, and mechanical cardiopul-
monary support is key for survival as a majority of patients 
will recover.

Giant Cell Myocarditis

Patients often have a progressive clinical course with sig-
nificant congestive heart failure as well as arrhythmias and 
heart block. Endomyocardial biopsy can identify patients 
with the typical giant cell pathology, and treatment with 
immunosuppression may be temporarily effective. Although 
the onset of symptoms and hemodynamic status is often 
variable, the prognosis is usually worse than other types 
of myocarditis, more often leading to death and potential 
transplantation. The median survival is 6 months and se-
lected patients are considered for a ventricular assist device 
(VAD) and transplantation.

Chronic Active Myocarditis

This group essentially represents the majority of patients 
who are diagnosed with idiopathic dilated cardiomyopathy 
and congestive heart failure. The clinical presentation is of 
insidious CHF symptoms and biopsy usually shows chronic 
changes of fibrosis and myocyte necrosis. Myocyte viral pos-
itivity based on new PCR techniques may give supportive 
evidence of ongoing inflammatory effect.

DIAGNOSTIC EVALUATION

Historically, the gold standard diagnosis of myocarditis has 
required the appropriate clinical presentation and a positive 
endomyocardial biopsy result based on the Dallas criteria. 
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However, because of difficulties with the biopsy-proven di-
agnosis, more recent, an expanded criterion for myocarditis 
diagnosis has been recommended (Table 63-2).

Clinical Presentation

Features of the varying clinical presentation have been 
outlined above. ECG abnormalities are quite variable, in-
cluding nonspecific T wave inversion, ST elevation, con-
duction abnormalities, and arrhythmias. The ECG changes 
have roughly 47% sensitivity but are generally nonspecific 
for myocarditis. In the appropriate clinical situation, they 

will provide supportive evidence of myocardial damage and 
inflammation. ECG changes of pericarditis are not uncom-
mon in the setting of myocarditis.

Endomyocardial Biopsy

Histopathologic evidence of myocarditis based on the stan-
dardized Dallas criteria is the gold standard for diagnosis. 
Biopsy positivity is defined according to the presence of in-
flammatory infiltrate and myocyte necrosis (not due to isch-
emia). There are several reasons for the insensitivity of the 
biopsy and they include the following: (1) patchy inflamma-
tory myocardial lesions not adequately sampled during the 
routine five biopsy samples obtained, (2) recent cardiovas-
cular magnetic resonance imaging (CMRI) data that show 
the lateral wall as the most likely early area of inflammation 
in myocarditis—an area not usually sampled during biopsy, 
(3) moderate consensus by expert pathologists on repeated 
evaluations for confirmed diagnosis (64% in the National 
Institutes of Health [NIH] Myocarditis Treatment Trial 
biopsy diagnosis), and (4) risks of endomyocardial biopsy 
(2-5%), with 50% complications related to venous access 
(bleeding, pneumothorax, arterial puncture) and 50% re-
lated to the biopsy (arrhythmias, cardiac perforation, and 
death). Tamponade from perforation occurs rapidly, and 
without acute pericardiocentesis, patients can deteriorate 
due to hemodynamic collapse.

Diagnostic yield of the biopsy is estimated at 10 to 20%, 
with early timing (within weeks) more often having positive 
results. Sensitivity is 35 to 50% and specificity is 80 to 89%. 
A positive biopsy was found in only 10% of patients with 
idiopathic heart failure in the Myocarditis Treatment Trial 
and only 9% of idiopathic cardiomyopathy in a large (1,230 
patients) case series. Level of evidence for support of an 
endomyocardial biopsy (EMB) is according to the patient 
presentation (2007 ACC/AHA) guidelines. Certain clini-
cal presentations often require biopsy, including (a) rapidly 
progressive congestive heart failure, refractory to standard 
therapy; (b) cardiomyopathy associated heart block or 
ventricular arrhythmias; (c) heart failure with rash, fever, 
or peripheral eosinophilia; (d) history of collagen vascular 
disease or known infiltrative disorders; or (e) high suspicion 
for giant cell myocarditis (young age and progressive heart 
failure).

More recent, molecular techniques such as in situ hybrid-
ization or polymerase chain reaction to evaluate the viral 
genome in pathological specimens have improved the sensi-
tivity of the biopsy sample. It is interesting that the presence 
of the viral genome is not associated with the inflammatory 
response on biopsy, but it does appear to correlate with clin-
ical symptoms and outcome. Immunological approaches, in-
cluding specific immunohistochemical staining, offer more 
precise characterizations of lymphocytic infiltrates as well 

Table 63-2 • Diagnostic Scheme

Diagnosis of Myocarditis Positive Categories

Suspicious 2

Compatible 3

High probability 4

Category 1 Clinical presentation
clinical heart failure

fever

viral prodrome

fatigue

dyspnea on exertion

chest pain

palpitations

presyncope/syncope

Category 2 Myocardial damage 
and no regional cardiac 

ischemia

1. Echocardiography

regional wall motion abnormality

ventricular dilation

regional hypertrophy

2. Troponin release (>0.1 ng/mL)

3.  Positive Indium-111 antimyosin 
scintigraphy

and

4. Normal coronary angiography

or negative perfusion scan for 
regional defects

Category 3 Cardiac magnetic resonance 
imaging
1.  Increased myocardial T2 signal 

on inversion recovery sequence
2.  Delayed contrast enhancement 

on gadolinium infusion

Category 4 Myocardial biopsy
1.  Positive biopsy based on Dallas 

criteria
2.  Presence of viral genome by 

polymerase chain reaction or 
in situ hybridization
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as analyses of the upregulation of major histocompatibility 
(MHC) antigens in the tissue. Identification of cell surface 
antigens such as anti-CD3, anti-CD4, anti-CD20, and an-
tihuman leukocyte antigen by immunoperoxidase staining 
can lead to increased sensitivity and prognostic utility. One 
small study showed that the upregulation of any MHC an-
tigens on the biopsy specimen had increased sensitivity of 
80% with specificity maintained at 85%, which is similar to 
sensitivity and specificity from using Dallas criteria alone. 
However, a larger independent study in a cohort of clinically 
suspected myocarditis found no correlation between MHC 
upregulation and Dallas criteria biopsy diagnosis. Despite 
this discordance between the trials, MHC expression has 
been utilized to guide immunosuppressive treatment in one 
clinical trial.

Cardiac Biomarkers

Cardiac biomarkers can be useful to detect myocardial injury 
resulting from myocarditis. If there is reasonable clinical sus-
picion for myocarditis, there should be a routine evaluation 
of cardiac biomarkers including CK, CK-MB, and troponin. 
CK and CK-MB have a relatively poor predictive value 
and very low sensitivity (8%); therefore, troponin is usually 
more clinically useful. There have been two studies to eval-
uate the utility of troponin in myocarditis. In a cohort of 80 
subjects with suspected myocarditis, troponin was positive 
only in 35% using a cutoff of >0.1 ng/mL. Furthermore, the 
sensitivity was 53%, specificity of 94%, positive predictive 
value of 93%, and negative predictive value of 56%. Hence, 
a positive troponin in the appropriate clinical presentation 
is predictive; however, a negative troponin does not exclude 
a diagnosis of myocarditis by biopsy. Low sensitivity (34%) 
and reasonable specificity (89%) for troponin were found 
in a subgroup of patients in the Multicenter Myocarditis 
Treatment Trial. The low sensitivity is likely related to tim-
ing of the biopsy—sensitivity usually increases if the biopsy 
is performed when there is a short duration of symptoms 
(closer to initial injury). The erythrocyte sedimentation 
rate has been studied in myocarditis, however, the sensi-
tivity and specificity are very low. Other possible immune 
biomarkers, such as cytokines and so on, have not been vali-
dated in a biopsy-proven myocarditis; however, some such 
as Fas ligand and interleukin-10 may predict an increased 
risk of death.

Myocardial Imaging

Echocardiography
This imaging modality has been routinely utilized to 
evaluate patients with suspected myocarditis. Findings on 
echocardiography include possible chamber dilation as 
well as regional hypertrophy and wall motion abnormali-
ties. However, the findings are not specific to myocarditis 
and can be seen in coronary artery induced ischemia/injury 

or in other etiologies of cardiomyopathy. The diagnosis of 
myocarditis can be generally suspected if there are echocar-
diographic changes, absence of matching coronary artery 
stenosis, and rapid recovery of ventricular dysfunction. In a 
cohort of 42 patients with biopsy-proven myocarditis, ven-
tricular dysfunction was seen in only 69% and ventricular 
dilation was even more variable. Other echocardiographic 
findings in this cohort included right ventricular dysfunction 
(23%), segmental wall motion abnormalities (64%), and 
reversible left ventricular hypertrophy (15%). Compared 
to typical myocarditis or associated cardiomyopathy, the 
echocardiographic changes in fulminant myocarditis usually 
include significant ventricular dysfunction, increased septal 
thickness, and normal chamber size. It is apparent that loss 
of right ventricular function may be an important predictor 
of death as per a recent series of 23 patients with biopsy-
proven myocarditis. In general, echocardiographic changes 
are variable in myocarditis and relatively nonspecific, how-
ever, echocardiographic evaluation (initial and serial) is 
useful in diagnosis and monitoring. Advanced echocardio-
graphic techniques, including ultrasonic tissue characteriza-
tion and tissue Doppler imaging, may provide supportive 
evidence for myocarditis. Ultrasonic tissue characterization 
is based on reflectivity of the tissue and depends on tissue 
density, elasticity, and acoustic impedance. In a cohort of 
52 subjects with biopsy-proven myocarditis, ultrasonic 
characterization was found to be abnormal in myocarditis 
compared to normal controls, with sensitivity of 100% and 
specificity of 90%.

Indium-111 Labeled Antimyosin Antibody Imaging
Monoclonal antibodies can bind to intracellular antimyo-
sin once myocytes have been disrupted and there is loss of 
membrane integrity. Radioisotope linked antibodies can 
thus be imaged to evaluate areas of possible myocardial ne-
crosis from myocarditis. In a large cohort of biopsy-proven 
myocarditis, the Indium-labeled imaging sensitivity was 
83% and the specificity was 53%. The negative predictive 
value was high at 92%. The combination of a positive in-
dium antimyosin scan and nonventricular dilation is signif-
icantly predictive of a positive myocardial biopsy. Gallium 
scanning can also be utilized in myocarditis, however, it 
only detects myocardial inflammation and is nonspecific 
for myocarditis.

Cardiac Magnetic Resonance Imaging
Cardiac MRI is probably the most useful imaging tech-
nique to evaluate myocarditis. Similar to echocardiogra-
phy, noncontrasted MRI gives information about anatomy, 
flow dynamics, and morphology. MRI evaluation allows for 
highly reproducible evaluation of left ventricular function. 
Identification of pericardial effusion, a marker of general 
inflammation, is reported in 32 to 57% of myocarditis pa-
tients. Standard steady-state free precession images provide 
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inherent T2 sensitivity that shows pericardial fluid as a 
bright signal. Morphological changes in myocarditis include 
an increase in wall thickness, and LV volumes may also be 
seen. Myocardial tissue in myocarditis has a myriad of his-
topathological changes, including changes in membrane 
permeability, tissue edema and inflammation, and necrosis 
as well as fibrosis. Myocardial inflammation often leads to 
increased cellular membrane permeability. T2-weighted 
MRI imaging detects tissue edema as a bright signal and is 
useful in detecting either regional or global edema found 
in active myocarditis. Other imaging protocols such as 
double and triple inversion recovery turbo spin recovery se-
quences provide excellent contrast between regional edema 
and normal myocardium. Quantitative assessment of signal 
abnormality can be performed in comparison to adjacent 
normal myocardium or skeletal muscle (global edema). In 
those patients with active myocarditis, regional edema was 
found in 36% of the patients. In the absence of late gado-
linium uptake, edema likely represents reversible myocar-
dial injury. Tissue characterization is much more defined 
with MRI than echocardiography and is based on measur-
ing MRI parameters of T1 and T2 relaxation times as well 
as spin densities. T1 weight fast spin-echo imaging with 
gadolinium infusion is useful in detecting tissue changes 
in myocarditis. Early gadolinium enhancement indicates 
hyperemia and capillary leakage that occurs in the active 
inflammatory state. The early gadolinium enhancement 
ratio (EGEr) allows for qualitative or quantitative detection 
of the normalized accumulation of gadolinium into the in-
travascular and interstitial space during the early washout 
period. In the abnormal milieu of myocarditis, gadolinium 
will persist in the myocardium, leading to changes in T1 
relaxation that can be detected as delayed enhancement on 
late MRI T1-weighted imaging. Late gadolinium enhance-
ment (LGE) gives evidence for irreversible changes of ne-
crosis and fibrosis. An inversion pulse sequence is used to 
highlight the late gadolinium uptake as well as decrease the 
normal myocardial signal. Clinical and pathological studies 
give support to the use of late gadolinium enhancement as 
a gold standard for high specificity in the detection of irre-
versible myocardial injury. LGE does have the limitation of 
variable sensitivity to detect active versus chronic inflam-
mation. This likely is related to the size of the inflammatory 
changes as well as the reversibility of some myocarditis le-
sions. Furthermore, there are a variety of MRI patterns that 
can be seen with active myocarditis. The subepicardium 
region is typically highlighted with gadolinium; however, 
this can have a transmural extension. Typical, subepicar-
dial involvement is not isolated, thus distinguishing it from 
ischemia-mediated injury. Gadolinium uptake tends to 
localize in the inferolateral segments; however, anterosep-
tal areas can have involvement. Last, false-positive results 
can occur when LGE is detected in the basal septum, LV 
outflow tract, or membranous septum. Also, uptake in the 

basal septum may represent fusion of the right ventricular 
moderator band to the intraventricular septum. There have 
been a few clinical studies evaluating the utility of CMRI 
in myocarditis. Friedrich et al found a specific pattern of 
MRI changes in patients with suspected myocarditis—focal 
patchy myocardial enhancement in early stage, global en-
hancement at 2 weeks, and normalization to baseline at 90 
days. Roditi et al studied another cohort of 20 patients with 
suspected myocarditis who underwent spin-echo based MRI 
with contrast. It was found that focal myocardial enhance-
ment in areas of regional wall motion abnormalities was 
present in 10 of 12 patients with suspected or biopsy proven 
myocarditis. Thus, these findings strongly support a diag-
nosis of myocarditis and can be utilized in clinical evalua-
tion of myocarditis. Mahrholt et al have utilized new CMRI 
protocols (inversion recovery) with contrast administration 
to guide endomyocardial left and right ventricular biopsy 
in patients with suspected myocarditis. They were able to 
achieve a significantly improved positive (71%) and nega-
tive (100%) predictive value of MRI-guided biopsy in this 
cohort. Thus, MRI may not only be important in increas-
ing the biopsy yield, but given the risks of endomyocardial 
biopsy, CMRI may be an important imaging tool that could 
aid in selecting patients for biopsy and, with typical MRI 
findings, could even offer independent support of the diag-
nosis. Comprehensive use of the cardiac MRI criteria (Lake 
Louise Criteria) is based on expert opinion and the data 
from available small clinical trials. It is generally recom-
mended that at least two of the three findings be positive for 
the diagnosis of myocarditis: (1) regional or global increased 
signal intensity in T2 weighted images, (2) increased early 
gadolinium enhancement between myocardium over skel-
etal muscle in T1 weight images, and 3) at least one focal 
lesion with nonischemic regional distribution in inversion 
recovery-prepared late-gadolinium enhanced T1-weighted 
images. The initial MRI scan may have improved sensitiv-
ity if performed 7 days after the onset of disease. Follow-up 
of myocarditis by cardiac MRI is recommended 1 to 2 weeks 
after the initial study if no diagnostic MRI criteria are posi-
tive but there is strong clinical evidence for myocarditis. 

PROGNOSIS AND TREATMENT

Prognosis

Prognosis in myocarditis is dependent on clinical presenta-
tion. Patients with a mild form of acute myocarditis and/or 
presentation of acute MI will generally recover without a 
long-term effect. For those with more significant ventricular 
dysfunction and moderate to severe congestive heart failure, 
the outcomes essentially include 25% who recover to nor-
mal function, 50% who have persistent ventricular dysfunc-
tion and CHF, and 25% who have a progressive course to 
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a left ventricle assist device (LVAD)/transplantation/death. 
Patients with other forms of myocarditis have very different 
outcomes. It is interesting that if patients with fulminant 
myocarditis can recover from the initial insult of cytokine 
release and hemodynamic collapse, then the survival is 
~90% at a decade. Giant cell myocarditis patients have the 
worst overall prognosis with medial survival of 6 months, 
and many are listed for transplantation. Chronic active 
myocarditis patients have a relatively poor prognosis with 
a mortality of 20% at 1 year and 56% at 4.3 years (NIH 
Myocarditis Treatment Trial). Five-year survival rates in the 
Mayo Clinic observational study were similar at 50%.

A variety of clinical markers have been evaluated for pre-
diction of outcomes. In general, presentation with syncope, 
 bundle branch block on ECG, and ejection fraction less than 
40% are poor prognosticators. Also, in general, known predic-
tors of CHF such as advanced New York Heart Association 
functional class, increased filling pressures, and pulmonary hy-
pertension are associated with worse outcomes in patients with 
myocarditis and associated cardiomyopathy. Normal chamber 
size on echo, resolution of myocarditis on follow-up biopsy, 
and viral negative biopsy appear to predict a better outcome. 
The Intervention in Myocarditis and Acute Cardiomyopathy 
trial (IMAC-II) noted that increased levels of Fas ligand (cell 
apoptosis marker) and TNF receptor 1 were associated with 
poor recovery, indicating that ongoing markers of cell destruc-
tion and inflammation are important to outcome.

Treatment

Treatment for myocarditis follows three main goals: 
(a)  aggressive supportive treatment for initial presentation, 
(b) management of congestive heart failure based on ACC/
AHA guidelines, and (3) possible immunosuppressive and 
antiviral therapy.

Supportive Treatment
Aggressive treatment of acute decompensated CHF and 
cardiogenic shock may be necessary in some patients with 
acute myocarditis or fulminant myocarditis. Three main 
areas of support may be necessary, including (1) vasopres-
sors for blood pressure and inotropic support, (2) IV diuret-
ics and vasodilators such as nitroglycerin or nitroprusside 
for reduction of systemic vascular resistance and filling pres-
sures, and (3) ventricular assist devices or, in some cases, 
extracorporeal membrane oxygenation (ECMO) to support 
patients refractory to medical therapy. Observational data 
support mechanical support in regard to benefit in the acute 
stage (improve wall stress and geometry and reduce cytokine 
burden) as well as long-term survival.

Congestive Heart Failure Management
The standard evidence-based medical regimen should 
be initiated for CHF as per ACC/AHA guidelines. This 

would include pharmacologic treatment with angiotensin-
 converting enzyme inhibitor, beta receptor blocker, al-
dosterone antagonist, digoxin, and diuretics. Implantable 
cardiac defibrillator and biventricular pacemakers should 
generally be considered after optimization of medical man-
agement and reassessment of ventricular function and 
CHF status. There are no human clinical trials of clini-
cal intervention in myocarditis. Animal data are avail-
able and suggest the following: (1) Aerobic exercise soon 
after onset of cardiac symptoms should be avoided based 
on exercise intervention in rats that had increased mortal-
ity, (2) use of candesartan improved survival in a murine 
model of myocarditis, and (3) pathologic data and ven-
tricular dimensions improved after treatment with carte-
olol for coxsackie virus B myocarditis. Arrhythmias can 
be seen in patients with acute myocarditis; however, treat-
ment is often supportive as they often resolve in the re-
covery phase. However, even in the setting of acute phase, 
management may need to be aggressive and could include 
temporary pacemakers for symptomatic bradycardia or 
complete heart block. Amiodarone or an implantable car-
dioverter defibrillator may be needed for symptomatic or 
sustained ventricular arrhythmias.

Immunosuppressive and Antiviral Treatment
Treatment with immunosuppressive medications such as 
corticosteroids, cyclosporine, or immune globulin has been 
considered for the management of myocarditis and for the 
related cardiomyopathy. There have been a number of ob-
servational trials that have supported the immunosuppres-
sive agents, however, the randomized trials performed to 
evaluate the actual utility and efficacy of these agents have 
yielded less than supportive evidence for these agents, in-
cluding no significant change in mortality in most of these 
trials. The first trial of prednisone treatment (60 mg per day) 
in idiopathic cardiomyopathy (with biopsy and clinical evi-
dence of inflammation), by Parillo et al in 1989, showed an 
initial improvement of greater that 5% in left ventricular 
ejection fraction (LVEF) at 3 months. However, this was 
not sustained over 6 to 9 months and there was no mor-
tality benefit. The Myocarditis Treatment Trial randomized 
111 patients with biopsy-verified myocarditis to placebo or 
prednisone plus cyclosporine or azathioprine. There was 
no change in mortality or LVEF improvement (24 to 36%) 
at 28 weeks between treatment groups and control. The 
Intervention in Myocarditis and Acute Cardiomyopathy 
Study (IMAC) was a double-blind, randomized, controlled 
trial of IV immune globulin (IVIG) in patients with recent 
onset (<6 months) heart failure and idiopathic cardiomyo-
pathy. Again, there was no change in LVEF or mortality be-
tween the treatment group and placebo. Of note, only 16% 
of the patients were noted to have pathologic features of 
myocarditis on biopsy. Another small randomized study by 
Gullestad et al in chronic dilated cardiomyopathy showed 
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that IVIG resulted in an increase in serum antiinflammatory 
markers and improvement in LVEF at 6 months.

It appears that inflammation in cardiomyopathy may be the 
marker for response from immunosuppressive therapy. A 
trial by Wojnicz et al focused on human leukocyte antigen 
(HLA) expression to identify possible responders. In this 
trial, 84 patients with increased HLA expression on biopsy 
and chronic dilated cardiomyopathy were randomized to 
placebo or 3 months of prednisone and azathioprine. There 
was no difference in mortality, readmission, or transplanta-
tion rate; however, LVEF did improve at 6 months and 2 
years. Both interferon-alpha and interferon-beta have been 
independently studied in single clinical trials, again with no 
change in mortality but improvement in LVEF. It is inter-
esting that a small study of lymphocytic myocarditis with 
all patients treated with either azathioprine or prednisone 
found that circulating cardiac autoantibodies were seen in 
responders and a biopsy-positive viral genome was seen in 
nonresponders at 1 year.

There are two possible approaches to immune therapy that 
involve physical modification. Immune adsorption therapy 
attempts to remove cardiac depressant factors (cytokines, 
antibodies, etc.) via plasmapheresis. Small trials have shown 
improvement in mortality, with one randomized study of 34 
patients having an improvement in LVEF from 22% to 38%. 
Immune modulation therapy (IMT) is another physical 
therapy in which autologous whole blood is irradiated with 
ultraviolet radiation and injected back into the patient. 
The irradiation may induce apoptosis in the white blood 
cells and suppress activity of immune cells. After a prom-
ising reduction in mortality in a small, randomized trial, a 
larger randomized trial, ACCLAIM, of immune modulation 
therapy in chronic heart failure patients has since evaluated 
a primary endpoint of mortality. A total of 2,600 patients 
were enrolled and the IMT group was treated for at least 
22 weeks. At a mean follow-up of 10 months, there was no 
significant difference in the two groups (placebo vs. IMT) in 

regard to the primary endpoint. However, in two prespeci-
fied subgroups—those with no prior myocardial infarction 
and those with New York Heart Association (NYHA) Class 
II CHF—there did appear to be a significant difference in 
the primary outcome (26% mortality reduction in the no 
MI group and 39% reduction in NYHA Class II CHF). IMT 
is approved in Europe and is pending FDA approval in the 
United States for the two subgroups mentioned above.

In summary, it appears that immunosuppressive therapy 
does not significantly improve mortality or LVEF in acute 
myocarditis. However, in patients with chronic cardiomyo-
pathy who have positive markers of inflammation (antibod-
ies, HLA expression, etc.), immune therapy may be useful. 
Additional randomized, controlled trials will be needed to 
further examine the utility of inflammatory marker-guided 
therapy. Agents such as interferon appear promising but 
also need further supportive evidence. Immune modulation 
therapy may be useful in selected subgroups of nonischemic 
cardiomyopathy and NYHA Class II patients. As future 
trials will further explore immunosuppressive agents, it is 
important to remember that traditional CHF medications, 
such as ACE-I and beta-blockers, have an antiinflammatory 
effect that affects both myocarditis and idiopathic chronic 
cardiomyopathy.

Antiviral treatment has been mainly investigated in animal 
models and small human case series. The presence of a viral 
genome on biopsy has been associated with a progressive 
course of heart failure, death, and transplantation. Ribavirin 
and interferon alfa treatment reduced myocarditis severity 
and death in a murine myocarditis model. As the onset of 
symptoms is often delayed in acute myocarditis from initial 
viral infection, treatment would likely be less beneficial. 
However, in those patients with chronic, dilated cardiomy-
opathy, treatment with interferon resulted in viral clearance 
and improvement in left ventricular function. Additional 
treatment trials are needed in such patients to warrant rec-
ommendation of antiviral treatment in this setting.
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• The 5-year mortality for patients with symptomatic 
heart failure approaches 50% and may be as high as 
80% at 1 year for the end-stage patients.

• Improvements in surgical technique and posttrans-
plant care have improved the success and quality of 
life of heart transplant patients, with a median sur-
vival of 10 years (up to 13 years for those surviving 
the 1st year posttransplant).

• The three major indications for heart transplanta-
tion are advanced heart failure (the most common), 
recurrent angina, and ventricular arrhythmias refrac-
tory to maximal medical therapy.

• There are two major areas of contraindication for 
heart transplantation: medical and social/psycho-
logical issues.

• Physiology of a transplanted heart includes a lack of 
innervation as both afferent and efferent nerve sup-
ply is lost; the loss of the afferent conduction results 
in a patient not experiencing angina.

• The loss of efferent nerves results in the loss of vagal 
tone (with higher resting heart rate) and the post-
ganglionic direct release of norepinephrine stores in 
response to exercise (with blunting of the heart rate’s 
response to exercise).

• Due to the lack of vagal tone, patients will not re-
spond to rate controlling effects of digoxin or to the 
increase in heart rate expected from atropine.

• Triple drug therapy for immunosuppression most 
commonly consists of steroids, a calcineurin inhibi-
tor (cyclosporine or tacrolimus), and an antimetabo-
lite (azathioprine or mycophenolate mofetil).

• Transplant rejection remains one of the major causes 
of death after heart transplantation and is most fre-
quent during the 1st month.

• Risk factors associated with early rejection (within 
1 year after transplant) include younger age, female 
donor, female recipient, positive CMV serology, prior 
infections, and OKT3 induction therapy.

d PRACTICAL POINTS

INTRODUCTION

Despite advances in pharmacologic and device treatment 
of chronic heart failure, long-term morbidity and mortality 
remain unacceptably high with many patients progressing 
to end-stage heart failure. The 5-year mortality for patients 
with symptomatic heart failure approaches 50% and may be 
as high as 80% at 1 year for the end-stage patients. Over the 
past four decades, cardiac transplantation has become the 
preferred therapy for select patients with end-stage heart dis-
ease. Approximately 2,400 heart transplants are performed 
annually in the United States. According to the registry of 
the International Society of Heart and Lung Transplantation, 

the median survival of patients posttransplantation is cur-
rently 10 years, up to 13 years for those surviving the 1st year 
posttransplant (Figure 64-1), a significant improvement 
over that of medical therapy for heart failure.

Critical to the success of heart transplantation are the con-
tinual investigational efforts to optimize immunosuppres-
sive regimens. Improvements in immunosuppression, donor 
procurement, surgical techniques, and posttransplant care 
have resulted in a substantial decrease in acute allograft re-
jection, which had previously significantly limited survival 
of transplant recipients. Thus, heart transplant recipients 
can now expect excellent quantity and quality of life.
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The purpose of this chapter is to provide an overview of 
heart transplantation in the current era, focusing on the 
evaluation process for heart transplantation, the physiology 
of the transplanted heart, immunosuppressive regimens, and 
early and long-term complications.

EVALUATION FOR HEART 
TRANSPLANTATION

Indications

The three major indications for heart transplantation are 
advanced heart failure, recurrent angina, and ventricular 
arrhythmias refractory to maximal medical therapy. The 
most common indication for heart transplantation is in-
tractable heart failure. Angina alone is often not consid-
ered an indication for transplantation in the absence of 
heart failure, since it is not clear if the survival of such pa-
tients is improved with heart transplantation. Intractable 
ventricular arrhythmias, commonly referred to as “VT 
storm,” may merit heart transplant evaluation and often 
urgent listing, given the association with hemodynamic 
compromise.

With advances in medical therapy, including ACE inhibi-
tors, beta-blockers, implantable defibrillators, and cardiac 
resynchronization therapy, the long-term survival of patients 
with end-stage heart failure has dramatically improved. Thus, 

it is essential to determine if patients are truly refractory to 
maximal medical therapy, which may require referral to an 
advanced heart failure center. At an advanced heart failure 
center, evaluation may include tailored therapy with pul-
monary arterial catheterization for optimization of filling 
pressures and cardiac output, high-risk revascularization of 
coronary artery disease, or specialized therapies, such as abla-
tion of ventricular tachycardia, before consideration of heart 
transplantation.

Contraindications

There are two major areas of contraindication for heart 
transplantation: medical and social/psychological. Many 
of these factors are not absolute and need to be consid-
ered in the context of the severity of the patient’s heart 
disease and the presence of associated comorbidities. The 
extensive evaluation process is designed to identify any 
contraindication, outlined in detail below and listed in 
Table 64-1.

Age
In general, patients should be considered for heart trans-
plantation if they are 70 years of age or younger, since ad-
vances in posttransplant care have shown that survival in 
the older age group is comparable to that of younger trans-
plant recipients. Patients older than 70 years have also been 
reported to have acceptable outcome, but careful consider-
ation of associated comorbidities is essential.
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Figure 64-1. Kaplan–Meier survival data for adult and pediatric heart transplants performed between 
January 1982 and June 2005. Conditional half-life = time to 50% survival for those recipients surviving 
the 1st year posttransplantation. The transplant half-life (the time at which 50% of those transplanted 
 remain alive, or median survival) for the entire cohort of adult and pediatric heart recipients is currently 
10 years, with a half-life of 13 years for those surviving the 1st year. (Reproduced with permission from 
Taylor, et al. J Heart Lung Transplant. 2007;26:769–781.)
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Obesity
Obese patients have a greater risk of poor wound healing, 
infections, and pulmonary complications after cardiac sur-
gery, although the data for outcomes in heart transplant 
recipients are less clear. Nevertheless, it is recommended 
that weight loss be mandatory to achieve a body mass 
index (BMI) of less than 30 kg/m2 before listing for heart 
transplantation.

Malignancy
Active neoplasm excluding nonmelanoma skin cancer is 
an absolute contraindication to heart transplantation due 
to limited survival rates. In general, heart transplant recipi-
ents with cancers that have been in remission for more than 
5 years or that are low-grade, such as prostate cancer, are 
often acceptable. These guidelines are arbitrary, since im-
munosuppressive therapy may reactivate a prior malignancy, 
and consultation with the patient’s oncologist is essential in 
performing an accurate risk assessment.

Pulmonary Hypertension
Right heart failure contributes to morbidity and mortality 
after heart transplantation, related to preoperative pulmo-
nary hypertension. Thus, assessment of invasive hemody-
namics is an essential part of the transplant evaluation. In 
general, contraindications to transplantation include (1) 
a transpulmonary gradient (mean pulmonary artery pres-
sure minus the pulmonary capillary wedge pressure) above 
15 mm Hg and calculated pulmonary vascular resistance 
(PVR) over 5 Woods units, (2) pulmonary artery systolic 
pressure over 60 mm Hg in conjunction with one of the 
above findings, and (3) the inability to reduce the PVR 
below 2.5 with vasodilator or inotropic therapy. In such 
patients, long-term unloading therapy with an intra-aortic 
balloon pump (IABP) or ventricular assist device may be 
required to achieve an acceptable PVR.

Diabetes
Diabetes that is uncontrolled or associated with end-organ 
damage (proliferative retinopathy, severe neuropathy, neph-
ropathy, peripheral vascular disease) is often considered a 
contraindication to transplantation. At our institution, pa-
tients will ideally achieve control with a hemoglobin A1c 
under 7.5% before listing for transplantation; ongoing col-
laboration with an endocrinologist is helpful in achieving 
this goal.

Renal Dysfunction
Renal dysfunction is no longer considered an absolute con-
traindication to heart transplantation, unless the renal dys-
function is due solely to diabetes, since in this situation, it is 
a sign of poorly controlled diabetes with end-organ damage. 
If the renal dysfunction is related to poor cardiac function, 
it may improve posttransplant, and for some patients, dual 
heart-kidney transplantation is a consideration.

Peripheral Vascular Disease
There is little consensus on the role of cerebrovascular and 
peripheral vascular disease in heart transplant candidates. It 
is clear that clinically severe disease that is not amenable to 
revascularization is an absolute contraindication. However, 
asymptomatic disease, which can be addressed prior to 
transplantation, may be considered in the overall context 
of other risk factors.

Table 64-1 • Recommended Tests for Baseline 
Evaluation for Heart Transplantation

Weight/BMI

Immunocompatibility
ABO typing
HLA tissue typing
Panel reactive antibodies and flow cytometry

Assessment of heart failure severity
Cardiopulmonary exercise test
Echocardiogram
Right heart catheterization

Evaluation of multi-organ function
Routine lab work (basic metabolic profile, complete blood 

count, liver function tests)
Urinalysis
24-hour urine collection for protein and creatinine
Pulmonary function tests
Chest radiograph
Abdominal ultrasound
Carotid Doppler (if >50 years or ischemic heart disease)
Ankle-brachial indices (if >50 years or ischemic heart 

disease)
Dental examination
Ophthalmological examination (if diabetic)

Infectious serology and vaccination
Hepatitis B surface Ag, Ab, core Ab
Hepatitis C Ab
HIV
RPR
IgG for HSV, CMV, toxoplasmosis, EBV, Varicella
PPD
Immunizations: Influenza, pneumovax, hepatitis B

Preventive and malignancy
Stool for occult blood ×3
Colonoscopy (if indicated or >50 years)
Mammography (if indicated or >40 years)
Pap smear
Prostate-specific antigen and digital rectal exam 

(men >50 years)

General consultations
Social work
Psychiatry
Financial
As indicated: pulmonology, nephrology, infectious disease, 

endocrinology

Source: Adapted with permission from Mehra et al., 2006.
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Infections
It is understandable that active infection is an absolute 
contraindication to heart transplantation. Certain chronic 
infections are also considered contraindications in most 
centers, including human immunodeficiency virus (HIV) 
and hepatitis C. Chagas disease, although uncommon in the 
United Status, is a common indication for transplantation 
in South America, and reactivation of disease can occur. 
The decision to proceed with transplantation in these situ-
ations must be made in collaboration with an infectious dis-
ease specialist well-versed in transplantation.

Substance Use
Active tobacco smoking is a relative contraindication to 
heart transplantation, and smoking during the previous 6 
months before transplant is a risk factor for poor outcomes. 
At our institution, we require patients to achieve abstinence 
from tobacco smoking for 6 months, documented by urine co-
tinine screens, prior to listing for transplantation. Addiction 
to alcohol or illicit drugs is an absolute contraindication, as it 
suggests that these patients will have poor compliance after 
transplantation, and 6 months abstinence with participation 
in counseling programs is often required. This assessment may 
be difficult to make in the critically ill patient in whom trans-
plantation cannot be delayed for 6 months. In this scenario, 
consultation with a social worker and psychiatric specialists is 
essential in gauging the patient’s commitment to abstinence.

Psychosocial Evaluation
Patients must be able to demonstrate the ability to com-
ply with medications and follow-up after transplantation, 
which includes social support with a dedicated caregiver 
and transportation after transplant. This is a critical issue, 
and patients have been denied transplantation due to lack 
of demonstrated compliance and social support. Mental 
retardation and dementia are relative contraindications to 
heart transplantation—the former due to concerns of com-
pliance and the latter due to overall poor prognosis.

Listing for Heart Transplant

Listing Status
A patient is deemed acceptable for heart transplantation 
after presentation of the case to a multidisciplinary selec-
tion committee composed of cardiologists, cardiothoracic 
surgeons, a psychiatrist, a social worker, and often other 
specialists including nephrologists, pulmonologists, and in-
fectious disease physicians. At this point, a patient is listed 
for transplant. There are three tiers of listing based on medi-
cal urgency. The highest urgency is Status 1A, reserved for 
the following situations: (1) intubated patients, (2) patients 
on high doses of one or two continuous inotrope infusions 
with a pulmonary artery catheter in place, (3) patients with 
an intraaortic balloon pump, or (4) patients status post a 
ventricular assist device within the first 30 days or with a 

device-related complication. A Status 1AE exists for pa-
tients who require urgent listing but do not meet these 
criteria, for example, those patients with intractable ven-
tricular arrhythmias in whom inotropes or pulmonary artery 
catheters are inadvisable. Status 1AE requires approval by 
a designated committee of the United Network of Organ 
Sharing. The next tier is Status 1B for the following situ-
ations: (1) continuous intravenous inotropic support with 
one agent and no pulmonary artery catheter in place or (2) 
a ventricular assist device beyond the first 30 days without a 
device-related complication. The rest of patients, essentially 
ambulatory end-stage patients, fall under Status 2 listing.

Wait Time
The average wait time for a heart transplant varies by re-
gion, medical urgency status, blood type, and size. The short-
est wait would be for a Status 1A patient who is small and 
non-O blood type, whereas the longest wait would be for a 
Status 2 patient who is large and blood type O. An assess-
ment of the wait time to transplantation often factors into 
the decision to place a ventricular assist device as a bridge to 
transplant. For a failing patient, a ventricular assist device 
may be considered if the anticipated wait time is long.

Alternate List
The major limiting factor in heart transplantation is supply 
of donor hearts. Based on this, our program began the use of 
nonstandard donor hearts often used for higher risk recipients, 
resulting in the creation of two recipient lists. The concept of 
the alternate list is to match donor and recipient risk, with a 
resulting expansion of both the donor and recipient pools.

Criteria for the alternate recipient list include those fac-
tors that would otherwise preclude transplant: advanced age 
 (usually older than 70 years), moderate renal insufficiency, re-
transplantation, or peripheral vascular disease. Alternate, or 
nonstandard, donors are considered to be those with known 
coronary disease (often requiring revascularization before 
transplant), high-risk behavior, and hepatitis seropositivity 
and who are older than 55 years of age. The use of these donor 
hearts has increased the number of heart transplant opera-
tions being performed. In our program, older or nonstandard 
donor hearts have been used for alternate recipients for the 
past 15 years, with similar long-term survival and transplant 
coronary artery disease between older and younger donors.

PHYSIOLOGY OF THE 
TRANSPLANTED HEART

Lack of Innervation to the 
Transplanted Heart

When the donor heart is placed into the recipient, both 
afferent (from the heart to the central nervous system) and 
efferent (from the central nervous system to the heart) nerve 
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supply is lost. The loss of afferent nerve supply means that 
the recipient will not experience angina. Therefore, chest 
discomfort in a heart transplant recipient, especially early 
after transplant, is likely not caused by coronary ischemia, 
and coronary ischemia will likely not present with chest 
discomfort. The standard practice of annual angiograms for 
surveillance of transplant coronary artery disease is a direct 
consequence of the lack of afferent nerves supplying the 
transplanted heart.

The consequences of the loss of efferent nerves are related 
to the loss of vagal tone and the postganglionic direct re-
lease of norepinephrine stores in response to exercise. With 
the loss of vagal tone, heart transplant recipients have a 
higher than normal resting heart rate of around 90 to 110 
beats per minute. The lack of efferent nerves also means 
that the transplant recipient must rely on circulating cat-
echolamines to respond to exercise, so there is a blunting of 
the heart rate’s response to exercise. Similarly, after exercise, 
the heart rate returns to baseline more slowly because of the 
gradual decline of circulating catecholamine concentrations 
to baseline.

Heart transplant recipients lack the baroreceptor reflex, 
which relies on intact baroreceptors and sympathetic and 
parasympathetic innervation. Thus, heart transplant recipi-
ents are more susceptible to orthostasis and carotid sinus 
massage will not break a reentrant tachycardia in these 
patients.

Nevertheless, heart transplant recipients often experience 
renervation of the heart with return of angina, an improve-
ment in exercise tolerance, and a decrease in resting heart 
rate. This process is inconsistent among patients yet tends 
to increase over time.

Response to Medications

Some cardiac drugs are not effective in the denervated 
heart. Due to the lack of vagal tone, digoxin will have little 
effect on sinoatrial and atrioventricular conduction velocity 
and will not achieve rate control if the transplanted heart 
develops atrial fibrillation. However, the inotropic effects 
of digoxin persist after transplantation. Similarly, the para-
sympatholytic effect of atropine will not increase heart rate 
in transplanted hearts. Due to the lack of baroreceptor re-
flexes, vasodilators such as nifedipine and hydralazine will 
not cause reflex tachycardia.

The lack of postganglionic sympathetic nerves in the trans-
planted heart results in increased receptor density and, thus, 
more sensitivity to sympathetic agonists and antagonists. 
Clinically, this is most often seen with beta-blockers; heart 
transplant recipients will often have exaggerated fatigue in 
response to administration of beta-blockers, especially with 
exercise.

IMMUNOSUPPRESSION

Induction Therapy

Purpose
The purpose of induction therapy was originally to induce tol-
erance in the graft. Although this goal has not been realized, 
induction therapy is still useful in reducing the risk of rejec-
tion early posttransplant, when the immune response may be 
the highest due to increased donor antigen expression from 
ischemia/reperfusion injury and surgical trauma. The benefits 
of induction therapy include a marked reduction in rejection 
in the first 4 to 6 weeks posttransplant and the ability to delay 
introduction of calcineurin inhibitors to prevent worsening 
renal dysfunction. The disadvantages of induction therapy 
include increased risk of infection, risk of malignancy, and 
rates of late rejection after therapy is completed.

Regimens
Regimens for induction therapy include cytolytic agents and 
interleukin 2 receptor (IL-2R) antagonists (Figure 64-2). 
Cytolytic agents include polyclonal agents such as antithy-
mocyte globulin and thymoglobulin and monoclonal agents 
such as OKT3. However, despite widespread use, no ran-
domized trials of cytolytic agents as induction therapy have 
been performed in heart transplant recipients. Retrospective 
evaluations from a large, multiinstitutional database have 
suggested that cytolytic therapy reduces the risk of early re-
jection but increases the risk of infection. IL-2R antagonists 
such as dacluzimab and basiliximab may also be used for in-
duction therapy. There has been a randomized trial of induc-
tion therapy with dacluzimab in heart transplant recipients. 
With dacluzimab, heart transplant recipients had less rejec-
tion but an increased risk of death from infection; due to the 
blinded nature of the study, some patients received both the 
IL-2R antagonist and cytolytic induction therapy.

Based on these results, induction therapy is not standard 
practice at our institution. Instead, induction therapy, most 
often with antithymocyte globulin, is reserved for those 
 patients at the highest risk for rejection, including patients 
who are highly sensitized with donor-specific antibodies or 
those with significant renal dysfunction in whom delay of 
calcineurin inhibition is advisable.

Rejection Therapy

Rejection therapy refers to immunosuppressive therapy 
given to reverse an episode of rejection. The type of rejec-
tion therapy depends upon whether it is T-cell mediated 
(cellular) or antibody mediated (humoral). The intensity 
of rejection therapy depends upon the clinical context: 
the presence of signs or symptoms of heart failure, reduced 
ejection fraction, or hemodynamic compromise. In general, 
therapy for cellular rejection may include an increase in oral 
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therapy, oral or intravenous pulse-dose steroids, a change in 
oral therapy, or monoclonal or polyclonal anti-lymphocyte 
agents (Table 64-2). Therapy for humoral rejection is less 
well-established but may include oral or intravenous pulse-
dose steroids, intravenous immune globulin, plasmaphere-
sis, photopheresis, or rituximab. Protocols differ by center, 
mainly due to the lack of randomized, controlled trials for 
rejection in heart transplant recipients.

Maintenance Therapy

The purpose of maintenance immunosuppressive therapy 
is to prevent rejection long term in transplant recipients. 
Triple drug therapy most commonly consists of steroids, a 
calcineurin inhibitor such as cyclosporine or tacrolimus, and 
an antimetabolite such as azathioprine or mycophenolate 
mofetil. In special situations, a proliferation signal inhibi-
tor, such as sirolimus, may replace the calcineurin inhibitor 
or antimetabolite. Although the optimal maintenance im-
munosuppressive regimen has yet to be identified, there is 
evidence that regimens may be tailored to the individual 
patient, as detailed below.

Steroid Therapy

Mechanism of Action
Corticosteroids are potent immunosuppressive and anti-
inflammatory agents (Figure 64-2). They diffuse freely 
across cell membranes and ultimately alter the expression 
of genes involved in the immune and inflammatory re-
sponse, affecting the number, distribution, and function of 
all leukocytes.

Administration
Corticosteroids are first given as a 500-mg intravenous bolus 
of methylprednisolone during the heart transplant surgery, 
followed by three doses of 125 mg intravenously at 12-hour 
intervals. Oral prednisone is then given in a standard taper, 
from 40 mg twice daily decreasing by 5-mg increments 
until the patient is on 10 mg twice daily. At 1 month post-
transplant, the patient will start a slow prednisone wean so 
that by 3 months, the prednisone is reduced to 10 mg once 
daily and by 6 months, decreased to 5 mg once daily. In our 
program, patients with no rejection in the first 6 months 
are candidates to wean off prednisone completely at the 

Figure 64-2. Immunologic mechanisms leading to graft rejec-
tion and sites of action of immunosuppressive drugs. Immu-
nologic mechanisms are shown in blue; immunosuppressive 
drugs and their site of action are shown in red. Acute rejection 
begins with recognition of donor antigens that differ from those 
of recipient by recipient APCs (indirect allorecognition). Donor 
APCs (carried passively in graft) may also be recognized by 
recipient T cells (direct allorecognition). Alloantigens carried 
by APCs are recognized by TCR-CD3 complex on surface of T 
cell. When accompanied by costimulatory signals between APC 
and T cells such as B7-CD28, T cell activation occurs, result-
ing in activation of calcineurin. Calcineurin dephosphorylates 
transcription factor NF-AT, allowing it to enter nucleus and bind 
to promoters of IL-2 and other cytokines. IL-2 activates cell sur-
face receptors (IL-2R), stimulating clonal expansion of T cells 
(T helper cells). IL-2, along with other cytokines produced by 
T helper cells, stimulates expansion of other cells of immune 
system. Activation of IL-2R stimulates TOR, which regulates 
translation of mRNAs to proteins that regulate cell cycle. Sites 
of action of individual drugs (highlighted in red) demonstrate 
multiple sites of action of these drugs, underscoring rationale 
for combination therapy. AZA indicates azathioprine; MMF, 
mycophenolate mofetil; GR, glucocorticoid receptor; DAC, da-
clizumab; BAS, basiliximab. (Reproduced with permission from 
Lindenfeld J, et al. Circulation. 2004;110:3734–3740.)
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Table 64-2 • Treatment for Cellular and Humoral 
Rejection

Cellular Rejection Humoral Rejection

Asymptomatic oral steroid bolus 
and taper

no treatment

Reduced
ejection
fraction

oral steroid bolus 
and taper or 
intravenous pulse 
steroids

oral steroid bolus and 
taper or intravenous 
pulse steroids +/-
intravenous immune 
globulin

Hemodynamic
compromise

intravenous pulse 
steroids, cytolytic 
therapy

intravenous
pulse steroids, 
cytolytic therapy, 
plasmapheresis,
intravenous immune 
globulin
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6-month mark. We are successful in 90% of patients, and 
after 5 years, only 20% require reinstitution of steroid ther-
apy due to rejection.

Side Effects
Steroid therapy has significant short- and long-term side 
effects. Short-term side effects include tremors, emotional 
lability, easy bruisability, poor wound healing, weight gain, 
fluid retention, and hyperglycemia. Long-term adverse ef-
fects include hypertension, cataracts, ulcer disease, risk of 
infection, and osteoporosis. Long-term administration of 
steroids may result in chronic adrenal suppression, and adre-
nal insufficiency can follow a steroid taper or stress, such as 
infection or surgery.

Calcineurin Inhibitor Therapy

Mechanism of Action
Calcineurin inhibitors have become a cornerstone of main-
tenance therapy. The two calcineurin inhibitors used in 
clinical practice are cyclosporine and tacrolimus. Both act 
by blocking calcium-activated calcineurin (Figure 64-2). 
Cyclosporine binds to cyclophilin and tacrolimus binds to 
FK binding protein. The complex then binds to calcineurin, 
which dephosphorylates NF-AT (nuclear factor of activated 
T cells). Dephosphorylated NF-AT then binds to specific 
DNA sites and ultimately inhibits transcription of IL-2 and 
other cytokines.

Clinical Trials
Tacrolimus has been compared to cyclosporine in a num-
ber of randomized clinical trials. Both tacrolimus and cy-
closporine have demonstrated comparable survival in 
heart transplantation, but tacrolimus may be associated 
with less treated rejection, and the two differ in their side 
effect profiles. In comparative studies with cyclosporine, 
tacrolimus was associated with less arterial hypertension, 
gingival hyperplasia, and dyslipidemia but more hypergly-
cemia. Tacrolimus has also been effective for rescue from 
corticosteroid- resistant rejection and to treat recurrent 
acute rejection or cyclosporine-related side effects. At our 
institution, tacrolimus is the calcineurin inhibitor of choice 
for maintenance immunosuppression therapy.

Administration
Either cyclosporine or tacrolimus is given orally imme-
diately following surgery. For cyclosporine, the dose is 
titrated to achieve target therapeutic trough levels of 250 
to 350 ng/mL. Long-term, cyclosporine doses are reduced to 
achieve target trough levels between 100 and 200 ng/mL. 
Tacrolimus is titrated to achieve target therapeutic levels 
of 10 to 15 ng/mL initially postoperatively, and long-term, 
doses are reduced to achieve target levels between 5 and 
10 ng/mL.

Side Effects
Cyclosporine causes nephrotoxicity, hypertension, dyslipi-
demia, neurological toxicity, hypertrichosis, and gingival 
hyperplasia. Tacrolimus has a similar side effect profile but 
does not cause hypertrichosis or gingival hyperplasia; in 
fact, alopecia may occur. Hyperglycemia and neurological 
toxicity are more common with tacrolimus.

Antimetabolite Therapy

Mechanism of Action
Azathioprine and mycophenolate mofetil (MMF) are the 
antiproliferative agents used most commonly after heart 
transplantation (Figure 64-2). Azathioprine is ultimately 
converted in cells to a purine analog incorporated into 
DNA, thus inhibiting its synthesis and the proliferation of 
both T and B lymphocytes (Figure 64-2). MMF is an in-
hibitor of a key enzyme in the de novo synthesis of guanine 
nucleotides. Since proliferating lymphocytes are dependent 
on this pathway for DNA replication (other cells use both 
de novo and salvage pathways), MMF is a selective inhibitor 
of lymphocyte proliferation.

Clinical Trials
Early studies demonstrated that triple therapy with 
 prednisone, cyclosporine, and azathioprine was more ef-
fective as maintenance therapy than regimens without 
azathioprine. However, a multicenter randomized clini-
cal trial compared azathioprine and MMF in combination 
with cyclosporine and steroids and demonstrated that 
MMF-treated patients had improved survival, less rejec-
tion, and less cardiac allograft vasculopathy over time. 
In our institution, MMF is the antimetabolite of choice 
for  standard maintenance therapy in heart transplant 
recipients.

Administration
Either azathioprine or MMF is given orally immediately 
after transplantation. Azathioprine doses range from 50 to 
150 mg daily. MMF is usually prescribed at 1500 mg twice 
daily, although dose reductions may be necessary due to gas-
trointestinal upset or leukopenia. Although not standard-
ized, myocophenolic acid trough levels are often checked 
with a goal level of greater than 1.5 mcg/mL.

Side Effects
The major side effect of azathioprine is myelosuppression. 
Furthermore, azathioprine should not be prescribed with 
allopurinol, since allopurinol inhibits xanthine oxidase, 
leading to increased accumulation of 6-mercaptopurine 
(a metabolite of azathioprine) and greater chance of my-
elosuppression. Major side effects of MMF include nausea, 
vomiting, and diarrhea, which usually respond to a decrease 
in dosage.
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Proliferation Signal Inhibitors

Mechanism of Action
There are two proliferation signal inhibitors (PSIs), siroli-
mus and everolimus, although everolimus has only recently 
been approved by the U.S. Food and Drug Administration 
for use. These agents inhibit a kinase, target of rapamy-
cin (Figure 64-2), ultimately inhibiting proliferation of 
T and B lymphocytes, smooth muscle cells, and endothe-
lial cells.

Clinical Trials
In de novo transplant recipients, compared with aza-
thioprine, sirolimus demonstrated less rejection and less 
cardiac allograft vasculopathy measured by intravascular 
ultrasound in the first 2 years. However, de novo patients 
receiving sirolimus were more likely to develop renal 
dysfunction, pneumonia, and impaired wound healing, 
whereas those receiving azathioprine were more likely 
to develop cytomegalovirus (CMV) infection. Similarly, 
when everolimus was compared to azathioprine in de 
novo heart transplant recipients, there was less rejection, 
cardiac allograft vasculopathy, and viral infections but 
worsening renal function and a higher incidence of bacte-
rial infections.

Administration
Sirolimus is rarely started on patients immediately after heart 
transplantation due to evidence that it may impair wound 
healing. In our institution, sirolimus is substituted for MMF 
in patients with rejection, cardiac allograft vasculopathy, 
neoplasm, and viral infections such as CMV. Sirolimus may 
also be used in place of a calcineurin inhibitor to ameliorate 
renal dysfunction.

Side Effects
The major side effects of sirolimus include hypertrig-
lyceridemia, myelosuppression, fluid retention, diarrhea, 
fatigue, and oral ulcers. Some of these side effects respond 
to a reduction in dose, although in our institution, a 
 sizeable proportion of patients do not tolerate sirolimus 
due to adverse effects. It remains to be seen whether 
everolimus, once more widely introduced into clinical 
practice, is better tolerated.

COMPLICATIONS

Right Ventricular Dysfunction

Cardiac transplant recipients who have had preoperative 
pulmonary hypertension are likely to develop acute right 
ventricular failure at the time of transplantation. For this 
reason, high pulmonary vascular resistance is a contrain-
dication to cardiac transplantation. This includes fixed 

pulmonary vascular resistance greater than 3 to 5 Woods 
units or a transpulmonary gradient of 15 mm Hg or higher.

If right ventricular dysfunction develops in the transplanted 
heart, inhaled nitric oxide or intravenous nitroglycerin, 
dobutamine, or milrinone may be necessary to decrease the 
pulmonary vascular resistance and thus unload the right 
ventricle. Right ventricular dysfunction, if it does occur, 
generally improves in the weeks after transplantation, al-
though it may result in renal failure immediately after 
transplantation.

Bradycardia

Significant bradycardia occasionally occurs in the transplanted 
heart and may be the result of sinus node dysfunction. This 
complication may follow preoperative use of negative chro-
notropic agents such as amiodarone. In these cases, the use 
of terbutaline, a beta-receptor agonist, until the preoperative 
negative chronotropic agents are cleared from the recipient’s 
system successfully increases heart rate. If relative bradycardia 
is persistent, with a heart rate less than 70 beats per minute, 
placement of a permanent pacemaker may be indicated.

Acute Renal Failure

Between 24 and 48 hours after heart transplantation, oligu-
ria often develops as a result of cardiopulmonary bypass pro-
cedures and the initiation of calcineurin inhibitors. This is 
especially problematic in patients with preoperative renal 
dysfunction. Aggressive use of diuretic therapy maintains 
urine output above 50 mL/hour and the oliguria usually re-
solves within 72 hours.

In our program, patients who have significant renal insuffi-
ciency before transplantation (serum creatinine >3 mg/dL) 
may receive a 3-day course of antithymocyte globulin to 
delay the initiation of calcineurin inhibitor therapy for 2 to 
3 days after surgery. Theoretically, this allows the kidneys to 
recover from the stress of surgery and prevents early renal 
dysfunction.

Rejection

Diagnosis
Transplant rejection remains one of the major causes of 
death after heart transplantation. Rejection is most fre-
quent during the 1st month after heart transplantation and 
declines thereafter. Acute rejection may cause significant 
morbidity and mortality in heart transplant recipients, 
requiring judicious monitoring and prompt clinical inter-
vention. Because clinical symptoms of rejection are often 
nebulous, routine testing for rejection in the absence of 
symptoms is standard practice. Unlike renal or liver trans-
plantation, there are no serological markers for rejection 
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in heart transplantation. The endomyocardial biopsy is 
the standard approach for the routine surveillance of re-
jection. A recent advance in the diagnosis of rejection is 
the Allomap, an 11-gene expression signature derived from 
peripheral blood mononuclear cells that predicts cellular 
rejection with great accuracy. Clinical trials are ongoing to 
assess the utility of this noninvasive approach to the sur-
veillance of rejection.

Risk Factors
The risk factors for rejection vary with the time posttrans-
plant. Risk factors associated with early rejection (within 1 
year after transplant) include younger age, female donor, fe-
male recipient, positive CMV serology, prior infections, and 
OKT3 induction therapy. In contrast, risk factors for later 
rejection include a greater number of rejection episodes in 
the 1st year after transplantation and the presence of prior 
CMV infections.

Treatment
As discussed above, the management of rejection focuses 
on a number of factors, including the clinical presentation 
and severity of biopsy. Low-grade rejection in the absence 
of clinical or hemodynamic compromise is generally not 
treated. A diagnosis of higher-grade rejection with hemody-
namic compromise necessitates pharmacological interven-
tion. Treatment options include oral or intravenous pulse 
corticosteroids, switching from cyclosporine to tacrolimus or 
sirolimus, or administration of antilymphocytic preparations 
(Table 64-2). At our institution, we have noted equivalent 
success rates between intravenous and oral corticosteroid 
therapy for the treatment of asymptomatic cellular rejection 
and believe that more harm may result from unnecessarily 
high doses of immunosuppression.

Humoral rejection, mediated by B-cells and antibody pro-
duction, is less well understood, and the diagnosis and 
therapy is less well established. Therapy may include oral 
or intravenous pulse-dose steroids, intravenous immune 
globulin, plasmapheresis, photopheresis, or rituximab. 
Protocols differ by center, mainly due to the lack of ran-
domized, controlled trials for rejection in heart transplant 
recipients.

Infection

Overview
Due to immunosuppressive therapy, cardiac transplant re-
cipients are at risk for infection in a generally predictable 
pattern based on time after transplantation (Figure 64-3). 
Bacterial infections such as staphylococcus and streptococ-
cus occur in the early postoperative period and usually in-
volve wound infections. Opportunistic infections usually 
do not occur until at least several weeks following cardiac 
transplantation. Opportunistic infections may be caused by 

viruses (CMV), fungi (candida, aspergillus), and parasites 
(pneumocystis, toxoplasmosis).

Fungal Infections
All transplant recipients receive antimicrobial prophy-
laxis with clotrimazole troches (lozenges) for oral candidi-
asis for 3 months. In patients who present a higher risk 
for systemic fungal infections, such as those from an area 
endemic for coccidiomycosis, fluconazole or itraconazole 
may be prescribed prophylactically. The –azoles increase 
the concentration of calcineurin inhibitors and thus the 
dosage of cyclosporine or tacrolimus must be reduced up to 
50% when initiating –azole therapy with close follow-up 
of trough levels.

Parasites
It is standard for transplant recipients to receive trimethop-
rim-sulfamethoxazole (TMP-SMX) for pneumocystis pro-
phylaxis for 1 year. TMP-SMX has virtually eliminated 
pneumocystis pneumonia in heart transplant recipients and 
also prevents Nocardia infection and toxoplasmosis.

Viral Infections
Prophylaxis against CMV depends on the patient’s risk 
group, defined by the CMV IgG titer. The risk of CMV 
infection is highest in transplant recipients who have a 
negative CMV IgG titer (indicating no prior exposure to 
CMV) and are given a heart from a donor who is CMV IgG 
positive. At our institution, these patients receive 1 year of 
valgancyclovir therapy. The lowest risk of CMV infection 
occurs in cases where both the donor and the recipient are 
CMV IgG negative, and these patients receive valgancyclo-
vir or acyclovir for 3 months, which provides inferior CMV 
protection but is less expensive. Other patients will receive 
valgancyclovir for 6 months. Of course, after any treatment 
for acute rejection with high-dose steroids or cytolytic ther-
apy, patients will receive 3 months of valgancyclovir and 
TMP-SMX prophylaxis.

Vaccines
The use of vaccines in heart transplant recipients remains 
controversial. Live vaccines are definitely contraindicated 
because of the patients’ immunosuppressed states. Even 
dead vaccines may pose a risk because they can promote ac-
tivation of the immune system and cause rejection. In our 
institution, we recommend dead vaccines such as the influ-
enza or pneumococcal vaccines only to patients more than 
6 months after transplant and with no history of rejection 
within the previous 6 months.

Transplant Coronary Artery Disease

Incidence and Prognosis
Transplant coronary artery disease, also known as cardiac al-
lograft vasculopathy (CAV), is the major factor limiting the 
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long-term survival after cardiac transplantation. The inci-
dence of CAV is about 10% in the 1st year and 50% by 5 years 
after heart transplantation. CAV can occur as early as 1 year 
after transplantation, and this early disease is more aggressive 
and associated with a worse prognosis. In one study, those 
patients over one year post transplant with angiographic dis-
ease had a 3.4-fold increased risk of major cardiac events and 
a 4.6-fold increase risk of death over 3.5-year follow-up.

Clinical Presentation
Given the denervation of the transplanted heart, patients 
do not experience typical angina. However, over time, pa-
tients may develop cardiac reinnervation, and chest pain 
due to ischemia and infarction in transplant patients may 
occur. Electrocardiographic changes with myocardial in-
farction may be atypical due to baseline abnormalities or 

heterogeneous disease resulting from diffuse vasculopathy. 
In general, the atypical presentation often leads to lower 
utilization of revascularization therapies and consequently 
worse outcomes, including heart failure, arrhythmia, or sud-
den death. For this reason, routine surveillance angiography 
is standard practice in these patients.

Diagnosis
A number of features distinguish CAV from conventional 
atherosclerosis (Table 64-3); CAV lesions are more diffuse 
in nature with frequent involvement of large- and medium-
sized vessels as well as the microvasculature. Lesions tend to 
be lipid poor and calcification is less prominent and occurs 
late. The disease not only affects the intima but the media 
and adventitia frequently undergo fibrous infiltration. As a 
consequence, compensatory remodeling of the artery (the 
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Figure 64-3. Changing timeline of infection after organ transplantation. Infections occur in a generally predictable pattern after solid-
organ transplantation. The development of infection is delayed by prophylaxis and accelerated by intensified immunosuppression, drug 
toxic effects that may cause leukopenia, or immunomodulatory viral infections such as infection with cytomegalovirus (CMV), hepatitis 
C virus (HCV), or Epstein–Barr virus (EBV). At the time of transplantation, a patient's short-term and long-term risk of infection can 
be stratified according to donor and recipient screening, the technical outcome of surgery, and the intensity of immunosuppression 
required to prevent graft rejection. Subsequently, an ongoing assessment of the risk of infection is used to adjust both prophylaxis and 
immunosuppressive therapy. MRSA denotes methicillin-resistant Staphylococcus aureus, VRE vancomycin-resistant Enterococcus faecalis,
HSV herpes simplex virus, LCMV lymphocytic choriomeningitis virus, HIV human immunodeficiency virus, PCP Pneumocystis carinii
pneumonia, HBV hepatitis B virus, VZV varicella–zoster virus, SARS severe acute respiratory syndrome, PML progressive multifocal 
leukoencephalopathy, and PTLD posttransplantation lymphoproliferative disorder. (Reproduced with permission from Fishman JA, 
et al. NEJM. 2007;357:2601–2614.)
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Glagov phenomenon) is inhibited and the artery may even 
undergo constriction, which may contribute to the earlier 
manifestation of clinically apparent disease. In some cases, 
subepicardial inflammatory infiltrates are noted even in the 
absence of myocardial interstitial inflammatory infiltrates 
and intravascular thrombus may be found at autopsy or fol-
lowing explant for retransplantation.

As CAV lesions are frequently concentric due to subintimal 
cellular proliferation, conventional coronary angiography 
generally underestimates the extent of disease. In contrast, 
intravascular ultrasound (IVUS) allows direct imaging of 
the vessel wall to determine the extent of intimal and me-
dial disease (Figure 64-4). The technique has been use-
ful in determining characteristics of donor-related lesions 

(conventional atherosclerosis) by examination early follow-
ing transplant and comparing transplant- acquired lesions 
later on in the same regions. IVUS therefore is able to pro-
vide more detailed assessment of CAV with increased sensi-
tivity. However, IVUS is not currently performed routinely 
at many centers but usually as part of research protocols.

Treatment
Clinically apparent CAV is associated with a poor prog-
nosis and therefore prevention is an important strategy 
(Table 64-4). Agents used in the treatment and prevention 
of conventional atherosclerosis are utilized for CAV. Aspirin 
is given due to its established role in nontransplant coronary 
disease. Control of hypertension and hyperlipidemia is par-
amount. HMG Co-A Reductase inhibitors are particularly 
important as they also prevent allograft rejection. Newer 
immunosuppressive agents, such as MMF and the prolifera-
tion signal inhibitors, also show significant promise in af-
fecting the natural course of CAV, as discussed above.

Once clinically significant CAV is apparent, a number 
of approaches are available to relieve ischemia. For focal 
disease, percutaneous coronary intervention (PCI) with 
balloon angioplasty is successful, although restenosis is com-
mon in the transplant setting. Drug-eluting stents may help, 
but restenosis rates continue to be higher than for similar 
interventions in the nontransplant population. There is no 
evidence to date that PCI alters the prognosis of CAV and, 
since many patients with significant disease are asymptom-
atic, intervention often presents a dilemma. Patients with 
multivessel focal disease with adequate distal target vessels 
may be candidates for surgical revascularization with coro-
nary artery bypass grafting (CABG). Efficacy is difficult to 
determine, as relatively small numbers have been reported, 
reflecting the many patients who do not have adequate tar-
gets and the preferential use of PCI.

Retransplantation may be a consideration for many patients 
with advanced CAV not amenable to PCI or CABG with 

Table 64-3 • Distinguishing Features of Cardiac 
Allograft Vasculopathy (CAV) from Nontransplant 
Atherosclerosis

Nontransplant Atherosclerosis CAV

Most epicardial disease Panvascular disease 
(including microvasculature)

Slow progression Rapid progression

Eccentic lesions Concentric lesions 
(generally)

Lipid rich Generally lipid poor

Early calcification Late calcification

Compensatory remodeling 
with early dilation (Glagov 
phenomenon)

arterial constriction

Table 64-4 • Treatment Options for Cardiac Allograft 
Vasculopathy

Prevention

Aspirin
Control of hypertension (calcium channel blockers, 

ACE inhibitors)
HMG CoA reductase inhibitors
Control of diabetes
Mycophenolate mofetil
Proliferation signal inhibitors (sirolimus, everolimus)

Treatment

Drug-eluting stents
Proliferation signal inhibitors
Surgical revascularization
Retransplantation

Figure 64-4. Concentric or eccentric subintimal proliferation 
in CAV seen histologically (a) are underestimated in lesion se-
verity angiographically (b) but are better appreciated by IVUS 
(c). (Reproduced with permission from Kobashigawa JA, Patel 
JK. Chronica Allograft Failure: Natural History, Pathogenesis, 
Diagnosis and Management. Landes Biosci. 2007.)
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comparable survival at our institution. The scarcity of donor 
hearts, however, creates an ethical dilemma. Some argue that 
it is better to maximally distribute organs rather than to allo-
cate two organs to the same individual. Others contend that 
patients needing a second transplant should be considered on 
the same basis as those being evaluated for a first transplant.

Malignancy

Incidence
After CAV, malignancy is the second major impediment to 
long-term survival in heart transplant recipients, accounting 
for 24% of deaths 5 years after transplantation. The risk of 
malignancy from immunosuppressive agents is due to reduced 
immune surveillance for neoplasia. All immunosuppressive 
agents are believed to contribute to the cumulative risk of 
malignancy, with the possible exception of corticosteroids. In 
animal studies and renal transplantation, sirolimus may have 
antiproliferative properties that result in fewer malignancies.

Clinical Presentation
Cutaneous malignancies are the most common type after 
heart transplantation, mainly squamous cell carcinomas. 
Posttransplant lymphoproliferative disorder (PTLD) can 
also occur. There is a strong association of PTLD with 
Epstein-Barr virus infection, and an increase in the total 
burden of immunosuppression increases the risk of develop-
ing lymphoma. Finally, neoplasms common in the general 
population also occur in heart transplant recipients, includ-
ing breast, lung, and prostate.

Treatment
The most critical point of treatment of malignancies is pre-
vention. We encourage all heart transplant recipients at our 
institution to undergo routine health maintenance screenings 
with their primary care physicians, including mammograms, 
pap smears, prostate exams, and colonoscopies as indicated for 
nontransplant patients. In addition, patients are instructed to 
utilize sun protection and to have low threshold to establish 
care with a dermatologist for routine skin exams.

The initial approach to malignancy is reduction of immu-
nosuppression, and this may be the only treatment required 
for some forms of PTLD. In our institution, we will consider 
switching patients with newly diagnosed malignancy to si-
rolimus, due to its possible protective effect in malignancies, 
in place of a calcineurin inhibitor or MMF.

Other Long-term Complications

Renal Dysfunction
Renal insufficiency is a common adverse effect of the cal-
cineurin inhibitors and often worsens over time, such that 
up to 8% of transplant recipients will develop end-stage 
renal disease at 5 or more years posttransplant. Renal-sparing 

immunosuppressive regimens are often utilized in such pa-
tients, including a reduction in calcineurin inhibitor dose 
or substitution of the calcineurin inhibitor with sirolimus. 
To be successful, the timing is important; if the creatinine 
is too high, often above 2.5 mg/dL, the renal damage may 
be irreversible. When replacing calcineurin inhibitors with 
sirolimus, the key to preventing rejection is to withdraw cal-
cineurin inhibitors gradually over a period of 2 to 4 weeks 
while awaiting therapeutic sirolimus levels and monitoring 
patients with a follow-up echocardiogram and biopsy at 1 
month after complete withdrawal of the calcineurin inhibi-
tor. Although randomized trial data of renal sparing regi-
mens are not yet available, we have found that with these 
caveats, renal-sparing protocols appear efficacious, safe, and 
beneficial for select patients.

Hypertension
Hypertension after cardiac transplantation is primarily 
a result of calcineurin inhibitor use and occurs in up to 
80% of patients. Posttransplant hypertension is often dif-
ficult to control and often requires a combination of sev-
eral antihypertensive agents. No agent has been shown to 
be superior, but beta-blockers are often avoided since the 
denervated heart relies on circulating catecholamines to 
maintain cardiac function during exercise and, thus, heart 
transplant recipients often experience significant fatigue 
with beta-blocker administration. ACE inhibitors and an-
giotensin receptor blockers may not be tolerated due to 
renal dysfunction or hyperkalemia. Dihydropyridine 
calcium channel blockers such as amlodipine and nife-
dipine are often effective but may result in troublesome 
dependent edema and will increase levels of calcineurin 
 inhibitors (mainly diltiazem), which should be monitored 
after initiation.

Dyslipidemia
Lipid abnormalities are common after heart transplantation 
due to the use of steroids, calcineurin inhibitors, and PSIs. 
The HMG-CoA reductase inhibitors (statins) are effective 
in reducing total and LDL cholesterol in heart transplant 
recipients. It is notable that treatment initiated within 2 
weeks of transplantation with statins is associated with a 
lower frequency of hemodynamically compromising rejec-
tion episodes and improved survival over the first trans-
plant year. These agents likely have an immunosuppressive 
effect in addition to their lipid-lowering activity. As hy-
perlipidemia is so common following transplantation, all 
cardiac transplant recipients should receive statin therapy. 
Pravastatin is the statin of choice, since it is not metabolized 
by the cytochrome 3A4 system, reducing the possible inter-
actions with calcineurin inhibitors.

Diabetes
Given that diabetes mellitus is a major cardiovascular 
risk factor leading to the development of end-stage heart 
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SUMMARY

Over the past four decades, cardiac transplantation has be-
come the preferred therapy for select patients with end-stage 
heart disease. Improvements in immunosuppression, donor 
procurement, surgical techniques, and posttransplant care 
have resulted in a substantial decrease in acute allograft re-
jection, which had previously significantly limited survival 
of transplant recipients. According to the registry of the 
International Society of Heart and Lung Transplantation, 
the median survival of patients posttransplantation is cur-
rently 10 years, up to 13 years for those surviving the 1st 
year posttransplant—far greater than would be expected 
for end-stage heart failure. However, major impediments 
to long-term allograft survival exist, including rejection, 
infection, cardiac allograft vasculopathy, and malignancy. 
Nevertheless, through careful balance of immunosuppres-
sive therapy and vigilant surveillance for complications, we 
can expect further advances in the long-term outcomes of 
heart transplant recipients over the decades to come.

Suggested Readings
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disease, diabetes is common in patients pretransplant. 
Furthermore, the use of steroids and tacrolimus posttrans-
plant may cause or worsen diabetes; up to 32% of heart 
transplant recipients are diabetic by 5 years posttrans-
plant. Although diabetes is associated with poorer long-
term survival, there are few data regarding the treatment 
of these patients. In general, since renal insufficiency in 
so common in these patients, metformin is often avoided. 
Furthermore, thiazoladinediones are not preferred due to 
the risk of fluid retention. Shorter-acting sulfonylureas 
may be the agents of choice for many heart transplant 
recipients.

Osteoporosis
Osteoporosis resulting in vertebral compression fractures 
is a common and debilitating problem after heart trans-
plantation, exacerbated by steroid use. At our institution, 
we recommend screening bone-density examinations 
by internists on an annual basis. To prevent osteoporo-
sis, patients should receive supplemental calcium and 
 vitamin D, engage in weight-bearing exercises, and re-
ceive biphosphonates as recommended by the primary 
care physician.

Gout
Causes of gout after heart transplantation include cal-
cineurin inhibitor use, diuretic use, and renal insufficiency. 
Nonsteroidal antiinflammatory agents are often avoided in 
heart transplant recipients due to the potential exacerba-
tion of renal insufficiency. Colchicine may be used to treat 
acute attacks, although there is a risk of myoneuropathy 
when colchicine is given in conjunction with calcineurin 
inhibitors. Thus, for acute flares, systemic or intra-articular 
steroids are often the treatment of choice. Allopurinol is 
useful as suppressive therapy, as long as the patient is not 
receiving azathioprine, since the combination may result in 
severe myelosuppression. Given the potential for adverse 
effects and drug interactions, consultation with a rheuma-
tologist is often helpful in management of gout in heart 
transplant recipients.
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• When evaluating patients for potential benefit from 
revascularization with bypass grafting (CABG), myo-
cardial viability is assessed by positron emission to-
mography (PET), thallium-201 or technetium-99m 
SPECT, dobutamine stress echocardiography, or car-
diac magnetic resonance imaging.

• There is a significant survival benefit noted with 
CABG versus therapy in severe 3- vessel disease, 
when myocardial viability is present. 

• The STICH investigators found that adding surgi-
cal ventricular restoration to coronary artery bypass 
grafting does not provide clinical benefit beyond that 
of CABG alone with similar improvement in angina, 
heart failure, and exercise capacity.

• Mitral regurgitation (MR) in heart failure is multifac-
torial, related to incomplete leaflet coaptation from 
dilatation of the left ventricle and/or papillary muscle 
or segmental left ventricular wall motion abnormal-
ity resulting in tethering of the chordae tendinae in 
ischemic disease.

• Mitral valve repair for MR maintains the geometry of 
the valvular apparatus.

• Bicaval anastomosis in heart transplantation involves 
attaching the donor cavae to the recipient cavae, as 

opposed to the older biatrial technique (where the 
donor right atrium is attached to the recipient right 
atrium); the bicaval technique reportedly decreases 
the incidence of tricuspid regurgitation in the late 
post-transplant period.

• The REMATCH trial showed a survival benefit of 
LVAD over medical therapy in end-stage heart failure 
patients who were not transplant candidates. 

• The benefit of mechanical support with an intra-
 aortic balloon is related to inflation of the balloon 
during diastole (augmenting coronary perfusion) 
and deflation of the balloon during systole (decreas-
ing the afterload to augment stroke volume).

• A veno-arterial ECMO (Extracorporeal Membrane 
Oxygenation) supports both cardiac and respiratory 
function.

• A typical left ventricular assist device consists of an 
inflow cannula inserted into the apex of the left ven-
tricle (connected to the device and placed in the left 
subcostal region in a pre-peritoneal pocket) and an 
outflow graft from the device, anastomosed to the 
ascending aorta.

d PRACTICAL POINTS

INTRODUCTION

Congestive heart failure is the leading cause of death 
in the West and affects more than 5 million Americans 
(Figure 65-1). Heart failure (HF) is the most frequent 

cause of hospitalization and accounts for more than 
700,000 admissions, an annual associated cost of $40 bil-
lion, 12 to 15 million office visits, and 6.5 million hospital 
days each year. A subjective and functional classification 
has been  developed by the New York Heart Association 
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(NYHA) to categorize the severity of heart failure based 
on symptoms: (1) Class I without symptoms with ordi-
nary activities, (2) Class II with mild limitation of activ-
ity, (3) Class III with marked limitation of activity, and 
finally, (4) Class IV with discomfort and symptoms at rest. 
However, the American College of Cardiology/American 
Heart Association (ACC/AHA) 2005 Guideline Update 
for the diagnosis and management of chronic heart failure 
in the adult developed a classification to include the de-
velopment and progression of the disease process with the 
culmination in the final stage of heart failure syndrome. 
Patients in earlier stages (Stages A and B) do not exhibit 
the symptoms of heart failure and have never had heart 
failure, but they have risk factors, such as coronary artery 
disease, diabetes mellitus, and hypertension. In Stage A, 
the left ventricular function and structure are normal, and 
in Stage B, there is asymptomatic disease, such as left ven-
tricular hypertrophy or systolic dysfunction. The majority 
of the patients seen in heart failure clinics are in Stage C 
with impaired left ventricular function and past or pres-
ent symptoms; patients with refractory heart failure are in 
Stage D. The staging of heart failure by ACC/AHA helps 
guide therapy in that the therapeutic recommendations for 
patients in earlier stages are applicable to those in more 
advanced stages (Figure 65-2).

Various risk scores have been developed to estimate 
the mortality in heart failure patients. The Seattle 
Heart Failure Score accurately estimates the 1-, 2-, and 
5-year survival in patients in heart failure based on 

the clinical, pharmacological, laboratory, and device 
characteristics. This can be downloaded from www.
SeattleHeartFailureModel.org and the data of any indi-
vidual patient can be entered to calculate the estimated 
mortality along with the addition and subtraction of mul-
tiple therapies (Figure 65-3). This is a useful educational 
tool for physicians and allied health professionals to pro-
vide for the patients.

DIAGNOSITIC MODALITIES

Diagnostic modalities commonly utilized in the diagnosis 
of structural cardiac abnormalities in heart failure include 
coronary angiography, echocardiography, and cardiac 
magnetic resonance imaging (MRI) techniques. Coronary 
angiography helps to delineate the coronary anatomy 
and to identify stenosis, occlusions, diameter of the tar-
get vessels, and collateral blood flow (in cases of com-
plete occlusion) and helps provide a road map for surgical 
revascularization.

Echocardiography, including 2- and 3-dimensional (2D, 
3D) and Doppler imaging, gives an estimation of the de-
gree of impairment of left ventricular function, adequate 
visualization of all cardiac chambers and their function, 
structural valve abnormalities (e.g., mitral stenosis, mitral 
regurgitation, aortic stenosis, and regurgitation), wall mo-
tion abnormalities, and an estimation of the intracardiac 
pressures. In addition, echocardiography plays a unique 
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Figure 65-2. Stages in the development of heart failure and recommended therapy by stage. ACC/AHA 2005 guideline update for the diagnosis and management of chronic heart 
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role in understanding the anatomic basis for mitral re-
gurgitation. This facilitates evaluating the feasibility of 
repairing the mitral valve as the morbidity, mortality, 
and long-term outcomes are significantly superior for mi-
tral valve repair as opposed to mitral valve replacement 
(Figure 65-4).

In patients with critical aortic stenosis with a low gradi-
ent across the aortic valve and depressed left ventricular 
ejection fraction, dobutamine stress echocardiography fa-
vors the decision for aortic valve replacement, if there is 
an improvement in left ventricular contractility and an 
increase in the gradient across the aortic valve. In addi-
tion, dobutamine stress echocardiography helps in the as-
sessment of myocardial viability in patients with depressed 
left ventricular ejection fraction and coronary abnormali-
ties, if the presence of a pacemaker, an intra-aortic balloon 
pump, or other conditions make it impractical to obtain a 
cardiac MRI.

From the surgeon’s perspective, gadolinium enhanced car-
diac MRI helps in the assessment of myocardial viability by 
clearly identifying areas of hyperenhancement and lack of 
enhancement, differentiating between scar tissue from pre-
vious myocardial infarctions and ischemic but viable myo-
cardium (Figure 65-5).

SURGICAL APPROACHES TO 
ADVANCED HEART FAILURE

Surgical approaches for the management of advanced heart 
failure include coronary revascularization, ventricular re-
construction, valve repair or replacement, orthotopic heart 
transplantation, and mechanical circulatory support devices 
(MCS).

Coronary Revascularization

Coronary revascularization is indicated in the presence of 
hibernating or stunned myocardium causing left ventricu-
lar (LV) dysfunction. Myocardial viability and the poten-
tial benefit of coronary bypass grafting of the affected 
segments is assessed by positron emission tomography (PET), 
 thallium-201 or technetium-99m SPECT, dobutamine stress 
echocardiography, or cardiac magnetic resonance imaging. 
A meta-analysis of retrospective studies indicated a 79.6% 
reduction in annual mortality in patients with severe 3-ves-
sel disease and severe left ventricular dysfunction undergo-
ing surgery when compared to medical therapy, if there was 
evidence of myocardial viability.

In spite of early intervention and opening of the in-
farct  related coronary artery, ventricular dilation occurs. 

Figure 65-3. Seattle Heart Failure Score estimates the mean 1-, 2-, and 5-year survival and the benefit of 
adding medications and/or devices for an individual patient. (Reprinted with permission from Levy WC. 
The Seattle heart failure model: prediction of survival in heart failure. Circ. 2006;113(11):1424.)
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Infarcted zones also contribute to the development of 
 akinetic or dyskinetic segments of the left ventricular 
free wall. White et al. believe that left ventricular end-
systolic volume is a major determinant of survival after 
recovery from myocardial resection and place a greater 
significance on this measurement than the ejection 
fraction. A left ventricular end-systolic volume index 
(LVESVI) greater than or equal to 40 mL/m2 measured 
within 90 minutes of hospitalization was associated with a 
high incidence of congestive heart failure and poor long-
term survival.

Surgical Ventricular Restoration

Surgical ventricular restoration (SVR) (Figure 65-6) 
aims to reshape the LV from a spherical shape to an el-
liptical shape and decrease the chamber volume. In the 
operation of surgical ventricular restoration, described 
by Vincent Dor, a coronary artery bypass procedure is 
initially performed along with addressing the mitral re-
gurgitation by mitral valve repair or replacement, if nec-
essary. Subsequently, a linear incision is made along the 
left ventricular free wall in the middle of the akinetic or 
dyskinetic segment. The anteroseptal, apical, and antero-
lateral akinetic or dyskinetic segments are identified and 
excluded by an intracardiac patch or direct closure. In an 
analysis of 1,198 postinfarction patients in the RESTORE 
registry who underwent SVR (previous anterior myocar-
dial infarction, LVESVI ≥60 mL/m2, and a regional non-
contractile area of ≥35%), the investigators observed 
an overall 30-day mortality after SVR of 5.3%, a 5-year 
survival of 68.6±2.8%, and a significant improvement in 
the NYHA functional class (preoperatively 67% of pa-
tients were Class III or IV and postoperatively 85% were 
Class I or II). The results from the initial RESTORE stud-
ies led to the design of the STICH (Surgical Treatment 
of Ischemic Heart Disease) trial, which randomized pa-
tients with ischemic cardiomyopathy, Class II-IV HF, EF 
less than or equal to 35%, and an LV asynergic segment 
greater than or equal to 35% to different therapies. If the 
LVESVI was less than or equal to 60 mL/m2, patients were 
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Figure 65-4. Survival is superior in mitral valve repair (solid line) compared to mitral valve replacement 
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Figure 65-5. Cardiac MRI demonstration of myocardial vi-
ability. 50-year-old male with low ejection fraction. Cardiac MRI 
demonstrates subendocardial infarction along basal to mid-
anterolateral wall. Remaining myocardium is viable.
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randomized to medical therapy or coronary artery bypass 
grafting (CABG). However, if the LVESVI was greater 
than or equal to 60 mL/m2, they were randomized to med-
ical therapy, CABG, or CABG plus SVR. The STICH 
investigators have reported that adding SVR to coronary 
artery bypass grafting does not provide clinical benefit be-
yond that of CABG alone; both strategies provided simi-
lar short- and long-term relief of angina and heart failure 
and improvement in 6-minute walk test performance. 
Further subset analysis is pending to identify key features 
in patients who could benefit by the addition of SVR to 
CABG.

Mitral Valve

Mitral valve apparatus consists of the mitral annulus, the 
valve leaflets, chordae tendinae, and the papillary muscles 
and their attachment to the left ventricular wall (left ven-
tricle – mitral valve continuity). Mitral regurgitation (MR) 
in heart failure is multifactorial. The dilation of the left ven-
tricle alters its geometry and causes incomplete leaflet coap-
tation, and this is further exacerbated by annular dilation. 
In addition, in ischemic cardiomyopathy, papillary muscle 
or segmental left ventricular wall motion abnormality causes 
tethering of the chordae tendinae and contributes to MR. 
Several techniques of mitral repair have been described 
(Figures 65-7, 65-8, and 65-9). Ninety-two patients in 
NYHA Class III or IV heart failure underwent mitral valve 

repair with an undersized flexible annuloplasty ring for severe 
mitral regurgitation and depressed ejection fraction (<25%). 
The overall mortality rate was 5%, and 1- and 2-year actu-
arial survival was 80% and 70%, respectively. At 24-month 
follow-up, all survivors had a subjective improvement in 
functional class, remained in NYHA Class I and II HF, and 
demonstrated improved LV ejection fraction, improved car-
diac output, and a decrease in the sphericity index.

A number of retrospective studies have demonstrated im-
proved LV function and survival in patients undergoing valve 
repair compared to valve replacement with or without sub-
valvular (chordal) preservation. If the anatomy is appropriate, 
mitral valve repair is preferred to maintain valve morphology.

Heart Transplantation

Whereas the technique of heart transplantation was per-
fected by Norman Shumway and Richard Lower at Stanford 
University, the first human-to-human heart transplantation 
was performed by Christiaan Barnard in South Africa on 
December 3, 1961. This therapy is offered to patients in 
NYHA Class II, III, or IV who are failing maximal medi-
cal therapy with a severely depressed ejection fraction and 
a reduced functional capacity. Other indications include 
inoperable coronary artery disease with disabling angina or 
malignant ventricular arrhythmias, both of which are unre-
sponsive to medical therapies.
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Figure 65-6. Surgical ventricular restoration.
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Figure 65-7. Quadrangular resection and sliding annuloplasty. (Source: Mitral Valve Repair, Chen FY, 
Cohn LH in Cardiac Surgery in Adult, Editor L H Cohn 3rd edition.)

Figure 65-8. Chordal transfer. An isolated flair anterior leaflet is resected and replaced with an adjoining 
portion of the posterior leaflet. (Source: Chen FY, Cohn LH. Mitral valve repair. In: Cohn LH, ed. Cardiac 
Surgery in Adult. 3rd ed.)
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Contraindications:

 1. age >70 years (in most centers)
 2. severe fixed pulmonary hypertension
 3. end-organ damage due to diabetes
 4. chronic debilitating illnesses
 5. severe peripheral vascular disease
 6. active infection
 7. morbid obesity
 8. substance abuse (current)
 9. recent malignancy
 10. HIV status
 11. severe hepatic dysfunction
 12. poor nutritional status

The evaluation for heart transplantation is a multidisci-
plinary approach involving heart failure cardiologists, cardiac 
surgeons, social workers, and physician extenders. Complete 
evaluation includes a detailed history and physical exami-
nation including an obstetric and gynecological evaluation, 
laboratory evaluation, pulmonary function tests, dental clear-
ance, bone densitometry studies, and a psycho-social and nu-
tritional assessment. A complete cardiac work-up includes an 
echocardiogram, exercise stress test with oxygen uptake mea-
surements, right and left heart catheterization, and a myocar-
dial biopsy, where the cause of heart failure is unclear.

Donor Selection

The criteria for accepting a donor for heart transplan-
tation include ABO blood group compatibility, donor 
weight within 30% of recipient weight, preferably an age 
younger than 55 years, an absence of the following: pre-
existing cardiac disease, hemodynamic instability without 
high dose inotropic support, severe chest trauma, extrac-
erebral malignancy, septicemia and positive serologies for 

human immunodeficiency virus, hepatitis B, or hepatitis 
C. With an increasing shortage of donor organs, marginal 
donors are currently being evaluated for organ retrieval. 
If the recipient’s percentage of reactive antibodies (PRA) 
is greater than 10 to 15%, a T- and B-cell cross match is 
performed between the recipient and donor sera with a 
positive cross-match being an absolute contraindication 
to transplantation. Prior to accepting a donor heart, an 
echocardiogram is carefully evaluated for any valve pa-
thologies or wall motion abnormalities. In addition, on 
occasion, a left heart catheterization is obtained to rule 
out coronary artery disease, usually based on donor age 
and risk factors. Moreover, at the time of surgery, the ex-
terior of the heart is carefully palpated for thrills or areas 
of calcification along the coronary arteries and a visual 
assessment is made of the right ventricular function.

Donor Heart Procurement

After a median sternotomy, the heart is evaluated. Careful 
dissection is carried out around the superior vena cava, the 
azygos vein and inferior vena cava, the aorta, and the main 
pulmonary artery. A cardioplegia cannula is placed in the 
aortic root. Once the abdominal team is ready, heparin is ad-
ministered, snares are placed around the superior and inferior 
vena cava, and the cross clamp is applied across the ascend-
ing aorta, while one liter of cardioplegia solution is adminis-
tered into the aortic root to obtain an efficient  arrest of the 
heart. Care is taken to avoid distension of the left ventricle 
and the heart is vented by making a small  incision in either 
the left atrial appendage or the right superior pulmonary 
vein. In addition, rapid cooling of the heart is achieved by 
throwing crushed ice into the pericardial well. Subsequently, 
the heart is excised by severing different locations: dividing 
the superior and inferior vena cava with a cuff, the aorta 
close to the innominate artery branch, the pulmonary artery 
at its bifurcation, and the pulmonary veins to leave a cuff at 
the left atrium. Following excision, the heart is examined for 
a patent foramen ovale, which, if present, is closed.

Preservation of the heart is of paramount importance and a safe 
ischemic period for the heart is 4 to 6 hours. The heart is gener-
ally transported in a sterile container immersed in a cardiople-
gic storage solution at a temperature of 4°C to 6°C. Various 
commercially available solutions exist that differ in their ionic 
composition and are classified as extracellular or intracellular 
solutions, each with its own protagonists and opponents.

Orthotopic Heart Implantation

There are two different techniques for the right sided 
anastomosis: (1) the bicaval technique, in which the 
donor cavae are anastomosed to the recipient cavae, and 
(2) the biatrial technique, where the donor right atrium is 

Figure 65-9. Alfieri stitch. The edges of middle portions of the 
anterior and posterior leaflet are brought together. (Source: Mi-
tral Valve Repair, Chen FY, Cohn LH in Cardiac Surgery in Adult, 
Editor L H Cohn 3rd edition.)



CHAPTER 65 /  Surgical Therapy of Heart Failure 765   

attached to the recipient right atrium. The bicaval tech-
nique is preferred by some due to the reported decrease in 
the incidence of tricuspid regurgitation in the late post-
transplant period, and this is the technique described 
below.

Under general anesthesia, the patient is laid supine on 
the operating room table and the chest and lower ex-
tremities are prepped and draped in a sterile fashion. A 
median sternotomy is performed and the patient is fully 
heparinized. Aortic and bicaval venous cannulation is 
carried out. Snares are passed along both the superior and 
inferior vena cava. The patient is placed on full cardio-
pulmonary bypass and the aortic cross clamp is applied. 
Following this, the native heart is excised to leave a cuff 
of the left atrium, superior and inferior vena cava, a cuff 
of the native aorta just proximal to the native aorta, and 
the main pulmonary artery just proximal to its bifurca-
tion. The donor heart is prepared to match the native 
cuffs. It is brought into the field between small ice packs. 
Following completion of the left atrial and aortic anas-
tomosis, adequate de-airing, and administration of ste-
roids, the aortic cross clamp is removed. This minimizes 
the ischemic interval for the donor heart. Subsequently, 
the inferior vena caval, pulmonary arterial, and superior 
vena caval anastomoses are carried out and the patient is 
weaned off cardiopulmonary bypass. Protamine is admin-
istered to neutralize the effects of heparin and the can-
nulae are removed. Temporary pacing wires are placed on 
the epicardial surface of the right atrium and the right 
ventricle. Chest tubes are positioned in the mediastinum 
(and the pleural cavities as appropriate), followed by chest 
closure and transportation to the intensive care unit for 
 observation. It is important to keep the heart rate around 
110 beats per minute either by using isoproterenol or by 
pacing. This helps to prevent the distension of the donor 
right ventricle as it works against higher native pulmo-
nary pressures than it is used to.

Initial Immunosuppressive Therapy

Initial immunosuppression includes tacrolimus or cy-
closporine, mycophenolate mofetil, and corticosteroids, 
but the specific regimen usually varies with the particular 
transplant center. Induction therapy with thymoglobulin 
or other agents is usually reserved for pretransplant renal 
insufficiency to avoid early exposure to calcineurin inhibi-
tors or in high risk patients (e.g., elevated PRA, multiparous 
women, retransplant); however, again, this varies with the 
transplant center. The selection and modification of a par-
ticular regimen of immunosuppressive therapy are depen-
dent on multiple factors including any evidence of rejection 
on surveillance heart biopsies, renal and liver dysfunction, 
and patient tolerance.

Mechanical Circulatory 
Support Devices

The artificial heart program was initiated by the National 
Institutes of Health in 1964 to encourage the development 
of temporary mechanical circulatory support for end-stage 
heart failure. Subsequent research and development has 
led to the design of a plethora of devices intended to sup-
port patients in acute and chronic heart failure. The first 
total artificial heart, designed by Dr. Domingo Liotta in 
1969, was implanted in a human being by Dr. Denton 
Cooley as a bridge to heart transplantation. The patient 
survived for almost 3 days with the artificial heart and 
a further 36 hours with a transplanted heart. In 1994, 
with further developments in the field, the U.S. Food and 
Drug Administration approved the use of left ventricular 
assist devices (LVAD) from Thermo Cardiosystems Inc. 
(TCI) for circulatory support in patients awaiting heart 
transplantation. In order to better understand the role 
of LVAD as an alternative to cardiac transplantation, 
the REMATCH (Randomized Evaluation of Mechanical 
Assistance for the Treatment of Congestive Heart Failure) 
was conducted. In this study, 129 patients in NYHA 
Class IV heart failure were randomized to maximal 
medical therapy (61 patients) or implantation of LVAD 
(68  patients). One- and 2-year survival for the medical 
arm was 25% and 8%, respectively, as compared to 53% 
and 23% survival in the surgical arm. A 48% mortality 
reduction favored the implantation of LVAD in theseis 
patients population with end-stage heart failure who were 
not transplant candidates. 

Mechanical ciruculatory support devices (MCSD) are uti-
lized in various clinical scenarios as a bridge to transplan-
tation or recovery or as destination therapy. LVADs have 
been implanted in more than 4,000 patients as a bridge 
to heart transplantation. When a patient is deemed to be 
a suitable candidate for transplantation, the LVAD is im-
planted and the patient is discharged. Following adequate 
recovery and optimization of various parameters, includ-
ing nutritional status, the patient is listed for heart trans-
plantation. Upon the availability of a suitable donor, the 
LVAD and the native heart are explanted and the donor 
heart is implanted. In patients considered unsuitable for 
transplantation for a variety of reasons (smoking, obesity, 
recently diagnosed cancer, patient preference, severe pul-
monary hypertension), LVADs are offered as destination 
therapy. A small cohort of patients (acute-onset fulminant 
myocarditis, postpartum cardiomyopathy, nonischemic 
dilated cardiomyopathy) may recover cardiac function 
while on LVAD support and the device can be success-
fully explanted. Our experience at Ohio State University 
Medical Center in the various categories is outlined in 
Figure 65-10.
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Types of Devices

The devices can be classified depending on the duration of 
support or their flow characteristics (Figure 65-11).

Intra-aortic Balloon Pump (IABP)
The simplest of mechanical circulatory support, familiar in 
every hospital, is the percutaneously inserted intra-aortic 
counterpulsation balloon pump through the femoral artery 
with its tip positioned just distal to the origin of the left sub-
clavian artery. The position of the tip of the balloon pump is 
confirmed either with a chest x-ray or by a trans-esophageal 
echocardiogram, if the patient is in the operating room. The 
intra-aortic balloon is programmed to rapidly inflate in early 
diastole when the aortic valve closes and rapidly deflate just 
before systole when the aortic valve opens and the left ven-
tricle is ejecting. Coronary blood flow occurs during dias-
tole and inflation of the balloon during diastole augments 
the coronary perfusion. In addition, the inflated balloon 
displaces blood and increases the mean blood flow to the 
periphery. Deflation of the balloon during systole, when the 

aortic valve opens, decreases the afterload and augments the 
stroke volume. The main contraindications to the insertion 
of the IABP are aortic insufficiency, aortic dissection, and 
an extremely atheromatous and calcified aorta.

Extracorporeal Membrane 
Oxygenation (ECMO)
The indications for placing a patient on ECMO can be 
broadly classified into cardiac and respiratory dysfunction. 
Some patients in cardiac failure, refractory to inotropic 
and IABP support, benefit from placement on ECMO; the 
categories include perioperative myocardial infarction, car-
diac arrest in the catheterization laboratory, postcardiotomy 
cardiogenic shock, and cardiac allograft dysfunction or fail-
ure. In addition, ECMO is used to support patients in re-
spiratory failure not responsive to conventional ventilation 
techniques (e.g., adult respiratory distress syndrome, acute 
lung injury). The circuit usually consists of a centrifugal 
pump, heat exchanger, membrane oxygenator, and cannulas 
(either inserted percutaneously into the vessels or central 
cannulation via a sternotomy). A veno-arterial ECMO sup-
ports both cardiac and respiratory function. The cannulas 
are inserted to drain the blood from the femoral vein, and 
after passage through the ECMO circuit, the blood is de-
livered into the femoral artery. If the chest is open, central 
cannulation can be carried out with a cannula in the right 
atrium for venous drainage and cannula in the aorta for de-
livery of the oxygenated blood. After a period of support 
and with recovery of cardiac and respiratory function, the 
patient is weaned off the ECMO support and decannulated. 
Venovenous ECMO is used for pure respiratory failure.

Short-Term Mechanical 
Circulatory Support
The experience at Ohio State University Medical Center 
in providing short-term mechanical support for both the 
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Figure 65-10. Categories of patients at Ohio State University Medical Center. BTT, bridge to transplanta-
tion; DT, destination therapy.

Short term support
 – Pulsatile
  • Intra-aortic balloon pump
  • Abiomed BVS/AB 5000
  • Thoratec PVAD/IVAD
 – Continuous flow
  • Tandem heart
  • Levotronix–centrimag
  • Impella 2.5
  • Impella 5.0
  • Circulite

Short term support
 – Pulsatile
  • Abiomed AB 5000
  • Thoratec IVAD/PVAD
  • Heartmate XVE
  • Novacor
 – Continuous flow
  • Micromed
  • Heartmate II
  • Ventrassist
  • Heartware
  • Duraheart

Figure 65-11. Types of devices based on duration of support 
and flow characteristics.



CHAPTER 65 /  Surgical Therapy of Heart Failure 767   

left and right ventricle is illustrated in Figure 65-12. A 
wide variety of devices (Figures 65-13 and 65-14) are 
utilized as rescue therapy in patients in cardiogenic shock 
with right or left ventricular failure or biventricular failure. 
To provide support for the left side, the apex of the ven-
tricle, the right superior pulmonary vein, or the left atrial 

appendage is cannulated and blood circulates through the 
pump and is delivered into the aorta. For right ventricu-
lar failure, a cannula is inserted into the right atrium to 
provide the venous drainage, and after circulating through 
the pump, the blood is delivered through a cannula in the 
pulmonary artery. Percutaneously inserted pumps of inter-
est to the interventional cardiologists include the Tandem 
Heart and Impella 2.5 for use in high risk coronary inter-
ventions. The TandemHeart (Figure 65-15) consists of 
a percutaneously inserted cannula in the femoral vein, 
which is guided across the interatrial septum, and the tip 
is positioned in the left atrium. The blood is withdrawn 
from the left atrium and the magnetically driven centrifu-
gal pump delivers the blood into the arterial circulation 
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Figure 65-12. Ventricular assist devices—Short-term support at Ohio State University Medical Center.

Figure 65-13. A biomed AB ventricle. Figure 65-14. Levotronix centrimag.
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via a percutaneously placed cannula in the femoral artery. 
The pump can provide support from a few hours to 14 
days and help the left ventricle recover. In contrast, the 
Impella 2.5 heart pump (Figure 65-16) is percutaneously 
placed through the femoral artery, across the aortic valve 
with inlet tip in the left ventricle from where the blood 
is drawn, and is then delivered into the ascending aorta 
to provide safety during high risk coronary interventions. 
The safety and feasibility were studied in the PROTECT 
1 trial.

Long-Term Mechanical Circulatory Support
Various devices are currently in use for providing long-
term mechanical circulatory support for patients with 
end-stage congestive heart failure, either as a bridge to 
heart transplantation, as recovery, or as destination 
therapy. A typical left ventricular assist device consists 
of an inflow cannula inserted into the apex of the left 
ventricle, which is connected to the device and placed 
in the left subcostal region in a pre-peritoneal pocket. 

From the device, an outflow graft is anastomosed to the 
ascending aorta. The device is powered via a percutaneous 
lead connected to external rechargeable batteries and a 
power source. The devices have evolved from first-gener-
ation volume displacement pulsatile devices with valves 
(Heartmate XVE) to second-generation smaller axial flow 
pumps (Heartmate II;, Figure 65-17) and to the third-
generation rotary pumps with noncontact magnetically 
levitated bearings pumps (VentrAssistTM). Patients on the 
axial flow pumps and the rotary pumps need to be antico-
agulated to minimize the risk of thromboembolic events. 
Whereas the above devices provide long-term support 
for the left ventricle, the Syncardia Cardiowest Total 

Figure 65-16. Impella 2.5 system.
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Figure 65-15. TandemHeart.
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Artificial Heart (Figure 65-18), approved by the Food 
and Drug Administration for bridge to cardiac transplan-
tation in 2004, is indicated in patients with biventricular 
failure where the native heart is excised and the device is 
implanted within the mediastinum. The patient is subse-
quently transplanted when the device is removed and the 
donor heart is implanted. Our medical center’s experience 
with long-term mechanical circulatory support is outlined 
in the graph (Figure 65-19).

SUMMARY

Congestive heart failure is a growing public health prob-
lem worldwide with significant morbidity and mortality. 
Optimization of medical therapy alleviates the symptoms and 
results in improved survival. Cardiac transplantation is epi-
demiologically trivial. With modifications and innovations 

in the devices, long-term mechanical circulatory support 
 appears to be a promising option in decreasing mortality 
from congestive heart failure and providing improved qual-
ity of life.

Figure 65-18. Syncardia Cardiowest Total Artificial Heart.

Figure 65-17. Heartmate II LVAD.
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Figure 65-19. Long-term mechanical circulatory support at Ohio State University Medical Center. HM, 
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Sudden Cardiac Death and 
Ventricular Arrhythmias

John D. Hummel and Macy C. Smith
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• Sudden cardiac death is one of the leading causes of 
death in the United States with the absolute number 
of sudden cardiac deaths in the United States rang-
ing between 200,000 and 450,000 per year.

• Ventricular fibrillation (VF) and ventricular tachycar-
dia (VT) as well as premature ventricular contractions 
(PVCs), non-sustained VT, and accelerated idioven-
tricular rhythms that occur during acute myocardial 
infarction or within the first 72 hours of the event are 
usually due to increased automaticity and generally 
do not have meaningful prognostic implications.

• Implantation of an implantable defibrillator for pri-
mary prevention of sudden death entails implanta-
tion in a patient at risk for sudden cardiac arrest who 
has never suffered such an event.

• Implantation of a defibrillator for primary preven-
tion of sudden death is a Class I indication with an 
ischemic cardiomyopathy at least 40 days post-MI 
when patients have an LVEF ≤35% and are in NYHA 
class II or III; have an LVEF ≤ 30% and are in NYHA 
class I; or have non-sustained VT, LVEF≤40%, and 
inducible VF or sustained VT at electrophysiological 
testing.

• Implantation of an implantable defibrillator for sec-
ondary prevention of sudden death entails implanta-
tion of an ICD in a patient who has survived a sudden 
cardiac arrest or malignant ventricular arrhythmia.

• Patients have a class I indication for implantation 
of a defibrillator for secondary prevention of sud-
den death if they have hemodynamically stable (with 

structural heart disease) or unstable sustained VT or 
survive a cardiac arrest caused by VT/VF not due to 
reversible causes; or if they suffer syncope and have 
sustained VT or VF induced at electrophysiological 
study.

• Sudden cardiac death accounts for approximately 
30% of the deaths that occur in irreversible cardio-
myopathies unrelated to underlying coronary artery 
disease.  If such a patient has a history of unheralded 
syncope, their incidence of sudden cardiac death can 
exceed 30%.

• The current recommendation for ICD implantation 
in patients with complex congenital heart disease 
qualifies as Class I only for those patients having suf-
fered and survived a cardiac arrest or symptomatic 
sustained ventricular tachycardia not due to a revers-
ible cause.

• Hypertrophic cardiomyopathic genetic polymor-
phisms affect approximately one out of every 500 
persons in the general population and is the most 
common cause of cardiac arrest in people less than 
40 years of age

• Patients with structurally normal hearts carry a low 
risk of sudden death as a whole, but there are popula-
tions of patients with congenital ion channelopathies 
that are an exception to this rule.  The best charac-
terized of these disorders are long QT syndrome, 
Brugada syndrome, catecholaminergic ventricular 
tachycardia, Short QT syndrome, and idiopathic ven-
tricular fibrillation.

d PRACTICAL POINTS
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INTRODUCTION

Sudden cardiac death (SCD) is one of the leading causes 
of death in the United States and its prevention remains a 
challenge. The absolute number of sudden cardiac deaths 
in the United States ranges between 200,000 and 450,000 
per year. Although the death toll in patients with pre-
existing coronary disease has declined dramatically over 
the years, sudden cardiac death rates have only modestly 
improved. Sudden cardiac death can either occur from 
cardiac mechanical failure (in the setting of an acute car-
diac event or due to chronic disease of the myocardium) 
or result from malignant brady or tachyarrhythmias with 
tachyarrhythmic events representing the majority of these 
occurrences (Figure 66-1). Although sudden cardiac 
death occurs more frequently in patients with underlying 
coronary artery disease, these patients represent a minor-
ity of the total events per year in the general population 
(Figure 66-2). The objective of this chapter is to discuss 
the numerous causes of malignant ventricular arrhyth-
mias that cause sudden cardiac death and to clarify the 
opportunities and recommendations for the primary and 
secondary prevention of these arrhythmias. Given that 
implantable defibrillators are the most often used tool 
in the primary or secondary prevention of sudden death 
in many populations, frequent reference will be made to 
the 2008 ACC/AHA/HRS Guidelines for Device-Based 
Therapy with regard to whether implantable defibrillator 
implantation should be performed. The guidelines’ rec-
ommendations are categorized into Class I recommenda-
tions (should be performed), Class IIa recommendations 

( reasonable to perform), Class IIb recommendations (may 
be considered), and Class III recommendations (should 
not be performed).

CORONARY ARTERY DISEASE 
AND SUDDEN DEATH

Acute Myocardial Infarction

Ventricular fibrillation (VF) and ventricular tachycardia 
(VT) occur in approximately 10% of ST elevation and 2% 
of non-ST elevation acute myocardial infarctions (AMI) 
and usually occur within the first 24 hours of the event. 
Delayed phase arrhythmias such as premature ventricular 
contractions (PVCs), nonsustained VT, and accelerated 
idioventricular rhythms occur up to 72 hours post-MI and 
are due to increased automaticity of surviving Purkinje cells. 
Thrombolysis and acute coronary angioplasty recanalizes 
thrombotic coronary occlusions, which reperfuses the myo-
cardium and reduces infarct size, reducing the risk of substrate 
for lethal ventricular arrhythmias. Reperfusion arrhythmias 
are similar to delayed phase arrhythmias but include tran-
sient sinus bradycardia after reperfusion of an inferior infarct. 
It is uncommon for reperfusion arrhythmias or delayed phase 
arrhythmias to require urgent treatment, and they generally 
do not have meaningful prognostic implications.

Coronary Care Units have significantly decreased the risk of 
death from VT/VF in AMI due to continuous cardiac rhythm 
monitoring by highly trained nurses. In this controlled set-
ting, defibrillators, pacemakers, and emergent intravenous 
drugs are readily available in case of emergency. These units 
are also well equipped for intensive hemodynamic monitor-
ing and intraaortic balloon counter pulsation to provide 
supportive care to hemodynamically compromised patients. 
Despite all the capabilities that these units provide, it is the 
rapid access to immediate defibrillation that appears to have 
had the greatest effect on acute survival. Beta-blockers initi-
ated in the acute phase result in a 23% reduction in long-
term mortality, whereas angiotensin converting enzyme 
inhibitors reduce SCD after an AMI, presumably from an-
tiatherosclerotic effects and reverse myocardial remodeling. 
Often, despite an arrhythmic arrest in the setting of an acute 
myocardial infarction, further evaluation of the need for an 
implantable defibrillator to protect against future arrest is 
reserved until well after full recovery from the acute isch-
emic insult, when reverse remodeling is complete and the 
patient’s long-term arrhythmogenic substrate is established.

An implantable cardioverter defibrillator (ICD) implanta-
tion has been found to be one of the most effective means 
of prevention of sudden cardiac arrest in populations at risk. 
ICDs are implanted for either primary or secondary preven-
tion of sudden cardiac arrest. Primary prevention entails 
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Figure 66-1. Distribution of the arrhythmic events at the time of 
sudden cardiac arrest.
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implantation in a patient at risk for sudden cardiac arrest 
who has never suffered such an event. Secondary preven-
tion entails implantation of an ICD in a patient who has 
survived a sudden cardiac arrest or malignant ventricular ar-
rhythmia. Despite the efficacy of ICD implantation, there 
is general agreement that there are populations in whom 
the implantation of ICDs may not prove beneficial and may 
even be deleterious. The 2008 ACC/AHA/HRS recom-
mendations on device based therapies recommend against 
implantation of ICDs in the following populations:

 1. Patients without a reasonable expectation of survival 
with an acceptable functional status for at least 1 year, 
even if they meet ICD implantation criteria in other 
respects.

 2. Patients with incessant VT or VF.
 3. Patients with significant psychiatric illnesses that may 

be aggravated by device implantation or that may pre-
clude systematic follow-up.

 4. Patients with NYHA Class IV heart failure who are 
not candidates for cardiac transplantation or cardiac 
resynchronization therapy.

 5. Patients with syncope of undetermined cause without 
inducible ventricular tachyarrhythmias and without 
structural heart disease.

 6. Patients in whom VT or VF is amenable to surgical 
or catheter ablation in the absence of structural heart 
disease.

 7. Patients with ventricular tachyarrhythmias due to a 
completely reversible disorder (such as acute coronary 
ischemia) in the absence of structural heart disease.

Ischemic Cardiomyopathy

Patients who have survived an acute myocardial infarction 
all develop some degree of myocardial scar and fibrosis from 
the ischemic insult. The amount of territory suffering the 
ischemic insult, the rapidity of reperfusion, and the phar-
macologic agents employed postinfarction along with other 
factors all play a role in the severity of the resulting ischemic 
cardiomyopathy. The burden of scar and fibrosis on MRI and 
the chronic left ventricular ejection fraction resulting from 
the ischemic insult are among the best predictors of the pa-
tient’s subsequent risk of sudden cardiac arrest. Implantable 
cardioverter defibrillator implantation is the most effective 
means of protecting certain populations from sudden death 
and exceeds the benefit of any membrane active antiarrhyth-
mic medication. Multiple studies have proven the efficacy 
of secondary prevention use of ICDs and, subsequently, pri-
mary prevention use of ICDs. It is important to have a work-
ing knowledge of these studies and their seminal findings.

Secondary Prevention
Cardiac Arrest Study Hamburg (CASH), Canadian Im-
plantable Defibrillator Study (CIDS), and Antiarrhythmics 
Versus Implantable Defibrillators (AVID) were among the most 
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important prospective, randomized, multicenter trials evaluat-
ing strategies of secondary prevention of SCD (Table 66-1).

CASH, with 191 patients studied, compared treatment with 
an ICD versus metoprolol, propafenone, or amiodarone in 
cardiac arrest survivors. A nonsignificant reduction in the 
relative risk of mortality was found in the ICD group (23%, 
p = 0.08) compared to medication with a strong trend in 
favor of ICDs. However, the propafenone arm was discontin-
ued early given its inferiority to the other three therapies.

CIDS, with 659 patients, compared total mortality in pa-
tients with cardiac arrest or hemodynamically significant 
VT receiving an ICD versus amiodarone. In this trial there 
was a nonsignificant reduction in mortality with ICD, which 
provided a relative risk reduction of 19.7% (p = 0.14).

However, the fact that CASH and CIDS, with an approxi-
mately 20% reduction in mortality, did not meet statisti-
cal significance was considered in the context of the AVID 
trial. AVID was the largest of these three secondary pre-
vention trials enrolling 1,016 patients and following 4,595 
patients in its registry. AVID randomized patients surviv-
ing cardiac arrest caused by VT/VF, patients with VT and 
a left ventricular ejection fraction ≤40%, or patients with 
VT and syncope to receive either an ICD, empiric amio-
darone, or sotalol therapy. Enrollment was terminated early 
(18 months) due to a significant survival benefit in the ICD 
arm of the trial (39% reduction in mortality at 1 year). A 
later meta-analysis of secondary prevention trials found a 
significant 25% reduction in mortality with ICD therapy 
compared to amiodarone that was due to a 50% reduction 
in the risk of cardiac arrest in the ICD population.

Based on these studies and others, the recommendations 
are that patients surviving a cardiac arrest caused by VT/VF 
not due to reversible causes; patients with hemodynamically 
unstable sustained VT not due to reversible causes; patients 

with sustained hemodynamically stable or unstable VT with 
structural heart disease; and patients with syncope with 
clinically relevant, hemodynamically significant sustained 
VT or VF induced at electrophysiological study have a Class 
I indication for ICD implantation.

Primary Prevention
The Multicenter Automatic Defibrillator Trial I 
(MADIT I), Multicenter Automatic Defibrillator Trial II 
(MADIT II), and Sudden Cardiac Death in Heart Failure 
Trial (SCD-HeFT) were all trials comparing strategies for 
the primary prevention of SCD (Table 66-2). These tri-
als were developed due to the difficulties encountered in 
accurately risk stratifying those patients known to be at 
high risk for sudden cardiac arrest. The trials implement-
ing ICDs for secondary prevention defined those patients 
with reduced left ventricular systolic function (EF <40%) 
as the population at the highest risk for sudden death 
and heightened the need to determine if sudden cardiac 
death could be primarily prevented by preemptive ICD 
implantation.

MADIT I evaluated patients with a prior MI, LVEF <35%, 
and one episode of nonsustained VT. Patients who had 
inducible sustained monomorphic VT or VF at electro-
physiologic testing that was nonsuppressible with IV pro-
cainamide were randomized to ICD versus medical therapy 
( amiodarone). A 54% reduction in mortality with ICDs 
prompted early termination of the trial.

MADIT II evaluated mortality in patients with ICDs whose 
sole risk factors were prior myocardial infarction and reduced 
left ventricular function. Patients required documentation 
of coronary artery disease, LVEF ≤30% of greater than 3 
months’ duration, and greater than 1 month since the most 
recent myocardial infarction. Of note, there was no require-
ment for NSVT or EPS. Patients were optimized medically 
including treatment with beta-blockers and ACE inhibitors. 

Table 66-1 • Secondary Prevention Trials of Sudden Cardiac Dealth

Trial Year
Patients

(n) Aim
Inclusion 
Criterion LVEF ≤ to

Other Inclu-
sion Criterion

Hazard
Ratio*

95% Confidence 
Interval P

AVID 1997 1016 Antiarrhythmic 
treatment vs. ICD

40 Prior cardiac 
arrest

0.62 0.43–0.82 p=0.012

CASH† 2000 191 ICD vs. 
antiarrhythmic
agents

M: 45 ± 18 at 
baseline

Prior cardiac 
arrest

0.77 1.112‡ 0.081§

CIDS 2000 659 ICD vs. Amiodarone 35 Prior Cardiac 
arrest

0.82 0.60–1.10 NS

*Hazard ratios for death due to any cause in the implantable cardiaverter-defibrillator group compared with the non-implantable cardioverter-defibrillator group.
†Includes only implantable cardioverter-defibrillator and amiodarone patients from CASH.
‡Upper bound of 97.5% confidence incidence.
§ One-tailed.
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Randomization occurred in a 3:2 ratio with 742 patients re-
ceiving ICDs and 490 receiving conventional medical ther-
apy. A significant 31% relative risk reduction for mortality 
was observed after a mean follow-up of 20 months.

SCD-HeFT compared amiodarone to shock-only ICDs with 
back-up single chamber pacing in patients with ischemic 
and nonischemic heart failure (NYHA Class II and III) 
and a LVEF ≤35%. Patients were randomized to receive an 
ICD versus amiodarone versus placebo along with standard 
heart failure medical therapy. At a median follow-up of 46 
months, ICD implantation was associated with a significant 
reduction in mortality of 23% in comparison to the other 
arms of the trial. Amiodarone demonstrated no added ben-
efit when compared to placebo.

Based on these and other trials, implantable defibrillators 
in addition to optimal medical therapy (beta-blockers, an-
giotensin converting enzyme inhibitors, and direct aldos-
terone inhibition) are the recommended interventions for 
primary prevention of sudden cardiac arrest in patients with 
underlying ischemic cardiomyopathies and congestive heart 
failure. The ACC/AHA/HRS guidelines for device based 
therapy in 2008 indicate that primary prevention implanta-
tion of an ICD in patients with an ischemic cardiomyopathy 
is  warranted when:

 1. Patients have an LVEF ≤35% due to prior MI, are at 
least 40 days post-MI, and are in NYHA Class II or III 
(Class I indication).

 2. Patients have an LVEF ≤30% due to prior MI, are at 
least 40 days post-MI, and are in NYHA Class I (Class 
I indication).

 3. Patients have nonsustained VT, prior MI, LVEF 
≤40%, and inducible VF or sustained VT at electro-
physiological testing (Class I indication).

 4. Patients have sustained VT and normal or near- normal 
left ventricular function (Class IIa indication).

 5. Patients are not hospitalized but are awaiting cardiac 
transplantation (Class IIa indication).

 6. Patients have syncope and advanced structural heart 
disease without an identifiable cause of syncope (Class 
IIb indication).

Risk Stratifying Techniques
The use of left ventricular ejection fraction alone as the 
sole major determinate for which patients receive an ICD 
is unappealing given that only 23% of the patients in the 
MADIT-II study received appropriate therapy from their 
devices. In an attempt to better define populations at risk 
for sudden cardiac arrest, several different techniques in-
cluding signal averaged electrocardiography, heart rate vari-
ability analysis, baroreflex sensitivity, QRS duration, and 
electrophysiological testing have been employed in an ef-
fort to detect underlying substrate that predisposes patients 
to reentrant ventricular arrhythmias and an increased risk 
of sudden cardiac death. Most of these techniques have 
been developed and evaluated in patients with ischemic 
cardiomyopathies. Despite the fact that they can play a use-
ful role in defining degree of risk around the edges when the 
patient’s risk is less well defined, their overall usefulness in 
discriminating who is at highest risk of sudden death has 
been disappointing. Their role in nonischemic heart disease 
is even less clear.

Variations in the shape and amplitude of the T-wave (T-wave 
alternans) can be evaluated using a microvolt T-wave altern-
ans (MTWA) technique. A negative microvolt T-wave alter-
nans study appeared to confer a very low risk of sudden death 
in patients with ischemic cardiomyopathies, but this has not 
held up in clinical trials. The Microvolt T-Wave Alternans 
Testing for Risk Stratifications of Post MI Patients (MASTER 
I) trial included 654 patients who met the MADIT-II indica-
tion for ICD implantation. Patients underwent MTWA test-
ing and then underwent ICD implantation with prespecified 

Table 66-2 • Primary Prevention Trials of Sudden Cardiac Death

Trial Year
Patients

(n) Aim
Inclusion 
Criterion: LVEF ≤ to

Other Inclu-
sion Criterion

Hazard
Ratio*

95% Confidence 
Interval P

MADIT I 1996 196 ICD vs. standard 
medical treatment

35 NSVT and 
positive EP

0.46 0.26–0.82 0.009

MADIT II 2002 1232 Conventional therapy 
vs. ICD

30 Prior MI 0.69 0.51–0.93 0.016

SCD-HeFT 2005 900 Conventional 
therapy + placebo 
vs. conventional 
therapy + amiodarone 
vs. conventional 
therapy + ICD

35 Prior MI or 
NICM

0.77 0.62–0.96 0.007

*Hazard ratios for death due to any cause in the implantable cardiaverter-defibrillator group compared with the non-implantable cardioverter-defibrillator group.
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programming to minimize the likelihood of shocks for non-life-
threatening arrhythmias. Results showed that the primary end 
point of life- threatening ventricular tachyarrhythmic events 
(as assessed by ICD shocks) was not significantly different be-
tween patients with negative and nonnegative MTWA tests. 
MTWA and Signal-Averaged ECG (SAECG) are reasonable 
for improving risk stratification in patients who are at risk for 
developing life-threatening ventricular arrhythmias without 
a clear indication for an ICD, such as those with borderline 
ejection fractions. Electrophysiologic (EP) testing has chal-
lenges in its positive predictive accuracy and, despite good 
negative predictive accuracy over a 2-year time horizon, has 
poor negative predictive accuracy over longer time periods. 
Despite these limitations, inducible sustained monomor-
phic VT in structurally abnormal hearts or in patients with 
symptoms suggestive of VT carries a very high risk of sudden 
death. EP testing is a Class I recommendation for evaluation 
of patients with remote MI and symptoms, such as syncope 
or symptomatic palpitations, suggesting ventricular tachyar-
rhythmia. EP testing is reasonable for risk stratification in 
patients with remote MI, NSVT, and LVEF <40%.

Thus, through multiple studies, the guidelines for manage-
ment of the risk of sudden cardiac death are fairly well delin-
eated in the population of patients with underlying coronary 
artery disease. This leaves open the question as to whether 
these same rules apply to those patients with cardiomyopa-
thies unrelated to coronary artery disease.

SUDDEN CARDIAC DEATH IN 
CARDIOMYOPATHIES UNRELATED 
TO CORONARY ARTERY DISEASE

Nonischemic Cardiomyopathy

One population of patients with the highest risk of sudden 
cardiac arrest is those with irreversible cardiomyopathies un-
related to underlying coronary artery disease. Nonischemic 
dilated cardiomyopathies represent the final common path-
way for many infectious, familial, and toxic causes of cardio-
myopathy. Sudden cardiac death accounts for approximately 
30% of the deaths that occur in this condition, and if such 
a patient has a history of unheralded syncope, his or her 
incidence of sudden cardiac death can exceed 30%. ICDs 
have been shown to be superior to antiarrhythmic medica-
tions (including amiodarone) and/or best medical therapy 
in the patients who have already endured and survived a 
potentially lethal arrhythmic event (secondary prevention). 
Primary prevention of sudden cardiac arrest in patients who 
are at risk for, but have not suffered, a cardiac arrest has also 
been proven to be best served by ICD implantation in this 
population. The Definite (Defibrillators in Non-Ischemic 
Cardiomyopathy Treatment Evaluation) trial randomized 

459 patients with nonischemic cardiomyopathies, left ven-
tricular ejection fraction less than or equal to 35%, and PVCs 
and/or nonsustained ventricular tachycardia to receive the 
best medical therapy with or without an ICD. There was 
a strong trend toward improved survival in the ICD arm 
of the trial. This was closely followed by the release of the 
SCD-HeFt trial, which was previously discussed. SCD-HeFt 
enrolled 2,521 patients with heart failure and LVEF ≤35% 
who were then randomized to placebo, amiodarone, or 
implantable defibrillator; 1,210 patients in this study had 
nonischemic cardiomyopathies and ICD therapy was as-
sociated with a significant reduction in all-cause mortality 
over and above both the amiodarone and placebo arms. The 
timing of defibrillator implantation should allow ample time 
to determine that optimal medical therapy will not signifi-
cantly improve left ventricular dysfunction and ensure that 
reversible causes of cardiomyopathy have been excluded or 
addressed. However, the Definite trial demonstrated that pa-
tients with an early diagnosis of cardiomyopathy do not ben-
efit less than those with long-standing cardiomyopathies.

Given these findings, the 2008 ACC/AHA/HRS indica-
tions for ICD implantation in patients with irreversible 
nonischemic cardiomyopathies include the following:

 1. Patients surviving a cardiac arrest due to VF or hemo-
dynamically unstable VT (Class I)

 2. Patients with a left ventricular ejection fraction 
≤35% who have NYHA Class II or III congestive 
heart  failure (Class I)

 3. Patients with unexplained syncope (Class IIa)
 4. Patients awaiting cardiac transplantation (Class IIa)
 5. Patients with a left ventricular ejection fraction 

≤35% who have NYHA Class I congestive heart fail-
ure (Class IIb)

Outside the general categories of ischemic and nonischemic 
cardiomyopathies are specific forms of cardiomyopathy that 
carry an increased risk of sudden death, occasionally during 
the earliest stages. The most prominent of these are congen-
ital heart disease and genetically based cardiomyopathies, 
such as hypertrophic cardiomyopathy, arrhythmogenic right 
ventricular dysplasia, noncompaction of the left ventricle, 
and familial cardiomyopathies. Extrinsic cardiomyopathies 
such as sarcoidosis, amyloidosis, giant cell myocarditis, 
Chagas disease, and those associated with neuromuscular 
disease also carry a significant risk of sudden death.

Congenital Heart Disease

Sudden cardiac death in the pediatric population generally 
occurs in the setting of a genetic arrhythmia syndrome or car-
diomyopathic process, both of which are discussed later in this 
chapter. Children and adolescents with complex congenital 
heart disease present a unique challenge in that there are no 
large, prospective, randomized trials to help one discern who 
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would benefit from an ICD implant for primary prevention 
of sudden death. Indeed, the pediatric population as a whole 
accounts for less than 1% of all ICD implants. For this reason, 
the current recommendation for ICD implantation in patients 
with complex congenital heart disease qualifies as Class I only 
for those patients having suffered and survived a cardiac arrest 
or symptomatic sustained ventricular tachycardia not due to a 
reversible cause. If the patient has recurrent syncope of unde-
termined etiology, ventricular dysfunction, and/or inducible 
ventricular arrhythmias at electrophysiological testing, then 
there is a Class IIa recommendation for ICD implantation. 
Unexplained sudden death affects a large number of patients 
with transposition of the great arteries and congenital aortic 
stenosis as well as patients who have had successful surgical 
repair of Tetralogy of Fallot. ICD implantation can be consid-
ered on a Class IIb basis for patients with recurrent syncope 
with complex congenital heart disease and systemic ventricu-
lar dysfunction when studies have failed to reveal a cause. It 
is unfortunate that many of the patients at risk for sudden 
death have normal systemic ventricular function but remark-
ably abnormal ventricular function supporting the pulmonary 
circulation, which likely increases their risk of sudden death. 
Nevertheless, the ACC/AHA/HRS 2008 guidelines for de-
vice based therapy  stipulate the above criteria, all of which 
require symptoms (in the form of syncope, VT, or cardiac ar-
rest) in order for ICD therapy to be considered.

Genetically Based Cardiomyopathies

Hypertrophic cardiomyopathic genetic polymorphisms af-
fect approximately 1 out of every 500 persons in the general 
population and is the most common cause of cardiac arrest 
in people younger than 40 years of age. The annual mortality 
of patients with the phenotypic expression of this disorder 
ranges from 1 to 6% and, therefore, discrimination of those 
patients at greatest risk of sudden death is necessary to guide 
how aggressive a preventive strategy is needed. The major 
risk factors in this population include a history of syncope, a 
family history of sudden cardiac arrest, LV thickness greater 
than or equal to 30 mm, and a flat or hypotensive response 
to exercise in patients younger than 40 years of age. An ICD 
may be considered in these patients if they have one or more 
of the major risk factors listed above, but this is a Class IIa 
recommendation. If patients with hypertrophic cardiomyo-
pathy suffer a cardiac arrest, have spontaneous sustained 
VT, or have syncope with inducible VT at EP testing, they 
have a Class I indication for ICD implantation.

Arrhythmogenic right ventricular dysplasia (ARVD) in-
volves fibro-fatty infiltration of the right (and sometimes the 
left) ventricle and is genetically derived. Although difficult to 
diagnose, the right ventricular enlargement can be reflected 
by an epsilon wave on electrocardiogram (Figure 66-3). 
Right ventricular enlargement can also be identified at right 

Twelve-lead ECG in normal sinus rhythm with epsilon wave

I
aVR V1 V4

III aVL V2 V5

II aVF
V3 V6

Figure 66-3. Note the presence of the epsilon wave as a late deflection at the terminal 
portion of the QRS in the early precordial leads. (Kenigsberg, D. N. et al. Circulation.
2007;115:e538–e539.)
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ventriculography during cardiac catheterization, echocar-
diography, or cardiac MRI, which can also identify fibro-fatty 
infiltration of the myocardium. In addition, the majority of 
these patients will have an abnormal signal averaged electro-
cardiogram and often will have inducible ventricular tachy-
cardia during EP testing. The major risk factors for sudden 
cardiac arrest in this population are inducibility of VT at EP 
testing, spontaneous nonsustained VT, male gender, young 
age at presentation (younger than 5 years), LV involvement, 
syncope, extensive RV involvement or RV dilation, or a gen-
otype associated with a high risk of sudden death. A patient 
with any one of these major risk factors meets a Class IIa in-
dication for ICD implantation. Prior cardiac arrest is a Class I 
indication for an ICD. ICDs are very effective in preventing 
arrhythmic death in this population.

Noncompaction of the left ventricle results in normal LV 
function but prominent trabeculae and intertrabecular re-
cesses and a high risk of sudden cardiac arrest, which is the 
most common cause of death in this rare congenital condi-
tion. Implantation of an ICD is reasonable in these patients 
and qualifies as a Class IIb indication.

Familial cardiomyopathies have variable penetrance and 
transmission and have a varied risk of sudden cardiac arrest. 
Some familial cardiomyopathies have a strong family his-
tory of sudden death and these forms carry the highest risk 
for patients with this disorder. As with noncompaction of 
the left ventricle, patients with a familial cardiomyopathy 
in whom there is a family history of sudden death qualify for 
a Class IIb indication for an ICD.

Patients with some neuromuscular diseases (The Muscular 
Dystrophies, Friedreich Ataxia, and Mitochondrial 
Encephalopathies) have an increased risk of sudden cardiac 
arrest. The early cause is most commonly thought to be 
from complete heart block due to the high incidence of His-
Purkinje conduction disease in this population, which car-
ries a greater risk of complete heart block without a reliable 
escape rhythm. Many of these patients develop progressive 
cardiomyopathies that predispose them to lethal ventricu-
lar arrhythmias, and His-Purkinje disease predisposes this 
population to bundle branch reentrant ventricular tachy-
cardia. Therapy needs to be individualized to the patient’s 
particular problem and needs to be carefully considered in 
the context of the patient’s overall prognosis.

Extrinsically Induced Cardiomyopathies

Sarcoidosis, giant cell myocarditis, and Chagas disease 
 create a scar within the myocardium and substrate for sud-
den cardiac arrest from ventricular tachyarrhythmia or 
bradarrhythmia that is somewhat unpredictable. For this 
reason, patients with these disorders receive a Class IIa in-
dication for an ICD implantation in the 2008 ACC/AHA/

HRS guidelines for device based therapy. In amyloidosis, so 
far there has been little indication that ICDs affect survival 
due to the concomitant hemodynamic impairment or co-
morbidities, and pacing alone may be equally beneficial.

SUDDEN DEATH IN STRUCTURALLY 
NORMAL HEARTS

Many patients who die suddenly without an identifiable cause 
at autopsy are victims of ventricular arrhythmias. Sudden 
death of unknown cause in a young patient with a structurally 
normal heart is devastating to the family and often leads to 
screening of first-degree relatives to determine if they carry an 
identifiable risk for the same fate. Chief causes in this popula-
tion include ion channelopathies, coronary anomalies, Wolff-
Parkinson-White syndrome, and medications.

Ion Channelopathies

Patients with structurally normal hearts carry a low risk of 
sudden death as a whole, but there are populations of patients 
with congenital ion channelopathies that are an exception 
to this rule. The best characterized of these disorders are 
long QT syndrome, Brugada Syndrome, Catecholaminergic 
Ventricular Tachycardia, Short QT syndrome, and Idiopathic 
Ventricular Fibrillation. Genetic characterization of these 
different disorders is rapidly progressing and will certainly 
play an increasing role in helping identify patients at the 
highest risk of sudden cardiac arrest.

There are now more than 10 long QT syndromes identified. 
There are 3 major types of congenital long QT syndrome 
(in order of decreasing prevalence): Types 2, 1, and 3 with 
different clinical characteristics and different genotypes 
(Figure 66-4). All of these disorders adversely affect ven-
tricular repolarization and are responsible for 3,000 to 4,000 
sudden cardiac deaths in children annually in the United 
States. Patients are often asymptomatic and triggers for the 
arrhythmia vary with the genotype. Characteristically, poly-
morphic VT in LQTS Type 2 is triggered after being startled, 
in LQTS 1 by exercise, and in LQTS 3 by the bradycardia 
and hypervagotonia of sleep. The mutations are in genes 
that encode cardiac potassium or sodium ion channels ex-
cept for LQTS 4, which encodes a plasma membrane pro-
tein. The risk of sudden death correlates with the severity of 
QT prolongation with a corrected QT interval greater than 
500 msec conferring the highest risk. Treatment entails beta-
blockade (generally ineffective in LQTS 3), antiarrhythmic 
treatment, potassium supplementation, dual chamber pac-
ing, or implantable defibrillators. ICDs are recommended for 
secondary prevention of cardiac arrest and for patients with 
sustained ventricular arrhythmias, a strong family history 
of sudden cardiac arrest, or recurrent syncope despite beta-
blocker treatment. Avoidance of agents with the potential to 
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prolong the QT interval is recommended in this population; 
one can refer to the website www.qtdrugs.org to ensure the 
safety of the medication that he or she is initiating.

The Brugada syndromes make up a group of arrhythmias 
primarily caused by a mutation involving the cardiac so-
dium channel gene SCN5A. The syndrome is characterized 
by an autosomal dominant inheritance pattern, male pre-
dominance, and ST elevation in the right precordial ECG 
leads associated with an elevated risk of sudden cardiac ar-
rest due to polymorphic VT or VF that often occurs at rest 
(Figure 66-5). Risk stratification is difficult as family his-
tory and specific mutations in the SCN5A gene are not nec-
essarily predictive. Transient conditions such as fever can 
acutely increase the risk of a fatal ventricular arrhythmia. 
EP testing has a high negative predictive value and low posi-
tive predictive value. The Brugada ECG pattern can be elic-
ited by infusion of sodium channel blocking agents such as 
procainamide for those patients with transient or borderline 
ECG findings. However, patients with a history of syncope 
and those with a spontaneous Brugada pattern on their ECG 
have a worse prognosis. ICDs are very effective in secondary 
prevention of sudden death in this cohort. Primary preven-
tion ICD implantation is warranted in patients with Brugada 
syndrome and a history of syncope or spontaneous VT.

Catecholaminergic polymorphic ventricular tachycardia is a 
syndrome of polymorphic ventricular tachycardia temporally 
associated with exertion or emotional upset. The genetic 
abnormalities in both the autosomal dominant and reces-
sive forms of this disease involve the modulation of calcium 
in the sarcoplasmic reticulum. Risk stratification is difficult 
and beta-blockers can limit occurrences and treat symp-
toms. If patients have an episode of sustained VT, syncope, 

or hemodynamically unstable VT on beta-blockers, an ICD 
is generally indicated. In addition, patients with recurrent 
VF require ICD implantation.

The syndromes of polymorphic VT in the setting of short 
QT intervals and in other settings with no discernable car-
diac abnormalities are limited to a small number of patients. 
The current recommendation is for ICD implantation in 
such patients for secondary prevention of sudden death.

Sudden Death in Certain Populations

Outside of the inherited channelopathies, the most common 
cause of sudden death in structurally normal hearts becomes 
quite varied. These causes include commotio cordis, coro-
nary anomalies, Wolff-Parkinson-White syndrome, physical 
and toxic agents, and medications (antiarrhythmic, chemo-
therapeutic, and various drug-drug interactions).

Commotio cordis occurs after a blow to the chest during 
the vulnerable period of cardiac repolarization, which pre-
cipitates polymorphic ventricular fibrillation (Figure 66-6). 
The mean age for this to occur is 13 years and is thought 
to be due to the greater pliability of the sternum in this 
young group of victims. Survival is very unusual (approxi-
mately 14%) but may be improved with the more widespread 
availability of automatic external defibrillators at high risk 
sporting events such as baseball, lacrosse, and ice hockey. A 
full cardiac evaluation of the survivors of these events rarely 
reveals any predisposition to cardiac arrest and, in general, 
the use of implantable defibrillators or restriction from ath-
letic participation in this population is rare.

Coronary anomalies are most commonly present with 
 cardiac arrest in the setting of athletic participation or 
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Peaked T wave
Long ST segment

Notched T wave Broad based T wave
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Typical ECG findings for different LQTS
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Figure 66-4. Examples of the surface electrocardiographic findings in the three major forms of long QT 
syndrome. (Strickberger, S. A. et at. Circulation. 2006;113:316–327.)

www.qtdrugs.org
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training. Only 12 to 30% of these patients will present with 
exertional dizziness, syncope, or chest pain. The lethality 
of the anomaly depends upon its course with the left main 

coronary artery arising from the right sinus of Valsalva and 
coursing between the aorta and pulmonary artery, causing 
sudden death before the age of 20 in approximately 75% 
of those afflicted. Electrocardiography and stress testing are 
often normal. The MRI angiogram is increasingly being 
used to exclude this anomaly due to the lack of ionizing ra-
diation, the noninvasive nature of the imaging, and the lack 
of iodinated contrast. The treatment of choice is correction 
by open heart surgery.

Wolff-Parkinson-White syndrome rarely causes sudden 
death in asymptomatic patients. However, it can cause sud-
den death during athletic participation, which is thought to 
occur from uninhibited conduction of atrial fibrillation over 
the accessory pathway inducing ventricular fibrillation. The 
risk of sudden death appears to correlate with the refrac-
tory period of the accessory pathway, with refractory periods 
≤ 250 msec carrying a greater risk. Treatment by radiofre-
quency ablation is low risk and curative.

Medications

Congestive heart failure can be caused by chemotherapeutic 
agents such as anthracyclins as well as some interleukins and 
interferons. Coronary endothelial cell involvement can be 
induced by cyclophosphamide and coronary spasm by 5-FU 
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Figure 66-5. Changes in the surface electrocardiogram of a single patient with 
 Brugada syndrome. Type I is much easier to distinguish as abnormal from Type II 
and III changes. (Strickberger, S. A. et al. Circulation. 2006;113:316–327.)
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Figure 66-6.  Six-Lead Electrocardiogram Showing the Electro-
physiologic and Hemodynamic Consequences of an Impact to 
the Chest inducing Ventricular Fibrillation in a 9-kg Pig. (Link, 
M.S. et at. N Engl J Med. 1998;338:1805–1811.)
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infusion. All of these effects can contribute to or directly 
cause sudden cardiac arrest.

The most common mechanism of sudden cardiac death 
from medications is polymorphic ventricular tachycardia 
caused by abnormal repolarization or “acquired long QT 
syndrome.” The most common drug classes involved are 
tricyclic antidepressants, phenothiazine, antipsychotics, 
macrolide or flouroquinolone antibiotics, certain anti-
histamines, and antiarrhythmic agents. Antiarrhythmic 
agents account for 75% of the drug induced polymorphic 
ventricular tachycardia cases seen clinically. When initiat-
ing agents that can cause acquired LQTS if used in com-
bination with other agents, it is probably prudent to have 
patients check any new medications on www.qtdrugs.org 
to decrease the chance of a lethal drug-drug interaction. 
Although most episodes of drug induced acquired long QT 
syndrome are due to interactions with other drugs, some 
of these events are due to the unmasking of a clinically 
apparent congenital LQTS gene. Thus, this consideration 
should be entertained when encountering sudden death in 
an acquired LQTS patient.

Last, toxic agents encountered during substance abuse such 
as inhalants, cocaine, and amphetamines carry the highest 
risk of sudden cardiac arrest.

CONCLUSION

Sudden cardiac death is one of the leading causes of death 
in the United States. Despite all of the data presented in 
this chapter, the majority of people in this country who die 
suddenly do not fall into a high risk profile for which pre-
emptive action can be taken. It is likely that, with further 
understanding of the genetic polymorphisms that predispose 
some people to sudden death over others,  understanding 
of who is a risk in the general population will occur. Until 

then, more widespread use of automatic external defibrilla-
tors and broader training of CPR are the most likely ways to 
reduce the number of sudden cardiac deaths and allow the 
survivors to benefit from secondary prevention therapies.
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Cardiac Electrophysiology Study: 
Basic Concepts and Techniques
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• Cardiac electrophysiology (EP) study is a compre-
hensive test to evaluate the cardiac electrophysiolog-
ical properties including sinus node and conduction 
system function, arrhythmias, and their underlying 
mechanisms, and to guide therapies (medical, abla-
tive, or surgical).

• It involves systematic and careful analysis of intracar-
diac electrical activities from different areas recorded 
at the basal state and during programmed electrical 
stimulation or drug challenges.

• For an optimal outcome, a systematic approach is 
recommended for EP study.  However, the study pro-
tocol may be modified based on individual’s specific 
situation.

• Basic measurements during an EP study include 
(but not limited to) cycle length, sinus node recov-
ery time (SNRT) or corrected SNRT, atrial-His (AH) 
interval, His-ventricular (HV) interval, AV node, and 
ventricular effective refractory period. Other specific 
measurements may be obtained based on the spe-
cific needs for the study.

• EP study should be considered for patients with nar-
row and wide QRS tachycardia, and syncope or near-
syncope of unknown etiology, for risk stratification 
of sudden cardiac death, and for evaluation of the 
efficacy of antiarrhythmic/interventional treatments 
and their associated prognosis. 

• Cautions must be taken for EP study in patients 
with unstable angina, decompensated heart failure, 
bleeding disorders, severe PVD, sepsis, electrolyte 
imbalance, and severe aortic stenosis (especially if 
retrograde LV entry).

• Some drugs, especially beta-blockers, calcium chan-
nel blockers, and antiarrhythmics, may significantly 
affect the outcome of EP study. Therefore, cautions 
must be taken when EP study results are interpreted 
in the individuals who are taking these medications.  

• EP study results should be interpreted in combina-
tion with the individual’s clinical information due to 
the limitations of this test.

d PRACTICAL POINTS

Cardiac electrophysiology (EP) study is a comprehensive 
test to evaluate the cardiac electrophysiological proper-
ties including the automaticity and conduction system 
(Figure 67-1) and to determine the mechanisms of arrhyth-
mia. It involves systematic and careful analysis of intracar-
diac electrical activities from different areas recorded at the 
basal state and during programmed electrical stimulation or 

drug challenges. The EP study has tremendous potential to 
assess the heart’s conduction system, to investigate the na-
ture of arrhythmia and its underlying characteristics, and to 
guide therapies (medical, ablative, or surgical). To perform 
the test effectively and analyze the data correctly, one must 
first understand some general definitions and terminology 
used in EP studies.
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DEFINITIONS AND TERMINOLOGY

Excitability is the ability of the cardiac tissue to depolarize 
in response to a stimulus.

Conductivity is the property of the muscle cell to conduct 
the depolarization wave to the next cell.

Automaticity is the ability to depolarize spontaneously.

Cycle length is the measured length of time (in msec) be-
tween subsequent heartbeats. The basic unit of time for EP 
study is millisecond (msec). Heart rates are typically refer-
enced as cycle lengths (CL), not as beats per minute. To cal-
culate a cycle length, one must first grasp that a heart rate 
(HR) of 60 beats per minute (bpm) corresponds to a CL of 
1000 msecs (1 second); thus, the cycle length equals 60,000/
HR. The cycle length and heart rate are inversely propor-
tional, so that as the heart rate increases, the cycle length 
gets shorter. For example, an arrhythmia with a rate of 100 
bpm has a cycle length of 600 msec (60,000 / 100 bpm = 600 
msec), whereas a heart rate of 150 bpm equates to a cycle 
length of 400 msec (60,000 / 150 bpm = 400 msec). This can 
be confusing at first, but remember the simple relation that 
the shorter the cycle length, the faster the heart rate.

Basic cycle length is the interval between successive intracar-
diac A (or atrial) electrical signals as shown in Figure 67-2.
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Figure 67-1. Schematic illustration of the electrical system in 
the heart. (Courtesy of Mr. Dennis E. Mathias at the Ohio State 
University Medical Center)
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Figure 67-2. Baseline recordings and measurement of individual intervals during a typical electrophysiology study. 
  aVF and V1, surface ECG leads aVF and V1; HRA, recording of atrial activation at high right atrium close to SA node; HIS1-4, recording 
of electrical activities from His catheter from distal to proximal (1-4); RVa, recording of electrical activities at RV apex; A, atrial activation; 
H, His potential; V, ventricular activation.
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PR interval is measured from the surface ECG and is the 
time from the beginning of the P wave to the beginning of 
the QRS, as demonstrated in Figure 67-2.

QRS duration is measured on the surface ECG and is the 
width of the QRS complex.

Intraatrial conduction time (IACT) is measured from 
the beginning of the surface P wave to the A deflection 
on the His bundle electrogram and represents the conduc-
tion interval from the sino-atrial (SA) node to atrioven-
tricular (AV) node, typically 20 to 60 msec, as  illustrated 
in Figure 67-2.

Sinus node recovery time (SNRT)—Maximal time 
(in msec) from the last paced atrial depolarization to the 
first sinus return cycle, at any paced cycle length, as shown 

in Figure 67-3a. It is a measure of sinus node automatic-
ity. Increased SNRT could be observed in sinus node dys-
function such as sick sinus syndrome, as demonstrated in 
Figure 67-3b.

Corrected sinus node recovery time (CSNRT)—It is a 
calculated time that equals sinus node recovery time minus 
sinus cycle length (Figures 67-3a and 67-3b).

Sino-atrial conduction time (SACT) is a measure of tis-
sue conduction in the SA node. It is usually not measured 
during a routine EP study. Abnormal values may indicate 
potential sinus exit block.

Atrio-His (AH) interval is defined as the time from the first 
rapid deflection of the atrial electrogram to the earliest onset 
of His bundle activation, as measured in the His catheter 
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Figure 67-3. A. A normal sinus node recovery time (SNRT, 1140 msec) and corrected SNRT (CSNRT, 
100 msec). S, atrial burst pacing at a cycle length of 500 msec; N, atrial activity during normal sinus 
rhythm with a cycle length of 1040. B. A prolonged (abnormal) SNRT (1580 msec) and corrected CSNRT 
(560 msec). S, atrial burst pacing at a cycle length of 500 msec; N, atrial activity during normal sinus 
rhythm with a cycle length of 1020.
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electrograms (Figure 67-2). It represents the conduction time 
through the AV node and is usually less than 150 milliseconds. 
The AH interval varies dramatically with the patient’s auto-
nomic tone or some medications like beta-blockers.

His-ventricular (HV) interval is defined as the time from 
the earliest His bundle deflection to the earliest onset of 
ventricular activation, measured in either intracardiac elec-
trical recording or surface ECG (Figure 67-2). It represents 
the conduction time through the His-Purkinje system and is 
typically 35 to 55 milliseconds.

Programmed electrical stimulation (PES) is the process of 
introducing electrical impulses in predetermined patterns 
and precise time intervals. This provides a powerful tool to 
assess the electrophysiological properties of the heart, such 
as tissue automaticity and refractory periods. Programmed 
stimulation also grants the ability to induce and terminate 
cardiac arrhythmias using pacing protocols, thereby allow-
ing in-depth analysis of the mechanism of arrhythmia via 
electrogram patterns as well as risk stratification based on 
patients’ response to induced arrhythmias. There are mul-
tiple programmed stimulation pacing protocols, often utiliz-
ing burst pacing, incremental pacing, and extrastimuli.

Burst (or continuous) pacing is when a cardiac tissue is 
paced at a fixed cycle length continuously for a short period 
of time (usually less than 30 seconds). The baseline heart 
rate or particular conduction property being assessed will 
determine the drive train’s duration and cycle length.

Incremental pacing is burst pacing but with a continuous 
decrease in the pacing cycle length and, hence, an increase 
in the pacing rate. This protocol is often used when assess-
ing Wenckebach properties of conducting tissue.

Coupling interval is the length of time between a normal, 
or entrained, impulse and the ensuing premature impulse.

Extrastimulus protocols occur when one or more prema-
ture paced stimuli are introduced at specific coupling inter-
vals. Typically, a fixed drive train of 8 beats (usually referred 
as S1) is followed by 1 to 3 premature extrastimuli (usu-
ally referred as S2) at shorter cycle lengths. This protocol is 
typically used to induce reentrant arrhythmias like AV node 
reentry tachycardia and atrial flutter.

Effective refractory period (ERP)—The longest S1S2 cou-
pling interval during pacing, at which extrastimulus S2 is 
unable to result in a cardiac tissue depolarization. An ex-
ample of ERP is presented in Figure 67-4.

Relative refractory period (RRP)—The longest S1S2 coupling 
interval at which an extrastimulus S2 results in slowed conduc-
tion through that tissue. Because the cell is not fully repolar-
ized, any stimulus during the RRP results in a blunted phase 
0 upstroke of the cell’s action potential resulting in a slowed 
conduction velocity. An example is shown in Figure 67-5.

Functional refractory period (FRP)—The shortest obtain-
able interval between two consecutive impulses that are 
conducted through any specified tissue at the recording site. 
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Figure 67-4. An example of right ventricular effective refractory period (ERP). The last pacing stimulation 
(S2) with coupling interval of 240 msec failed to depolarize the ventricle. S1, drive train of 8 beats at cycle 
length of 600 msec that depolarized the ventricle; I, II, V1, surface ECG leads I, II, and V1, respectively.
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It is a measure of tissue output, assessing both refractoriness 
and conduction velocity of that specific tissue. However, it 
is not part of the routine EP study.

INDICATIONS FOR EP STUDY

EP study is indicated for a variety of medical conditions that 
include a complete and accurate evaluation of specific ar-
rhythmias (both bradycardia and tachycardia), evaluation 
of syncope or near-syncope of unknown etiology, and risk 
stratification of sudden cardiac death. Rarely, it is used to 
evaluate the efficacy of antiarrhythmic/interventional treat-
ments and their associated prognosis.

CONTRAINDICATIONS FOR EP STUDY

Cautions must be taken for EP study in patients with unsta-
ble angina, decompensated heart failure, bleeding disorders, 
severe PVD, sepsis, electrolyte imbalance, and severe aortic 
stenosis (especially retrograde LV entry).

COMPLICATIONS

EP study is usually safe and well tolerated. Adverse events are 
rare. Potential risks and complications related to EP study in-
clude AV fistulas, bleeding (usually no transfusion required), 
transient heart block, arrhythmias (especially transient ven-
tricular arrhythmia [very common, but no specific therapy 

needed in general]), deep venous thrombosis, pericardial 
effusion/tamponade, infection, pulmonary embolism, and 
stroke or TIA (usually mild if retrograde LV entry).

TECHNIQUES AND METHODS

A dedicated EP lab with fluoroscopy, stimulator, appropri-
ate monitoring equipment, defibrillator, medication access, 
and a composite of physicians, nurses, and technicians are 
required to perform EP studies. Studies should be performed 
with patients who are medically tuned, off all nonessential 
medications, and with efforts made to control patient anxi-
ety (an undesired variable to the autonomic nervous system). 
During an EP procedure, various catheters and methods of 
access can be used, including venous, arterial, or transseptal 
approaches. This allows placement of catheters in all four 
cardiac chambers, the coronary sinus, pulmonary veins, vena 
cava, and pulmonary artery. Occasionally, an epicardial ap-
proach is needed to evaluate arrhythmia from epicardial foci, 
especially ventricular arrhythmia and accessory pathways.

Electrode catheters are positioned in key locations to depo-
larize the heart and/or obtain intracardiac electrograms, a 
record of local electrical activity at a precise moment. This 
differs from a surface ECG that gives a summation of the 
electrical activity of the entire heart. For a typical compre-
hensive EP study, four catheters are strategically placed in 
the heart for pacing and recording: one in the high right 
atrium close to the SA node (HRA), one in the His bundle 
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Figure 67-5. An example of right ventricular relative refractory period (RRP). The last pacing stimulation 
(S2) with coupling interval of 250 msec depolarized the ventricle, but it was delayed and slowed. S1, drive 
train of 8 beats at cycle length of 600 msec that depolarized the ventricle; I, II, V1, surface ECG leads I, II, 
and V1, respectively.
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area (His), one in the right ventricular apex (RVa), and an-
other one in the coronary sinus (CS) for left heart recording 
and pacing as shown in Figure 67-6. A set of typical intrac-
ardiac recordings from all four different areas and surface 
ECG tracings are displayed in Figure 67-7.

For a simple diagnostic EP study, three catheters can be used. 
Typically, one is positioned in the HRA, a second is placed 
near the His bundle, and the third in RVa (Figure 67-8). If 
programmed stimulation is required, the catheter in the RV 
apex may be repositioned in the RV outflow tract as shown 

in Figure 67-9. Any direct left heart access (via transseptal 
or retrograde aortic approach) requires systemic anticoagu-
lation with intravenous heparin to keep ACT in the range 
of 250 to 350. Placement of catheters is done anatomically 
under fluoroscopy and electrographically using the intrac-
ardiac electrogram recordings, ensuring acceptable sensing 
and pacing thresholds.

The His bundle catheter is strategically positioned against 
the septum, near the tricuspid annulus. The intracardiac 
electrogram obtained in this position demonstrates the 

Figure 67-6. Radiograph of catheter positions for a typical complex EP study from RAO view (left) and LAO view (right). A, catheter in 
high right atrium; B, catheter in the His area; C, catheter at the RV apex; D, catheter in coronary sinus.
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Figure 67-7. Typical intracardiac recordings during a complex EP study at both baseline (normal sinus 
rhythm, NSR) and during spontaneous atrial tachycardia (A). The activation sequence was changed when 
atrial tachycardia developed. In NSR (N), the earliest activation was at HRA. However, the earliest atrial acti-
vation was at distal His recording (HIS1,2). CS1-4, coronary sinus recording from distal to proximal (1-4).
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electrical activity of the low septal right atrium, His  bundle, 
and a portion of the high septal right ventricle, all from 
one catheter as seen in Figures 67-2, 67-3, and 67-5.

The basic principles of an EP study are to record and pace 
in the specified areas of interest. A sample protocol of an EP 
study is as follows:

 1. Recording of baseline conduction intervals with nor-
mal values listed below. The way of measurement for 
each interval is demonstrated in  Figure 67-2.

  a. PR (120-200 msec)
  b. QRS (60-120 msec)
  c. QT (<420-440 msec)
  d. Basic cycle length
  e. AH (55-130 msec)
  f. His duration (15-25 msec)
  g. HV (35-55 msec)

 2. Various atrial pacing techniques can be used to achieve 
the following:

  a.  Assessment of SA nodal automaticity and conduc-
tivity

   i. SNRT and CSNRT
   ii. SACT
  b.  Assessment of the conductivity and refrac toriness 

of atrium, AV node, and His-Purkinje  system
  c.  Induction of arrhythmias like atrial tachycardia, 

atrial flutter, AV reentry, and AV node reentry 
tachycardia. It’s uncommon to initiate ventricular 
arrhythmia with atrial pacing except in fascicular 
ventricular tachycardia.

 3. A variety of ventricular pacing techniques can be ap-
plied to assess retrograde conduction (via AV node 
or accessory pathway), to evaluate ventricular refrac-
toriness, and to initiate arrhythmias (especially ven-

Figure 67-8. The heart was paced at the RV apex. Left panel showed the catheter positions for RV apical pacing (RAO view). The right 
panel showed typical recordings of RV apical pacing with negative QRS in lead aVF. Of note, a retrograde atrial activation (HRA) was 
clearly demonstrated with the atrial activities (on HRA channel) behind the ventricle (surface ECG and RVa). A, catheter in high right 
atrium; B, catheter in the His area; C, catheter at the RV apex; S, burst ventricular pacing.
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Figure 67-9. The heart was paced at the RV outflow tract (RVOT). Left panel showed the catheter positions for RVOT pacing (RAO 
view). The right panel showed typical recordings of RVOT pacing with positive QRS in lead aVF. Of note, a retrograde atrial activation
(HRA) was clearly visible with the atrial activities (on HRA channel) behind the ventricle (surface ECG and RVa). A, catheter in high 
right atrium; B, catheter in the His area; C, catheter at the RV apex; S, burst ventricular pacing.
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tricular arrhythmias and AV reentry tachycardia). It is 
much less successful to induce AV node reentry tachy-
cardia or atrial tachycardia with ventricular pacing.

ELECTROPHYSIOLOGICAL EVALUATION 
OF SINO-ATRIAL (SA) NODE

The SA node lies near the junction of the right atrium and 
superior vena cava. Its function is influenced by the sym-
pathetic and parasympathetic innervations it receives. SA 
nodal disease can manifest as nodal arrest (unable to gener-
ate regular electrical impulses), exit block (impulse unable 
to be conducted to the atrium), and brady-tachy arrhyth-
mias. SA nodal dysfunction is most commonly secondary 
to fibrosis of the SA node. Additional causes of SA nodal 
dysfunction include cardiovascular surgery, infiltrative dis-
orders, atherosclerosis, and ischemia.

The rate of normal sinus rhythm is between 60 and 100 
bpm. The basal cycle length (BCL) could vary slightly in a 
healthy subject (usually by no more than 10% or 120 msec). 
Sinus nodal dysfunction can be classified into disorders of 
automaticity and/or conduction. Abnormal automaticity is 
a condition in which normal regular sinus impulses are un-
able to be generated, whereas an abnormal conduction is 
a state in which regular sinus impulses fail to transmit to 
the atrium. Sino-atrial exit block, wandering atrial pace-
maker, sinus arrest/pause, sick sinus syndrome, ectopic atrial 
rhythm, and inappropriate sinus tachycardia are all exam-
ples of sinus node dysfunction.

SINUS NODE RECOVERY TIME

To assess SA nodal automaticity, one evaluates the sinus 
node recovery time (SNRT). Measurement of SNRT is 
based on overdrive suppression of spontaneous depolariza-
tion, a normal electrophysiological behavior of pacemaker 
cells or automatic foci. With overdrive suppression, the 
automatic foci are exposed to rapid, localized, intracardiac 
pacing. This results in a temporary slowing or suppression of 
automaticity. In a diseased SA node, overdrive suppression 
tends to be exaggerated. This can be seen in vivo, for ex-
ample, when brady-tachy patients have prolonged asystolic 
pauses after abrupt termination of their tachyarrhythmia.

The SNRT is measured by pacing the high right atrium (SA 
node) at a fixed cycle length for up to 1 minute and then, 
after pacing is abruptly stopped, measuring the ensuing inter-
val from the last paced beat to the first returning sinus beat 
(Figure 67-3a). Multiple pacing cycle lengths are used to 
obtain the maximal SNRT, beginning at a cycle length that 
is just below the basal cycle length and decreasing the pacing 
cycle length by 50 to 100 msec, ending at a cycle length of 300 

msec. The SNRT is the longest recovery time measured of all 
cycle lengths. The upper limit of normal SNRT is generally 
considered to be less than 1500 msec. SNRT is specific, but 
not sensitive enough, to diagnose sinus node dysfunction. Of 
note, an abnormal SNRT itself, without clinical symptom, is 
not an indication for pacemaker implantation.

Because SNRT is a complex event and affected by many 
factors including the underlying BCL, attempts have been 
made to normalize the measurement. The corrected sinus 
node recovery time, or CSNRT, is calculated by subtract-
ing the patient’s BCL from the SNRT (CSNRT = SNRT 
– BCL), as shown in Figures 67-3a and 67-3b. A nor-
mal CSNRT is less than 550 msec. Another method at 
normalization takes the ratio of the SNRT to the BCL, 
with normal being less than 150% (SNRT/BCL × 100 < 
150%).

The longest recovery time is not always seen with the more 
rapid pacing rates. The perinodal tissue exhibits refractori-
ness, a property seen in all conducting tissue, and can there-
fore block paced stimuli from reaching the SA node, leading 
to inefficient overdrive suppression. Thus, faster pacing 
rates can actually result in fewer impulses reaching the SA 
node. This is why a progressive array of pacing cycle lengths 
is used when evaluating SNRT.

SINO-ATRIAL CONDUCTION TIME

Sino-atrial conduction time (SACT) is an indirect measure 
of how well the SA node conducts impulses to the surround-
ing atrial tissue. It is used to predict the likelihood of sinus 
exit block.

Two methods are commonly used to measure SACT. Both 
involve the placement of a catheter near the SA node and 
atrial pacing. In the Strauss method, a single paced extra-
stimulus is introduced after 8 to 10 normal sinus beats. This 
paced depolarization is meant to reset the SA node. The 
Narula method relies on a drive train of 8 to 10 paced beats, 
slightly faster than the BCL, and employs an extrastimulus 
at the end of the drive train to reset the SA node. After the 
final extrastimulus in both methods, the subsequent return 
interval of spontaneous SA nodal depolarization is assumed 
to reflect the sum of the time it takes for the paced impulse 
to penetrate into the SA node, the basic cycle length, plus 
the time it takes for the subsequent spontaneous beat to 
propagate out of the SA node (Return interval = SACT 
+ BCL + SACT). With a measured return interval and 
known BCL, the SACT can be calculated (normal SACT 
is 40 to 150 msec).

SA nodal dysfunction is generally not a lethal condition, and 
unless symptoms are present, most sinus bradyarrhythmias 
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typically need no evaluation or treatment. Symptomatic 
sinus bradyarrhythmias can be treated with pacing or 
by addressing the reversible cause. An EP study can only 
help determine whether SA nodal dysfunction is present 
but typically cannot correlate the rhythm with symptoms. 
Therefore, the best method to diagnose SA nodal dysfunc-
tion is based on clinical information with documented symp-
tomatic bradycardia. One indication for EP studies to assess 
SA nodal function is to further evaluate the patients with 
symptoms suggestive of bradyarrhythmias, such as syncope 
or near-syncope, but with no documented bradyarrhythmia 
on monitoring.

ELECTROPHYSIOLOGICAL
EVALUATION OF ATRIO-VENTRICULAR 
(AV) NODE AND HIS BUNDLE

The AV node serves to bridge the conduction of electrical 
impulses from the atria to the ventricles. The role of EP 
study in the evaluation of the AV node and His bundle is to 
help localize the site and degree of AV block. As a general-
ization, proximal block localized to the AV node is often a 
benign process and rarely requires definitive therapy like a 
permanent pacemaker implantation. Distal block below the 
level of AV node or in the His bundle, however, tends to be 
more progressive and malignant and is always an indication 
for a permanent pacemaker (PPM). The presence of symp-
toms (e.g., syncope or near-syncope) with any level of AV 
block is an indication for a pacemaker.

The key to assessing AV conduction is the His bundle in-
tracardiac electrogram (Figure 67-2). With this, one can 
measure segmental AV node conduction times and their 
response to programmed electrical stimulation. As men-
tioned above in definitions, the AH interval represents the 

conduction time through the AV node (normal <150 msec) 
and the HV interval approximates the His-Purkinje con-
duction time (normal 35–55 msec).

Traditional AV nodal disease, as assessed by surface ECGs 
(i.e., 1° block, 2° block—Mobitz type I and II, and 3° 
block—complete heart block), can be accurately localized 
by performing an EP study. First-degree AV block, localized 
to the AV node, will show a prolonged AH interval on the 
His bundle electrogram and is typically a benign finding in 
itself. If presenting with a prolonged HV interval, however, 
the first degree AV block becomes more concerning, given 
its propensity to progress to higher degrees of AV block. 
Because of this propensity, most physicians agree that a PPM 
is indicated with distal first-degree block and an HV interval 
greater than 100 msec. Of note, a normal PR interval does 
not rule out an impaired conduction below the AV node or 
the His bundle. A patient who has a significantly prolonged 
HV interval and is at risk for complete heart block may have 
a normal PR interval on surface ECG.

On occasions, the level of slowed conduction can lie within 
the His bundle itself (normal <25 msec). If severe, splitting 
of the His deflection can be observed. AV block with a split 
His is an indication for PPM.

Defining the site of second-degree AV block (proximal ver-
sus distal) can determine the need for PPM. Mobitz Type I 
is a conduction delay of the AV node (proximal block) and 
is demonstrated on the His bundle electrogram by progres-
sive prolongation of the AH interval immediately prior to 
a dropped atrial impulse as demonstrated in Figure 67-10. 
With the dropped beat, the A deflection is not followed by 
an “H” spike, indicating that the block is within the AV 
node. Mobitz Type II block always indicates distal AV block, 
located in the His-Purkinje system. Here, the AH and HV 
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Figure 67-10. An example of AV Mobitz Type I block (Wenckebach) with progressive prolongation of AH 
interval until a blocked conduction of atrial impulse to the ventricle.
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intervals remain constant for all conducted beats, with the 
dropped beat lacking a ventricular depolarization after the 
“H” spike.

Localizing the site of AV block can often be determined 
without an invasive EP study, thanks to the autonomic ner-
vous system. We know that the AV node is richly innervated 
compared to the His-Purkinje network. Therefore, any ma-
neuvers that decrease vagal or increase sympathetic tone, 
such as exercise, would be expected to improve proximal 
AV block. Valsalva and carotid sinus massage, on the other 
hand, would worsen proximal AV block. None of these ma-
neuvers should affect distal AV block. If the site of AV block 
remains unclear, an EP study would answer the question.

EVALUATION OF AV REFRACTORY 
PERIODS AND WENCKEBACH

When the degree and site of AV block is not definable by 
surface ECG and noninvasive maneuvers, incremental pro-
grammed electrical stimulation can be used to assess the integ-
rity of the AV node. By applying burst pacing or extrastimuli 
protocols or in combination, one can assess the effective, 
relative, and functional refractory periods of the AV node and 
His-Purkinje systems. Wenckebach, an additional inherent 
conductive property, is assessed with incremental pacing.

Refractory periods give information about the conductive 
properties of tissue, with any abnormalities suggestive of 
conducting system disease not obvious at a baseline state. 
The refractory period of most cardiac tissue is directly pro-
portional to the cycle length of one’s rhythm, where shorter 
cycle lengths decrease refractory periods except the AV 
node. As discussed early, the AV node serves to regulate 
the electrical conduction from the atria to the ventricles. 
For the AV node, cycle length and refractory periods are 
inversely proportional, allowing the AV node to serve its 
purpose. The AV node has longer refractory periods with 
faster heart rates (shorter cycle lengths).

To assess the AV nodal effective refractory period, the RA is 
paced with an 8-beat drive train (S1) of a fixed cycle length, 
followed by an extrastimulus (S2) of a predetermined cou-
pling interval. This series is repeated with a constant, fixed 
S1 train (e.g., 500 msec) and progressively shortened S2 cou-
pling interval (450 msec, 400 msec, 350 msec, etc.) until 
AV block occurs. Observations are made of the coupling 
interval when AV block first occurs, of the ERP, and of the 
AH and HV intervals, thus pinpointing where in the con-
ducting system it occurs (proximal or distal). One needs to 
know that about 20 to 30% of individuals may not develop 
AV node block during atrial pacing, since the AV node re-
fractoriness in these patients is less than the atrial refractori-
ness at the pacing rates.

To determine FRP of the AV node and His bundle, the entire 
pacing sequence is assessed to obtain the shortest H1-H2 inter-
val, indicating the FRP and measure of tissue output. Block in 
the His-Purkinje system at an H1-H2 interval of greater than 
450 msec indicates significant distal conducting system dis-
ease. However, it is not performed routinely during EP study.

AV Wenckebach is assessed with incremental pacing of RA 
as shown in Figure 67-10. The pacing cycle length is gradu-
ally decreased with observations of AH and HV intervals 
made at each decrement. There is typically a progressively 
longer A-H interval and a stable H-V interval during incre-
mental atrial pacing. The Wenckebach cycle length is when 
Mobitz Type I block occurs in the AV node and is normally 
less than 450 msec. Any block in HV conduction or length-
ening in the HV interval occurring at a paced cycle length 
of greater than or equal to 400 msec indicates a diseased 
conducting system that may require a PPM. Of note, to ac-
curately define the His-Purkinje conduction properties, it is 
important to use incremental atrial pacing instead of sudden 
onset of atrial pacing at various cycle lengths, since it may 
produce a physiologic block below the His bundle.

Incremental programmed ventricular pacing is routinely 
used in EP studies to characterize the retrograde conduction 
of the ventriculo-atrial system including the refractoriness 
of the VA conduction system and VA Wenckebach. It is 
also a very useful method to evaluate the conduction via 
accessory pathways.

PROGRAMMED ELECTRICAL 
STIMULATION AND INITIATION 
OF ARRHYTHMIAS

One of the major purposes and endpoints for EP study is to 
induce arrhythmias, especially reentrant arrhythmia, with 
various pacing techniques. A reentrant arrhythmia requires 
a circuit with different limbs of different refractory periods. 
To initiate reentry, an impulse must be initially blocked in 
one limb but travel down the other. The impulse then prop-
agates with retrograde conduction up the initially blocked 
limb (no longer refractory), thus completing the circuit and 
establishing reentry as shown in Figures 67-11 and 67-12.

Reentrant arrhythmias can be induced and terminated by 
programmed pacing techniques. A typical protocol for the 
induction of reentrant arrhythmias uses a drive train (typi-
cally 8 beats) of a fixed cycle length (S1) to entrain the con-
ducting tissue. An extrastimulus (S2) is introduced to the 
end of the drive train and the coupling interval is slowly 
brought into refractoriness until the ERP is defined. The 
S1S2 coupling interval is then increased to just above ERP 
so that S2 conducts. A second stimulus, S3, is then added, 
and the S2S3 coupling interval is subsequently decreased 
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until refractoriness is reached. The process continues with 
the addition of an S4 stimulus until reentry is induced or the 
protocol ends. The initiating paced impulse must reach a re-
entrant circuit at just the right time to initiate and terminate 
the circuit. The timing of the impulse is dependent on the 
distance from the electrode as well as the refractoriness and 
conduction velocity of the surrounding tissue. This is why 
extrastimuli (S2S3S4) are utilized. The short cycle lengths 
of the coupling intervals change the refractoriness of the 
tissue, increasing the chances of introducing the critically 
timed impulse to initiate reentrant arrhythmias. Because of 
this, multiple drive trains, pacing sites, and extrastimuli pro-
tocols are used in an attempt to initiate reentry. This pacing 
strategy may be used for both atrium and ventricule to initi-
ate superventricular tachycardia or ventricular tachycardia.

EFFECTS OF PHARMACOLOGICAL 
AGENTS ON EP STUDY

A variety of pharmacological agents may affect the out-
come of the EP study due to their significant effect on the 
automaticity, refractory periods, and conduction velocity 

Figure 67-11. Schematic illustration of the initiation of AV 
node reentry tachycardia. A normal atrial impulse is conducted 
through both slow and fast pathways.  The wave front in the 
slow pathway collides with the one from the fast pathway with-
out initiation of arrhythmia (left). When a critically timed atrial 
premature impulse arrives in the circuit, it is blocked in the fast 
pathway, while conducting slowly in the slow pathway with long 
PR interval.  It then turns around in the fast pathway to initiate 
AV node reentry tachycardia (right). (Courtesy of Mr. Dennis E. 
Mathias at the Ohio State University Medical Center)

Figure 67-12. An example of typical AV node reentry tachycardia induced during EP study. The monitoring strip of arrhythmia is 
shown on the top. The intracardiac recordings show that both high right atrium and ventricle are activated almost the same time with 
very short VA time (lower panel). This is a characteristic finding for typical AV node reentry tachycardia.
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of the cardiac tissues, especially SA node and AV node. 
A detailed review on this complex subject is beyond the 
scope of this chapter. For example, atropine dramatically 
reduces parasympathetic tone, thus increasing the heart 
rate with decreased cycle length. It also shortens the SNRT 
and CSNRT as well as the AV node ERP. Of note, atropine 
sometimes may result in a significant paradoxical prolonga-
tion of SNRT. On the other hand, isoproterenol enhances 
the sympathetic tone and, thus, increases cardiac automa-
ticity and improves AV node conduction. Beta-blocker like 
propranolol prolongs SNRT, especially in patients with sick 

sinus syndrome, and slows AV node conduction. Calcium 
channel blockers like diltiazem and verapamil have mini-
mal effects on SNRT and SACT in normal subjects but 
significantly slow AV node conduction with increased AV 
node ERP. Many antiarrhythmic agents including sotolol, 
amiodarone, ibutilide, procainamide, quinidine, lidocaine, 
mexiletine, flecainide, and propafenone may have signifi-
cant effects on the sinus node and AV node electrophysio-
logically. Therefore, cautions must be taken when EP study 
results are interpreted in the individuals who are taking 
these medications.
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• Atrial fibrillation is the most common sustained 
arrhythmia.

• Treatment of sinus tachycardia is directed at the un-
derlying mechanism rather than the sinus rate for 
most cases.

• Digitalis toxicity is a well-known cause of triggered 
activity form of atrial tachycardia.

• Treatment of multifocal atrial tachycardia is directed 
toward lung disease.

• The presence of a terminal S wave or R’ wave during 
PSVT, which is absent during sinus rhythm, is indica-
tive of AV nodal reentry tachycardia.

• Asymptomatic pre-excitation on a 12-lead ECG does 
not require therapy.

• An irregular, wide complex tachycardia with varying 
appearance of the QRS should not be treated with 
AV nodal blocking agents as it may represent atrial 
fibrillation with WPW.

• A regular, narrow complex tachycardia in a patient 
with known WPW can be treated with AV nodal block-
ing agents.

• The preferred acute therapy for regular, narrow com-
plex tachycardia is adenosine.

• Curative ablation therapy is the preferred chronic 
treatment for most regular PSVTs.

d PRACTICAL POINTS

INTRODUCTION

Supraventricular tachycardia (SVT) is a collective term refer-
ring to multiple forms of arrhythmia that incorporate the atria 
as part of the tachycardia circuit. It includes atrioventricular 
(AV) node dependent tachycardias such as atrioventricular 
node reentry tachycardia (AVNRT) and atrioventricular re-
entry tachycardia (AVRT) as well as the AV node indepen-
dent tachycardias such as sinus tachycardia (ST), paroxysmal 
atrial tachycardia (PAT), atrial flutter (AFL), and atrial fi-
brillation (AF). Atrial flutter and atrial fibrillation will be 
addressed in another detailed chapter of this text.

Paroxysmal supraventricular tachycardia (PSVT) is described 
as a group of tachycardias that have sudden onset/offset of 
tachycardia often triggered by emotional or physical stress. 
They may be associated with chest pain, shortness of breath, 
lightheadedness, and for some patients, syncope. Additionally, 
many patients complain of anxiety and the PSVT may be 

misdiagnosed as panic disorder. Tachycardia may also be trig-
gered by consumption of stimulants such as caffeine, nicotine, 
or cocaine. These tachycardias are commonly regular and 
rapid in nature with pulse rates commonly in the 100-220 bpm 
range. PSVT with rates greater than 240 bpm are rare but sig-
nificant. Additionally, the description of symptoms will some-
times give clues to the mechanism. For instance, AVNRT is 
commonly associated with neck pounding or discomfort in the 
throat.

Epidemiologic studies have shown that supraventricular ar-
rhythmias are a frequent phenomenon. AF is known to be the 
most common sustained arrhythmia with reported incidence 
of 0.4-1.0% of the general population. The estimated preva-
lence of PSVT was 2.25 per 1,000 in a 3.5% sample of medical 
records in the Marshfield (Wisconsin, U.S.A.) Epidemiologic 
Study Area (MESA).1 The incidence of PSVT in this sur-
vey was 35 per 100,000 person-years. Interestingly, the inci-
dence rate of supraventricular arrhythmias among patients 
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with CHF is 11.1%2 with paroxysms more common in older 
patients, males, and those with longstanding CHF and ra-
diographic evidence of cardiomegaly. Additionally, AF has 
increasing prevalence with age, affecting more than 10% of 
the population over the age of 80.

In the MESA population,3 compared to those with other 
cardiovascular disease, “lone” (no cardiac structural 
 disease) PSVT patients without associated structural heart 
disease were younger (mean age equals 37 vs. 69 years), 
had faster average heart rates (186 vs. 155 bpm), and were 
more likely to present first to an emergency room (69 vs. 
30%). The age at tachycardia onset is higher for AVNRT 
(32 plus or minus 18 years) than for AVRT (23 plus or 
minus 14 years).4 Gender also plays a role in the epide-
miology of PSVT. Female residents in the MESA popula-
tion had a twofold greater relative risk (RR) of PSVT (RR 
equals 2.0; 95% confidence interval equals 1.0 to 4.2) 
compared to males.

SINUS TACHYCARDIA (ST)

The presentation of ST is most commonly observed as a sec-
ondary response. Commonly, there is an underlying process 
such as fever, dehydration, congestive heart failure, anemia, 
pain, anxiety, or hyperthyroid disease as factors contributing 
to elevated heart rate. Additionally, external factors such 
as stimulant use (caffeine, cocaine, nicotine) or withdrawal 
of drugs such as alcohol, morphine derivatives, and beta-
 blockers should be considered. In most cases, ST is found to 
be a secondary finding as an appropriate physiologic response 
to maintain cardiac output. Therefore, therapy should be fo-
cused on treating the underlying condition rather than the 
ST itself.

In some cases, ST is deemed inappropriate and the result of 
abnormal vagal or sympathetic tone. Often, this is found in 
association with position change as seen in the disorder of po-
sitional orthostatic tachycardia syndrome or POTS disease.

ST Therapy

Treatment of sinus tachycardia is focused on addressing the 
underlying mechanism. Rarely, it may require an attempt 
to slow the sinus node with either beta-blocker or calcium 
channel blocker therapy. Sinoatrial node modification with 
radiofrequency ablation (RFA) may be considered for ex-
treme cases of inappropriate ST.

ATRIAL TACHYCARDIA (AT)

There are several different forms of AT, more commonly seen 
in patients with underlying structural heart disease. AT may 
be classified according to mechanisms that include interatrial 

reentry, automatic atrial tachycardia, triggered atrial tachy-
cardia, and multifocal atrial tachycardia (MAT). Interatrial 
reentry as a mechanism for AT is seen in patients with prior 
congenital heart disease, ischemic heart disease, and valvu-
lar heart disease and particularly observed in the setting co-
existing AF/AFL. Also, interatrial reentry is common after 
corrective surgery with tachycardia development related to 
reentry along surgically created atrial incisional scars.

Chronic obstructive pulmonary disease (COPD) is most 
commonly associated with MAT with characteristically at 
least three different P wave morphologies and irregular RR 
intervals as the diagnostic criteria. Treatment here is di-
rected at the concurrent lung disease.

Triggered atrial tachycardia is the least common of the AT 
types. The mechanism is thought to be related to delayed 
afterdepolarizations seen with abnormal sympathetic dis-
charge. The triggered form of atrial tachycardia presents in 
the setting of digitalis toxicity.

AT Therapy

Adenosine and beta-blockers have had a variable response 
as therapy for interatrial reentry. Adenosine and verapamil 
have been effective in termination of triggered atrial tachy-
cardias. RFA may be the preferred therapy for incessant 
forms of AT as most have a poor response to pharmacologic 
treatment. MAT therapy should be directed at addressing 
the underlying process with little benefit from antiarrhyth-
mic medication or ablation therapies. If digitalis toxicity is 
evident, then withdrawal of the drug and use of Digibind, a 
binding agent, is indicated.

ATRIOVENTRICULAR NODAL 
REENTRANT TACHYCARDIA (AVNRT)

Atrioventricular nodal reciprocating tachycardia is the 
most common form of PSVT and represents 65% of AVN 
dependent tachycardias. It is more common in females and 
usually not associated with structural heart disease. AVNRT 
involves a reentrant circuit that is formed by the slow and 
fast AV node pathways (see Figure 68-1). In most cases, the 
fast pathway appears to be located near the apex of Koch’s 
triangle. This triangle is bounded by the tendon of Tadaro 
superiorly, and the tricuspid annulus is the base. The slow 
pathway extends inferoposterior to the compact AV node 
tissue and stretches along the septal margin of the tricuspid 
annulus at the level of, or slightly superior to, the coronary 
sinus.

The characteristic 12-lead ECG features include a regular 
narrow complex tachycardia with a rate typically between 
140/min and 220/min. P waves are either entirely buried in 
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the QRS complex and, therefore, absent on a 12-lead ECG 
or they occur at the end of the QRS complex, producing 
characteristic distortions known as a “pseudo-R” wave in 
lead V1 and “pseudo-S” wave in the inferior limb leads. 
The presence of a pseudo-R wave in lead V1 during PSVT, 
but absence during sinus rhythm, is highly correlated with 
AVNRT (see Figure 68-2).

AVNRT may occur as several different forms discerned 
through an invasive electrophysiology study. “Typical 
AVNRT” is the most common form (about 90%). It in-
volves reentry with antegrade or forward conduction down 
the slow pathway and retrograde conduction up the fast 
pathway (slow-fast). This produces a short RP tachycardia 
on the surface ECG with RP interval characteristically less 
than 70 milliseconds (ms) (see Figure 68-3). “Atypical 
AVNRT” is much less common (10%) clinically. In atypi-
cal AVNRT, the circuit involves either antegrade conduc-
tion down the fast pathway and retrograde conduction up 
the slow pathway (fast-slow) or reentry involving multiple 
slow pathways (slow-slow). As a result of retrograde slow 

conduction, atypical AVNRT results in a characteristically 
long RP tachycardia with an associated RP interval of more 
than 70 ms.

AVNRT Treatment

AVNRT often can be terminated with vagal maneuvers 
(Valsalva or carotid sinus pressure). Nearly all cases can be 
terminated with escalating dosage of intravenous adenos-
ine (6, 12, 18 mg) and adenosine is the preferred acute 
pharmacologic therapy due to its short half-life and lower 
risk in the setting of accessory pathways. Alternatively, 
intravenous calcium channel or beta-blocker therapy can 
be used with caution as well. Long-term pharmacological 
treatment includes oral beta-blocker (propranol, atenolol, 
or metoprolol) or calcium channel blocker (verapamil and 
diltiazem). These medications act by increasing AV nodal 
refractoriness and are generally well tolerated. However, 
they usually do not render patients asymptomatic and re-
quire lifelong administration.

Catheter ablation is the preferred treatment approach in pa-
tients with syncope, recurrent PSVT despite medical ther-
apy or high risk occupation (firefighter, pilot, police officer). 
The procedure involves radiofrequency energy application 
(RFA) in the anatomic region of the slow pathway. The pro-
cedure is acutely successful in 97% of patients with less than 
5% long-term recurrence rates. AV block as a complication 
occurs in only 0.5–1%.15 Cryoablation may be considered 
when the operator deems the patient to be at high risk of 
AV block due to anatomical proximity to the His bundle. 
Ablation of the slow pathway may be performed in patients 
with documented SVT (which is morphologically consistent 
with AVNRT) but in whom only dual AV-nodal physiology 
(but not tachycardia) is demonstrated during electrophysi-
ological study. Because drug efficacy is in the range of 30 to 
50%, catheter ablation may be offered as first-line therapy 
for patients with frequent and disabling episodes of tachy-
cardia. Patients considering RF ablation must be willing 
to accept the risk, albeit low, of AV block and pacemaker 
implantation.

WOLFF-PARKINSON-WHITE
SYNDROME (WPW) AND AVRT

These disorders are caused by an abnormal cardiac muscle 
bundle, called an accessory pathway or bypass tract, which 
provides a functional electrical connection between atrium 
and ventricle in a region outside the normal AV node. Delta 
waves detectable on an ECG have been reported to be pres-
ent in 0.15 to 0.25% of the general population.5,6 Pathway 
conduction may be intermittent. A higher prevalence of 
0.55% has been reported in first-degree relatives of patients 
with accessory pathways.

Figure 68-1. Schematic drawing showing dual atrioventricular 
(AV) nodal conduction. (1) The two AV nodal pathways, one 
with fast conduction and a relatively long refractory period 
and a second with slower conduction and a shorter refractory 
period. (2) During sinus rhythm, impulses are conducted over 
both pathways but reach the bundle of His through the fast 
pathway. (3) A premature atrial impulse finds the fast pathway 
still refractory and is conducted over the slow pathway. (4,5) 
If the fast pathway has enough time to recover excitability, the 
impulse may reenter the fast pathway retrogradely and establish 
reentry. (Source: Modified from Fogel RI, Prystowsky EN. Atrio-
ventricularnodal reentry, In: Podrid PJ, Kowey PR, eds. Cardiac 
Arrhythmia: Mechanisms, Diagnosis and Management. New 
York: Lippincott Williams & Wilkins; 2001:436, with permission.)
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Figure 68-3. The intracardiac recordings obtained during an electrophysiology study are shown. Note the 
simultaneous activation of the left atrium (CS), His bundle recording (ABL), and the right ventricle (RV) with 
the activation occurring in a short RP fashion. All the EGMs “line up” in a vertical fashion over time. The RP 
interval during typical AVNRT is usually less than 65 msec.

Figure 68-2. The 12-lead ECG demonstrates a narrow-complex tachycardia at 150 bpm. A close look at II, III, and aVF demonstrates 
pseudo S-waves as well as a pseudo R’ wave in V1. These findings during tachycardia but absent in sinus rhythm suggest the typical
form of atrioventricular nodal reentry (AVNRT).
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There are many ways to classify the accessory pathways. 
They can be classified based on their position along the mi-
tral or tricuspid annulus (left- or right-sided, respectively) 
or according to their conduction properties (decremental 
vs. nondecremental) Most accessory pathways are nondec-
remental (92%). Those that conduct in the anterograde di-
rection only are uncommon, whereas those that conduct in 
the retrograde direction are common. Approximately 8% of 
accessory pathways display decremental anterograde or ret-
rograde conduction.7 Accessory pathways that are capable 
of only retrograde conduction are referred to as “concealed,” 
whereas those  capable of anterograde conduction are 
“ manifest,” as they demonstrate preexcitation on a standard 
ECG (see Figure 68-4). The appearance of a delta wave 
represents eccentric activation of ventricular myocardium 
across the accessory pathway (see Figure 68-5).

The diagnosis of WPW syndrome is reserved for patients 
who have both preexcitation and tachyarrhythmias. Among 
patients with WPW syndrome, AVRT is the most common 

arrhythmia, accounting for 95% of reentrant tachycardias 
that occur in patients with an accessory pathway. AVRT is fur-
ther classified into orthodromic and antidromic tachycardias 
(see Figure 68-6). In orthodromic tachycardia, the circuit is 

Figure 68-4. Atrioventricular conduction patterns and 
QRS morphologies during sinus rhythm for manifest and 
concealed accessory pathways. AP, accessory pathway; AVN, 
atrioventricular node; HB, His bundle. (Source: Modified from 
Cain ME, Luke RA, Lindsey BD. With permission.)
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Figure 68-5. The 12-lead ECG demonstrates sinus rhythm with a short PR interval as well as delta waves at the onset of the QRS. The 
morphology of the QRS is an atypical LBBB pattern consistent with a manifest right-sided accessory pathway.
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composed of antegrade conduction down the AV node and 
retrograde conduction up the accessory pathway. In anti-
dromic tachycardia, the antegrade conduction occurs down 
the accessory pathway and retrograde conduction up the AV 
node (see Figure 68-7). Antidromic AVRT occurs in only 5 
to 10% of patients with WPW syndrome. Antidromic AVRT 
is always a wide complex tachycardia and may be difficult 
to discern from ventricular tachycardia on a standard ECG. 
Preexcited tachycardias can also occur in patients with AT, 
atrial flutter (AF), or AVNRT, with the accessory pathway 

acting as a bystander (i.e., not a critical part of the tachycar-
dia circuit). Atrial fibrillation is a potentially life-threatening 
arrhythmia when it occurs in patients with WPW syndrome. 
If an accessory pathway has a short anterograde refractory pe-
riod, then rapid repetitive conduction to the ventricles during 
AF can result in rapid ventricular response with subsequent 
degeneration to VF.8 It has been estimated that one-third of 
patients with WPW syndrome also have AF. Accessory path-
ways appear to play a pathophysiological role in the develop-
ment of AF in these patients, as most are young and do not 
have structural heart disease. Rapid AVRT may play a role in 
initiating AF in these patients. Additionally, AVRT is more 
commonly associated with the development of rate-related 
bundle branch block compared with AVNRT (see Figure 
68-8). Surgical or catheter ablation of accessory pathways 
usually eliminates AF as well as AVRT.

It is unusual for cardiac arrest to be the first symptomatic 
manifestation of WPW syndrome. The incidence of sudden 
cardiac death in patients with WPW syndrome has been 
estimated to range from 0.15 to 0.39%9 over 3- to 10-year 
follow-up.11,12 Studies of WPW syndrome patients who have 
experienced cardiac arrest have retrospectively identified 
a number of markers that identify patients at increased 
risk.12,13,14 These include (1) a shortest preexcited RR in-
terval less than 250 ms during spontaneous or induced AF, 
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Figure 68-7. 12-lead ECG demonstrating narrow-complex tachycardia with P-waves identified in the terminal component of the ST 
segment and a long RP of 200 msec. The tachycardia proved to be related to orthodromic atrioventricular reentrant tachycardia (AVRT) 
incorporating a concealed left lateral accessory pathway.
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Figure 68-6. Schematic representation of the patterns 
of conduction through an accessory pathway (AP) and the 
normal conduction system (AVN-HB) during orthodromic 
AVRT and antidromic AVRT. AVN, atrioventricular node; AVRT, 
atrioventricular reciprocating tachycardia; HB, His bundle. 
(Source: Modified from Cain ME, Luke RA, Lindsey BD. With 
permission.)
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(2) a history of symptomatic tachycardia, (3) multiple ac-
cessory pathways, and (4) Ebstein’s anomaly. A high inci-
dence of sudden death has been reported in familial WPW 
syndrome. This familial presentation is, however, exceed-
ingly rare. The detection of intermittent preexcitation, 
which is characterized by an abrupt loss of the delta wave 
and normalization of the QRS complex, is evidence that an 
accessory pathway has a relatively long refractory period and 
is unlikely to precipitate VF.

AVRT Treatment

In persons with hemodynamic stability, vagal maneuvers 
are a logical first step. Antiarrhythmic drugs represent an-
other therapeutic option for acute management of acces-
sory pathway mediated arrhythmias, but they have been 
increasingly replaced by catheter ablation for chronic 
treatment. Antiarrhythmic drugs that primarily modify 
conduction through the AV node include digoxin, adenos-
ine, verapamil, diltiazem, and beta-blockers. Adenosine 
is the preferred agent for acute termination of AVRT. 
Antiarrhythmic drugs that depress conduction across the 
accessory pathway include Class I drugs such as procain-
amide, disopyramide, propafenone, and flecainide as well as 

Class III antiarrhythmic drugs such as ibutilide, sotalol, and 
amiodarone.

Use of AV nodal blocking drugs during a preexcited tachy-
cardia (secondary to atrial tachycardia or atrial fibrilla-
tion with rapid conduction down the accessory pathway) 
is contraindicated because of the possibility of worsening 
the tachycardia with rapid conduction down the accessory 
pathway following effective AV nodal blockage. If there is 
reasonable proof that a preexcited tachycardia is secondary 
to an AVRT with antegrade conduction down the accessory 
pathway and retrograde conduction up the AVN, then AV 
nodal blocking drugs can be effective since they will create 
a block in the AV node and modify the circuit.

The chronic treatment of choice is, however, a catheter 
based ablation procedure. The North American Society of 
Pacing and Electrophysiology (NASPE) registry of catheter 
ablations performed in 68 U.S. centers found an acute suc-
cess rate of 93% for accessory pathway ablation. The suc-
cess rate for catheter ablation of left free-wall accessory 
pathways is slightly higher than for catheter ablation of ac-
cessory pathways in other locations. After an initially suc-
cessful procedure, resolution of the inflammation or edema 
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Figure 68-8. 12-lead ECG demonstrating orthodromic atrioventricular reentrant tachycardia (AVRT ) using the accessory pathway as 
the retrograde limb and the His bundle/AV node as the antegrade limb of reentry. Note the onset of tachycardia was wide with rate-
related LBBB, which subsequently recovered conduction during tachycardia with sudden narrowing of the QRS observed best midway 
across the rhythm strip (lower pane).
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associated with the initial injury allows recurrence of acces-
sory pathway conduction in approximately 5% of patients. 
Accessory pathways that recur can usually be successfully 
ablated during a second session. The 1995 NASPE survey 
of 5,427 patients who underwent catheter ablation of an ac-
cessory pathway reported 1.82% of complications.

The role of electrophysiological testing and catheter abla-
tion in asymptomatic patients with preexcitation is contro-
versial. One-third of asymptomatic individuals younger than 
40 years of age when preexcitation was identified eventually 
developed symptoms, whereas no patients in whom preexci-
tation was first uncovered after the age of 40 years developed 
symptoms.10 Most patients with asymptomatic preexcita-
tion have a good prognosis as cardiac arrest is rarely the first 
manifestation of the disease. The decision to ablate asymp-
tomatic pathways in persons with high risk occupations, 
such as schoolbus drivers, pilots, firefighters, police officers, 
and scuba divers, is made on the basis of individual clinical 
considerations.
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• The electrophysiologic feature of AFib is the si-
multaneous presence of multiple micro-reentrant 
loops (wavelets) randomly propagating throughout 
the right and left atria, while atrial flutter is due to 
a macro-reentrant circuit, often arising in the right 
atrium.

• There are four categories of AFib based on the re-
sponse to therapy and the duration: paroxysmal 
AFib, persistent AFib, long-standing persistent AFib, 
and permanent AFib.

• There are two major categories of atrial flutter: isth-
mus-dependent and non-isthmus-dependent flutter. 
The most common variety is isthmus-dependent 
flutter, which has three types: counterclockwise isth-
mus-dependent flutter (typical atrial flutter); clock-
wise isthmus-dependent flutter (reverse typical atrial 
flutter); and lower loop flutter. 

• Symptoms of AFib and atrial flutter include fatigue, 
weakness, palpitations, and chest discomfort, but 
many patients may be asymptomatic.

• In addition to evaluating for secondary causes of 
the atrial arrhythmias, management of patients with 
AFib or flutter must address a “triad of therapy”: 

controlling ventricular rate, prevention of throm-
boembolic events, and restoration and maintenance 
of sinus rhythm.

• One important clinical question is whether the goal 
of therapy for AFib is to control ventricular rate 
(rate control) or to restore sinus rhythm (rhythm 
control).

• Rate control is achieved either with medical therapy 
(e.g., beta-receptor or calcium channel antagonists) 
or with ablation of the AV junction.

• Methods to restore and maintain sinus rhythm 
typically begin with the use of a Class I or III antiar-
rhythmic drug, and if the response to this therapy is 
unsatisfactory, then patients are considered for AFib 
ablation.

• Because of a high success and low complication rate, 
ablation therapy is often considered as primary ther-
apy for managing right atrial flutter.

• To prevent thromboembolic events, patients are 
often prescribed warfarin (INR range 2.0–3.0) or as-
pirin. The CHADS2 scoring system is one tool to aid 
physicians in deciding which therapy to initiate.

d PRACTICAL POINTS
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EPIDEMIOLOGY AND DEFINITION 
(TABLE 69-1)

Atrial Fibrillation

Atrial fibrillation (AFib) is the most common arrhythmia 
and the prevalence increases with age, with >5% of people 
over the age of 70 experiencing AFib. Atrial fibrillation 
is also associated with male gender, obesity, hypertension, 
atrial enlargement, valvular disease, coronary artery dis-
ease, cardiomyopathy/heart failure, cardiac surgery, peri-
cardial disease, obstructive sleep apnea, thyrotoxicosis, 
alcohol consumption (“holiday heart”), and lung disease 
(pneumonitis, pulmonary embolus, chronic obstructive 
disease) but can also occur in the absence of any of these 
features. It is estimated that the prevalence of AFib will 

more than double by 2050 to 5.6 million in the United 
States.

The electrophysiologic feature of AFib is the simultaneous 
presence of multiple micro-reentrant loops (wavelets) ran-
domly propagating throughout the right and left atria. This 
irregularity of atrial activation accounts for the surface elec-
trocardiogram (ECG) features: absence of uniform P waves 
and the presence of irregular fibrillatory waves. These waves 
are characterized by irregularity of morphology, amplitude, 
and timing often resulting in an irregularly irregular and 
rapid ventricular rate (Figure 69-1A and B). Often mas-
querading as AFib is multifocal atrial tachycardia, which is 
characterized by organized atrial activity, but with three or 
more different P wave morphologies, variable PR-interval, 
and presence of an isoelectric baseline.

Table 69-1 • Comparison of Atrial Fibrillation and Flutter

Atrial Fibrillation Atrial Flutter

Epidemiology more common less common

similar risk factors: male gender, obesity, hypertension, atrial enlargement, valvular disease, coronary 
artery disease, cardiomyopathy/heart failure, cardiac surgery, pericardial disease, obstructive sleep apnea, 
thyrotoxicosis, alcohol consumption, and lung disease

simultaneous existing multiple micro-
reentrant wavelets with random activation 
through both atria

single macro-reentrant arrhythmia with the wave of 
depolarization conducting repeatedly over a specific circuit

Surface ECG pattern no organized fibrillatory wave on 
surface ECG

organized flutter waves on the surface ECG

fibrillatory waves do not have similar 
morphology, amplitude, and timing

flutter waves have similar morphology, amplitude, 
and timing

Ventricular activation irregularly irregular ventricular activation often with 2:1 conduction with a ventricular rate of 150 bpm

Classification based on if there is spontaneous 
conversion and duration: paroxysmal, 
persistent, longstanding persistent, 
& permanent

based on anatomical location of reentrant circuit:
–cavotricuspid isthmus-dependent, counterclockwise, 
clockwise, & lower loop
–noncavotricuspid isthmus-dependent incisional & left atrial

A.

II

II

B.

Figure 69-1 A. A rhythm strip, lead II, of a patient with AFib and rapid ventricular rates. The hallmark features of AFib include the 
 absence of P waves; irregularity of morphology, amplitude, and timing of the fibrillatory waves; and an irregularly irregular and rapid 
ventricular rate. B. The patient subsequently underwent ablation of the AV junction. This procedure results in permanent heart block,
and the escape rhythm is from the junction, which explains the regular rhythm and slow rate. The fibrillatory waves are readily seen. 
The patient then underwent implantation of a pacemaker.
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Atrial Flutter

Atrial flutter (AFlr) is less common than AFib and the inci-
dence is about 200,000 per year in the United States. Atrial 
flutter can coexist in patients with AFib. Clinical features 
that are associated with AFib (listed above) can also pro-
mote AFlr.

Atrial flutter is defined as a macro-reentrant arrhythmia 
with the wave of depolarization conducting repeatedly 
over a specific region of the atria. This repetitive activa-
tion of the right and left atria results in uniform activa-
tion of the atria and is reflected by organized flutter waves 
on the  surface ECG (Figure 69-2). Unlike fibrillatory 
waves, flutter waves have similar morphology, amplitude, 
and timing. Although the atrial rate with AFlr is slower 
than with AFib, the ventricular rate in response to AFlr is 
often in a 2:1 pattern resulting in a faster ventricular rate 
of ≈150 bpm.

CLASSIFICATION

Atrial Fibrillation

Atrial fibrillation is classified as:

 1. Paroxysmal AFib—recurrent AFib that terminates 
spontaneously within 7 days

 2. Persistent AFib—AFib that is sustained beyond 
7 days, or lasting <7 days but necessitating pharma-
cologic or electrical cardioversion

 3. Longstanding persistent AFib—AFib that is contin-
uous for >1 year, but attempts to restore sinus rhythm 
are pursued either with pharmacologic or electrical 
conversion radiofrequency ablation (RFA), percuta-
neous; or, surgical

 4. Permanent AFib—AFib that is continuous and a 
decision has been made not to pursue restoration of 
sinus rhythm by any means

II

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

V1

III

Figure 69-2. ECG of cavotricuspid isthmus-dependent AFlr with classical sawtooth flutter waves in leads II, III, aVF. The flutter waves 
(magnified in leads II and III on the right) have similar morphology, amplitude, and timing.
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Atrial Flutter (Figure 69-3)

Atrial flutter is classified according to the path of the macro-
reentrant circuit. The most common form is1 cavotricuspid 
 isthmus-dependent flutter. The isthmus is a critical compo-
nent of the circuit and is bounded anteriorly by the tricuspid 
valve and posteriorly by the inferior vena cava and the eusta-
chian ridge. There are three forms of cavotricuspid isthmus-
 dependent flutter: (a) counterclockwise isthmus-dependent 
flutter, which is also referred to as typical atrial flutter, (b) 
clockwise isthmus-dependent flutter, which is also referred 
to as reverse typical atrial flutter, and (c) lower loop. The 
most common variety is counterclockwise flutter and is de-
fined as the reentrant wave of depolarization traveling in a 
cranial-caudal activation along the right atrial free wall. This 
activation sequence results in the classic sawtooth flutter wave 
morphology in the inferior leads (Figure 69-2A). Clockwise 
flutter travels in the opposite direction. Lower loop flutter is 
the most uncommon form of cavotricuspid isthmus- dependent 
flutter and circulates around the inferior vena cava.

A second form of atrial flutter is2 noncavotricuspid isthmus-
dependent flutter and refers to any macro-reentrant atrial 

tachyarrhythmia that does not utilize the cavotricuspid 
isthmus as part of its circuit (Figure 69-3B). Examples in-
clude (a)  incisional flutters, in which the reentrant circuit 
is around a line of scar tissue as a result of a prior atriotomy. 
Incisional flutters often present late after congenital heart 
surgery or valve  surgery. A second type of noncavotricuspid 
isthmus-dependent flutter may occur after curative RFA of 
AFib. A proarrhythmic effect of the RFA lesions is the pres-
ence of incomplete RFA lines. The gaps in these lines are 
the substrate for (b) left atrial flutter. Left atrial flutters due 
to a gap in a linear ablation can also occur after epicardial 
surgical ablation for AFib, i.e., surgical maze procedure.

One final variety of atrial flutter is as a result of a proar-
rhythmic effect of Class IC antiarrhythmic drugs (AAD), 
flecainide and propafenone, or amiodarone. When these 
AAD are prescribed for management of AFib, the patient 
may then present with new-onset cavotricuspid isthmus 
dependent AFlr. This response is likely due to sodium 
channel blockade, which slows and organizes AFib into 
the macro-reentrant AFlr. This can occur in about 15 to 
20% of patients and the approach to managing the AFlr 
is often catheter ablation. In this manner, hybrid therapy 

A. Cavotricuspid isthmus-
dependent flutter

B. Noncavotricuspid isthmus-
dependent flutter

Counterclockwise or
typical flutter

Clockwise or reverse
typical flutter

Lower loop
flutter

Incisional
flutter

LA flutter

SVC
SVC SVC SVC

SVC

IVC

IVC

IVC

IVC

IVC
TV

TV

TV TV

RA

RA

RA

RA

RA

CS

CS

CS CS

LA

LA

LA LA LA

Figure 69-3 A. The three types of .cavotricuspid isthmus-dependent flutter. In each of these macro-reentrant circuits, a critical zone 
of conduction is the isthmus region. As displayed in the image of counterclockwise or typical flutter, the goal of catheter ablation is to 
complete a line of bidirectional conduction block between the tricuspid valve (TV) and the inferior vena cava (IVC), thus interrupting
conduction through the isthmus region. B. The two types of noncavotricuspid isthmus-dependent flutter. CS, coronary sinus; LA, left
atrium; RA, right atrium; SVC, superior vena cava.
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(AAD + catheter ablation of AFlr) results in a more 
 successful management of the AFlr than just medical ther-
apy alone.

CLINICAL PRESENTATION 
AND MANAGEMENT

General Features & Initial Evaluation

Symptoms
Symptoms associated with AFib and AFlr are most often due 
to rapid ventricular rates as well as to the loss of atrial con-
tractility. Patients present with complaints of palpitations, 
fatigue, shortness of breath, exercise intolerance, and chest 
discomfort. Once AFib begins, it can result in a downward 
cascade of adverse hemodynamics that precipitate congestive 
heart failure. The heart failure results in further changes in the 
atria that can promote perpetuation of AFib (Figure 69-4).

Patients may present with AFib and near-syncope/syncope. 
The latter may be due to excessive bradycardia following 
conversion to sinus rhythm (termed tachy-brady syndrome 
or sick sinus syndrome), due to rapid ventricular rates during 
the tachycardia or rarely due to the presence of a manifest ac-
cessory pathway. When AFib occurs in the setting of Wolff-
Parkinson-White Syndrome (WPW), rapid and unimpeded 
conduction to the ventricle over the accessory pathway can 
precipitate ventricular fibrillation and death (Figure 69-5).

Patients with AFib/AFlr can also present with symptoms 
that are more consistent with heart failure. In these patients, 
the newly diagnosed cardiomyopathy is often due to the 
rapid ventricular rates and, typically, patients are unaware 
of the atrial arrhythmia. Prolonged rapid ventricular rates 
can result in a tachycardia-induced cardiomyopathy. If the 

ventricular rate is controlled or if sinus rhythm is restored, 
the myopathy will likely reverse.

For some asymptomatic patients, the diagnosis of AFib and 
AFlr is an incidental finding on a routine examination. The 
ventricular rate in these patients is usually controlled.

Secondary Causes
Each new diagnosis of AFib/AFlr should have a thorough 
evaluation to rule out secondary causes of AFib/AFlr. This 
evaluation should entail a history/physical exam (with atten-
tion to presence of hypertension, lung or pericardial disease, 
and sleep apnea), 12-lead ECG, transthoracic echocardiog-
raphy, laboratory studies including thyroid function studies, 
and often stress testing. Potentially reversible causes of AFib/
AFlr include acute pericarditis, recent myocardial infarction, 
severe mitral regurgitation, atrial septal defect, presence of an 
accessory pathway, cardiac tumors, pneumonitis, pulmonary 
embolus, thyrotoxicosis, and excessive alcohol use (“holiday 
heart”). Management of these other comorbidities (e.g., thyro-
toxicosis, severe mitral regurgitation) may eliminate the atrial 
arrhythmias, however, even when managed appropriately 
(e.g., hypertension, sleep apnea) AFib/AFlr may continue.

The incidence of new onset AFib/AFlr after cardiac sur-
gery can be as high as 40% but is generally considered a 
reversible cause of AFib. Risk factors for AFib after heart 
surgery are elderly age, valvular surgery, and the arrhythmia 
most often occurs during postoperative days 2-4. The exact 
pathophysiology is unclear, but typically, a few weeks after 
surgery, the factors promoting the AFib have resolved and 
it rarely becomes a chronic clinical problem. However, even 
though it usually resolves, the strategy for managing recur-
ring episodes of postoperative AFib is the same as managing 
clinical AFib episodes with attention to rate control, anti-
coagulation, and restoration of sinus rhythm.

Loss of
atrial contraction

Rapid
Ventricular rate
  • Depletion of ATP
  • Adverse remodeling
  • Ischemia
  • Abnormal calcium
    handling

Irregular
ventricular activation

Interstitial fibrosis

Triggered activity

Altered atrial
refractoriness

Volume +
pressure overload

Atrial fibrillation

Heart failure

Figure 69-4. Adverse interplay between AFib and congestive heart failure that promotes worsening 
heart failure and perpetuation of AFib.
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Since the incidence of post open heart surgery is high, pro-
phylactic beta-blocker therapy is favored and has been dem-
onstrated to reduce the incidence of postoperative AFib. 
Sotalol, amiodarone, and biatrial pacing have also been re-
ported to significantly reduce postoperative AFib.

GOALS OF MANAGING AFIB/AFLR

The current strategy for managing recurrent episodes of 
AFib/AFlr focuses on a “triad of therapy”: control of ven-
tricular rate, prevention of thromboembolic events (TE), 
and restoration and maintenance of sinus rhythm. Each 
clinical decision requires a separate management strategy 
that is based on patient-specific features.

Rate Control

As described above, the bulk of symptoms related to AFib/
AFlr is due to rapid ventricular rates. The ventricular rate in 
response to AFib/AFlr is altered by electrophysiologic prop-
erties of the AV node, autonomic tone, and medical therapies 
(such as beta-blockers) that blunt AV node conduction.

An initial therapy should be prompt rate control through the 
use of intravenous or oral beta-receptor or calcium channel 

antagonists. Calcium channel blockers (Class IV agents), 
such as diltiazem or verapamil, and beta-blockers (Class II 
agents), such as metoprolol or atenolol, reduce ventricular 
rate because of slowing of conduction through the AV node 
and are not likely to promote conversion to sinus rhythm. 
Intravenous diltiazem is often a first-line therapy for rate 
control during an emergency room evaluation with pa-
tients subsequently being transitioned over to oral medical 
therapy. When used alone, digoxin rarely provides adequate 
rate control. Digoxin is beneficial when used as adjunctive 
therapy with beta- or calcium channel blockers.

Rate control is important not only for managing symptoms 
but also to prevent a tachycardia-induced cardiomyopathy 
(see above).

One caveat regarding rate control is in the patient with 
WPW. These patients may present with an irregular wide 
complex tachycardia attributable to AFib conducting over 
the accessory pathway (Figure 69-5). The use of AV block-
ing agents in this situation should be avoided, since blunting 
AV node conduction may facilitate more rapid conduction 
over the accessory pathway and result in ventricular fibril-
lation. The best approach is cardioversion or intravenous 
procainamide, ibutilide or amiodarone.
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Figure 69-5. Example of a young patient who presented with an irregular wide complex tachycardia with varied QRS morphologies. 
A. The precordial tracings (V1-V6) and the rhythm strips below (V1, II, V5) represent AFib with conduction over an accessory pathway. 
B. After cardioversion, the precordial leads reveal sinus rhythm with preexcitation/WPW.
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In certain circumstances, medical therapy for rate control 
can be challenging. For example, side effects may preclude 
adequate dosing of beta-blockers in patients with obstruc-
tive lung disease. Sometimes, rate control may only be 
achievable through RFA of the AV junction, which results 
in permanent complete heart block and mandates implan-
tation of a pacemaker (Figure 69-1B). Obviously, RFA of 
the AV junction and implantation of a pacemaker do not 
correct the AFib and, thus, do not alter the risk of TE or the 
need for anticoagulation.

Anticoagulation

Medical Therapy
Perhaps the most important aspect of managing a patient 
with AFib/AFlr is to prevent TE, the most severe being 
ischemic stroke. A few important features regarding the use 
of anticoagulation therapy need to be remembered. First, 
the risk of TE does not correlate with the type of AFib. 
In other words, patients with paroxysmal AFib seem to be 
at the same risk as persistent AFib. Second, even if sinus 
rhythm is restored, the risk of TE may not be adequately 
reduced to recommend discontinuation of anticoagulation 
therapy. An explanation for these two points is that many 
patients are not aware of  recurrent AFib (“silent” AFib), 
thus the absence of symptoms does not equate to freedom 
of AFib.

From pooled data of several anticoagulation trials in pa-
tients with nonvalvular AFib, the annual risk of TE for the 
 unanticoagulated/control group of patients with AFib was 
4.5%, but warfarin therapy (INR 2.0-3.0) reduced the risk to 
1.5% (a relative risk reduction of ≈65%). Anticoagulation 
therapy is about 50% more effective than aspirin for the pre-
vention of TE. The concern with anticoagulation therapy 
is the rate of major hemorrhage. The rate was 1% in the 
control group, 1% in the aspirin group, and 1.3% in the 
warfarin group. The most severe complication, intracranial 
hemorrhage, is associated with excessive anticoagulation, 
poorly controlled hypertension, and elderly age. The opti-
mal dosage of aspirin is not defined and 81-325 mg daily 
can be prescribed. For warfarin, the target INR of 2.0–3.0 
is recommended, since the risk of TE increases for an INR 
<2.0 and the risk of hemorrhage increases for an INR >3.0. 
To reduce bleeding complications/intracranial hemorrhage, 
some trials suggest an INR range of 1.7-2.5 for patients >75 
years. If TE occurs in a patient even though the INR is 2.0-
3.0, the target range of INR can be increased to 3.0-3.5. 
If warfarin therapy needs to be interrupted, anticoagula-
tion should be bridged with either unfractionated or low-
molecular-weight heparin. To date, no trials suggest a role 
for other therapies that inhibit platelet function such as IIb/
IIIa inhibitors (i.e., Plavix) to reduce TE without increasing 
hemorrhagic complications.

A challenging clinical question is which patients with 
nonvalvular AFib should be treated with warfarin versus 
aspirin. For recurrent episodes of AFib, a widely accepted 
scoring method has been proposed through the mnemonic, 
CHADS2. This scoring method was developed as a result 
of a study of 1,733 Medicare patients older than 65 years. 
With this method, 1 point is assigned for the presence of 
Congestive heart failure, Hypertension, Age ≥ 75 years, or 
Diabetes, and 2 points are assigned for prior transient isch-
emic attack or Stroke (represented by S2). The estimated 
annual risk of stroke associated with each score of the 
CHADS2 is summarized in Table 69-2. In general, patients 
with a CHADS2 score of 0 are treated with aspirin. A score 
of 1 can be managed with either aspirin or warfarin, and 
warfarin is recommended for scores >1.

The CHADS2 scoring system is only applicable to patients 
with nonvalvular AFib. Patients who have AFib and mi-
tral stenosis or a prosthetic heart valve should be prescribed 
warfarin. Other patient populations at increased risk for TE 
and in whom anticoagulation therapy is recommended are 
patients with hyperthyroidism and hypertrophic cardio-
myopathy. High and moderate risk features for TE with 
AFib and the suggested method to reduce risk of TE are 
summarized in Table 69-3.

Although not as thoroughly investigated, the risk of TE in 
patients with AFlr is considered similar to AFib and so rec-
ommendations for use of aspirin or warfarin in patients with 
AFib are extended to patients with AFlr, especially since 
the arrhythmias can coexist in up to 50% of patients.

Whether patients who have undergone curative RFA of 
AFib require continuation of anticoagulation is an area 

Table 69-2 • Summary of CHADS2 Scoring System 
and Associated Annual Stroke Risk

CHADS2 risk criteria score

Congestive heart failure
Hypertension
Age ≥75 years
Diabetes mellitus
Prior Stroke or transient 
ischemic attack

1
1
1
1
2

Patients
(n = 1733)

CHADS2
score

Adjusted stroke 
rate, %/year (95% 
confidence intervals)

120
463
523
337
220
65
5

0
1
2
3
4
5
6

1.9 (1.2-3.0)
2.8 (2.0-3.8)
4.0 (3.1-5.1)
5.9 (4.6-7.3)
8.5 (6.3-11.1)
12.5 (8.2-17.5)
18.2 (10.5-27.4)
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of ongoing research. The most recent HRS/AHA/ACC/
EHRA/STS recommendations of 2007 state the following:

 1. Warfarin is recommended for all patients for at least 
2 months following RFA of AFib.

 2. Decisions regarding the use of warfarin beyond 
2 months postprocedure should be based on the 
 patient’s stroke risk factors and not based on the ab-
sence, presence, or type of AFib.

 3. Warfarin should not be discontinued in patients 
postablation who have a CHADS2 score > = 2.

Device Therapy
Nonpharmacologic therapy to prevent TE complications 
of AFib/AFlr is quite compelling, since it would eliminate 
the inconvenience and cost of chronic warfarin therapy as 
well as the potential bleeding complications and systemic 
side effects. Implantable devices have been designed to oc-
clude the left atrial appendage and thus may eliminate the 
need for warfarin. The strategy of these devices is that all 
AFib-related TE are due to left atrial thrombi that arise from 
the appendage and that occlusion of the appendage will 
adequately reduce the risk of TE when compared to warfa-
rin. Ongoing noninferiority trials are comparing occlusion 
devices to warfarin.

Rhythm Control: Conversion 
& Maintenance of Sinus Rhythm

Electrical Cardioversion
Electrical cardioversion is perhaps the most expedient and 
safe method to restore sinus rhythm, however, it is essential 
to perform cardioversion when the risk of TE is low. The 
risk is considered low if the onset of AFib/AFlr is within 
48 hours from starting fractionated or unfractionated 

low-molecular weight heparin or if transesophageal echocar-
diography excludes the presence of a left atrial thrombus. In 
both scenarios, patients can undergo immediate electrical 
cardioversion, but it is important to note that the patient 
will require anticoagulation (heparin bridge to warfarin 
therapy, INR 2.0-3.0) from the time of cardioversion until 
at least 4 weeks postcardioversion. Even in the absence of a 
left atrial thrombus on transesophageal echocardiography, 
the left atrial contractile function may take a few weeks to 
recover (known as atrial stunning), even with restoration 
of sinus rhythm.

If the onset of AFib/AFlr is unknown or if a transesophageal 
echocardiogram is not performed, then the patient can pro-
ceed with electrical cardioversion once the INR is ≥2.0 for 
3 consecutive weeks; anticoagulation is then continued for 
at least 4 weeks postcardioversion.

These recommendations for anticoagulation around the time 
of cardioversion are not only for electrical cardioversion, but 
also for pharmacologic conversion, and these recommenda-
tions are distinct from recommendations for anticoagulation 
as chronic therapy to prevent TE (discussed earlier).

Antiarrhythmic Medications
When considering antiarrhythmic drug (AAD) therapy, 
there are two key questions: (1) Does the risk/benefit ratio 
favor the use of AAD? (2) If yes, which AAD should be 
prescribed?

Antiarrhythmic medications are utilized to prevent recur-
rences of AFib/AFlr and to maintain sinus rhythm. The 
primary benefit of sinus rhythm is to eliminate symptoms 
associated with irregularity of AFib/AFlr and with rapid 
ventricular rates. To date, there are no prospective studies 
that demonstrate that maintaining sinus rhythm with an 
AAD reduces mortality.

Although demonstrated to reduce frequency of AFib/
AFlr in comparison to placebo, the long-term success of 
AAD is, at best, modest. In the Canadian Trial of Atrial 
Fibrillation, patients were randomly assigned to amio-
darone or to either sotalol or propafenone for maintenance 
of sinus rhythm after conversion of AFib. The freedom 
from AFib/AFlr was ≈50% for sotalol and propafenone 
and ≈70% for amiodarone at 1 year, with a progressive 
decline in efficacy over time. However, 18% of patients 
assigned to amiodarone and 11% of patients assigned to 
sotalol or propafenone stopped the medication due to side 
effects.

The Canadian trial and other AAD trials have demon-
strated that since drug efficacy is not significantly differ-
ent among the AAD, the primary criterion for selecting an 
AAD is to minimize the risk of side effects, in particular, 

Table 69-3 • Moderate and High Risk Features 
of Thromboembolism in Atrial Fibrillation and 
Recommended Prophylaxis for Thromboembolism

Moderate risk factors High risk factors

Age ≥75 years
Hypertension
Diabetes mellitus
Heart failure
Left ventricular ejection 
fraction ≤35%

previous stroke, transient 
ischemic attack, or systemic 
thromboembolism

mitral stenosis
prosthetic heart valve

Assessment of risk Recommended prophylaxis therapy

No risk factors 
(none of the above)

Only 1 moderate 
risk factor

More than 1 moderate 
risk factor

Any high risk factor

aspirin, 81–325 mg daily
aspirin, 81–325 mg daily, or
 warfarin, INR 2.0-3.0
warfarin, INR 2.0-3.0
warfarin, INR 2.0-3.0



CHAPTER 69 /  Atrial Fibrillation and Atrial Flutter 813   

proarrhythmia. Proarrhythmia is the occurrence of a po-
tentially serious arrhythmia attributable to the initiation 
of an AAD. The more common proarrhythmic compli-
cations for the AAD classes are outlined in Table 69-4. 
In general, the risk of proarrhythmia is about 0.8% for 
amiodarone, and about 1.5-2% for Class I or other Class 
III AAD, and the risk of proarrhythmia is highest among 
patients with structural heart disease/heart failure. Because 
of the potential for life-threatening proarrhythmia, AADs 
are often initiated in a monitored setting, except perhaps 
amiodarone.

The risk/benefit profile, therefore, for an AAD includes the 
benefit of maintaining sinus rhythm (eliminate symptoms 
and reduce recurrences of AFib/AFlr), with an expected 
drug efficacy of about 50-70% at 1 year and a serious risk 
profile of about 1-2%.

Curative Catheter Ablation
Atrial Fibrillation
Catheter RFA of AFib is based on two mechanisms of AFib. 
One mechanism is that a rapidly firing focal trigger en-
croaches on the refractory period of the surrounding atrial 
myocardium and, thus, conduction through the atria is not 
uniform but, rather, fibrillatory. These focal triggers often 
arise from sleeves of atrial myocardium that extend from the 
left atrium into the pulmonary veins (PVs) and display ab-
normal automaticity. Once a focal driver initiates AFib, even 
brief episodes of fibrillatory conduction can trigger adverse 
changes in the atria that perpetuate AFib. The perpetuation 
and maintenance of AFib is related to the existence of mul-
tiple wandering reentrant circuits called wavelets. Catheter 
ablation therapies for AFib either target the focal trigger 
arising from the PV or attempt to modify the atrial myocar-
dium to interrupt and prevent the reentrant atrial wavelets.

Empiric segmental ostial PV isolation is one of the first 
techniques that targeted triggers originating from PV mus-
culature responsible for initiating AF. A circular mapping 

catheter, positioned at the PV-left atrium junction, is used 
to record PV potentials for empiric RFA. Segmental PV 
isolation is performed for all PVs and thus the procedure 
is based on an anatomical identification of PV potentials 
rather than attempting to ablate only specific focal triggers. 
Segmental PV isolation is best suited for curative therapy of 
paroxysmal AFib.

For persistent or longstanding persistent AFib, segmental 
PV isolation provides a lower success rate compared to the 
technique of wide area circumferential RFA (Figure 69-6). 
The intent of this procedure is to create circumferential le-
sions in the atrial myocardium around each PV ostium, and 
some centers also favor the addition of linear ablation, such 
as from the mitral valve to the left inferior PV (i.e., the mi-
tral isthmus). Compartmentalizing the left atrium improves 
procedural efficacy by interrupting atrial wavelets of reentry 
that perpetuate AFib and prevent focal triggers that may 
still exist from initiating sustained AF. Also, wide area cir-
cumferential ablation can modify cardiac autonomic inputs 
and atrial rotors that also contribute to AFib.

Clinical trials have demonstrated moderate long-term free-
dom from AFib following segmental PV isolation, ≈65 to 
70% for all patients. However, the success rate is considerably 
higher for patients with paroxysmal AFib (≈70%) in com-
parison to patients with persistent/longstanding persistent 
AFib (≈35%). With the circumferential ablation technique, 
the freedom from paroxysmal AFib is ≈75% and freedom 
from persistent and permanent AFib is ≈60% with the first 
RFA procedure. Complications related to curative RFA of 
AFib have been reported to be 2 to 6% and include pericar-
dial tamponade, stroke, PV stenosis, injury to the phrenic 
nerve, pericardial-esophageal fistula, and rarely, death.

Atrial Flutter
Since the macro-reentrant circuit of cavotricuspid isthmus-
 dependent AFlr is well-defined (bounded anteriorly by 
the tricuspid valve and posteriorly by the inferior vena 

Table 69-4 • Proarrhythmic Complications of Antiarrhythmic Medications

Antiarrhythmic Medication Type of Proarrhythmia Increased Risk Profile

Class IA (procainamide, 
quinidine, disopyramide)

Long QT/torsade, bradycardia heart failure/low ejection fraction, renal insufficiency, 
preexisting long QT interval, preexisting bradycardia

Class IC (flecainide, 
propafenone)

Exercise-induced ventricular arrhythmias,
AFlr 1:1 AV conduction, ventricular 
arrhythmias/sudden cardiac death, 
bradycardia

coronary artery disease, heart failure/low ejection 
fraction, preexisting bradycardia

Class III (dofetilide, ibutilide, 
sotalol, dronedarone)

Long QT/torsade, bradycardia (sotalol and 
dronedarone)

heart failure/low ejection fraction, renal insufficiency, 
preexisting long QT interval, female gender

Amiodarone rare cardiac proarrhythmia (torsade, 
bradycardia), but potentially serious 
end-organ toxicity (liver, lung, or thyroid)

preexisting bradycardia
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cava and the eustachian ridge), successful curative RFA is 
rather straightforward with excellent first procedure suc-
cess (>90%) and minimal complications (<1%), and RFA 
is often considered as primary therapy (Class I indication). 
The goal of the RFA procedure is to create a line of over-
lapping ablation lesions connecting the tricuspid valve to 
the inferior vena cava, thus creating a line of bidirectional 
conduction across the cavotricuspid isthmus region. This 
complete ablation line transects the isthmus region, which 
is critical to sustaining the AFlr.

Successful RFA of noncavotricuspid isthmus-dependent 
AFlr is more challenging. Incisional flutters are often 
located along the site of an atriotomy and atypical left 
atrial flutters are usually due to gaps in a prior surgical 
or percutaneous RFA procedure for management of AFib. 
In these procedures, the circuit is defined by detailed 3D 
mapping and the response to pacing maneuvers. Once the 
circuit is defined, often the goal of the RFA procedure is 
to create a line of ablation from one nonconducting ana-
tomical structure (e.g., mitral valve) to another (e.g., left 

inferior PV), thus transecting the intervening atrial myo-
cardium that is critical to sustaining the AFlr (e.g., mitral 
valve isthmus). In some circumstances, the AFlr is due to 
the presence of an excitable gap from a prior circumferen-
tial ablation for AFib, and RFA at this area will terminate 
the tachycardia.

Rate Control vs. Rhythm Control

When managing patients with AFib/AFlr, in addition to 
managing the risk of TE, an essential decision is whether 
the focus of the management will be either rate control 
(prevent rapid ventricular rates during AFib/AFlr, but 
not attempt to maintain/restore sinus rhythm) or rhythm 
control (prevent recurrences of AFib/AFlr). To date, since 
there is no mortality benefit that favors one approach, this 
decision is often based on a patient-specific assessment 
of risk/benefit profile that considers symptoms, frequency 
of the arrhythmia, structural heart disease, and other 
comorbidities.

Figure 69-6. Imaging techniques to assist with three-dimensional reconstruction of the left atrium at the 
time of catheter ablation of AFib. A. Prior to the RFA procedure, a CT image of the left atrium and PVs is 
completed and reconstructed. B. The CT three-dimensional image is then downloaded into the mapping 
computer that is used in the electrophysiology laboratory during the RFA procedure. C. When a RFA lesion 
is applied, a red dot is placed on the image to denote the site. In this example, the virtual shell of the left 
atrium and PVs can be manipulated to reveal a virtual image of the left atrial chamber. This image reveals 
that four overlapping RFA lesions (red dots) have been delivered at the os of the left superior PV. D. With 
completion of the procedure, RFA lesions were delivered in a circumferential manner around each PV.
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Rate Control for AFib/AFlr
The AFFIRM trial (Atrial Fibrillation Follow-up Inves-
tigation of Rhythm Management) was a large trial that 
randomized 4,060 patients >65 years, with AFib and 
risk factors for stroke or death, to either rate control or 
rhythm control. In this population, there was no differ-
ence in  mortality, stroke, quality of life, or heart failure 
between the two groups. Rhythm control was associated 
with a trend toward higher mortality, perhaps due to in-
creased mortality related to the use of AAD and the un-
deruse of anticoagulation. These adverse effects may have 
masked the benefits of sinus rhythm. In elderly patients 
with asymptomatic AFib/AFlr, rate control is an accept-
able method and is often preferred due to simplicity and 
minimization of expenses.

Rhythm Control for AFib
The algorithm for rhythm control has been outlined in the 
2006 ACC/AHA/ESC Consensus Statement and is sum-
marized in Figure 69-7. In general, the first-line therapy 
for managing recurrent episodes of AFib is AAD therapy. 
As discussed earlier, the selection of the AAD is primarily 
directed by the presence/absence of structural heart disease 
(heart failure) and other comorbidities (renal insufficiency/
lung disease). If AAD therapy is unsuccessful, a second 
AAD trial or curative catheter ablation is recommended as 
second-line therapy. Strategies for managing paroxysmal, 

persistent/longstanding persistent, and permanent AFib are 
outlined in Figure 69-8. It should be recalled that, by defi-
nition, permanent AFib is continuous and a decision has 
been made not to pursue restoration of sinus rhythm by any 
means.

Rhythm Control for AFlr
The strategy of managing AFlr varies based on the mech-
anism of AFlr. Since RFA for cavotricuspid isthmus-
 dependent AFlr has high success, low recurrence, and 
low complications and since AAD therapy has moder-
ate success and requires chronic therapy, many centers 
favor RFA as primary therapy for cavotricuspid isthmus-
 dependent AFlr.

Many patients with noncavotricuspid isthmus-dependent 
AFlr develop the AFlr as a result of curative RFA for AFib. 
In these patients (those who have tried and failed AAD and 
have a preference for nonpharmacologic therapy), a repeat 
RFA procedure is often recommended. Another patient 
 population with noncavotricuspid isthmus-dependent AFlr 
are patients who have had a prior atriotomy for valvular or 
congenital heart disease. Certainly, AAD therapy is an op-
tion, however, considering the extensive structural changes 
in the atria, AAD therapy has lower-than-usual success 
in this population and often RFA is required. The RFA 
 procedure for both these patient populations is associated 
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Figure 69-7. Algorithm for rhythm control. First-line therapy is AAD. Second-line therapy can be catheter ablation.
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with a lower success and increased risk for procedural 
complications in comparison to cavotricuspid isthmus-
 dependent AFlr.

Future Therapies

Future investigations in AFib/AFlr will be to further evalu-
ate the role of inhibition of the renin-angiotensin system 
and the impact of statin therapy to reduce episodes of atrial 
arrhythmias. Preliminary studies suggest that these thera-
pies reduce AFib independent of their primary effect (blood 
pressure control and lipid reduction). One study, the NIH 
CABANA trial, is evaluating whether maintenance of 
sinus rhythm through curative RFA of AFib without the use 
of AAD will reduce mortality. New antithrombotic drugs 

include both parenteral agents (e.g., a long-acting factor 
Xa inhibitor idraparinux) and oral anticoagulants, such as 
oral factor Xa inhibitors and direct oral thrombin inhibitors 
(e.g., dabigatran), that may replace warfarin therapy due to 
simplicity of dosing and monitoring.

Permanent
AFib

C.

A. B.
Recurrent

Paroxysmal
AFib

Recurrent
Persistent/Longstanding

persistent AFib

Catheter ablation
of AFib if AAD fails

Anticoagulation and
rate control as needed

Anticoagulation and
rate control as needed

No drug for
prevention of AFib

AAD therapy,
(see figure 5)

Continue anticoagulation
as needed and therapy to

maintain sinus rhythm

Consider catheter ablation for
symptomatic recurrent

AFib after failure of ≥ 1 AAD
and rate control agent

Minimal or no
symptoms

Disabling symptoms
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Electrical cardioversion,
if needed

Anticoagulation and
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Anticoagulation and
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(see figure 5)

Minimal or no
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Disabling symptoms
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Figure 69-8 A. Strategy for managing paroxysmal AFib. B. Strategy for managing persistent/longstanding persistent AFib. C. Strategy 
for managing permanent AFib.

Abbreviations

AAD = antiarrhythmic drug
AFib = atrial fibrillation
AFlr = atrial flutter
ECG = electrocardiogram
PV = pulmonary vein
RFA = radiofrequency ablation
WPW = Wolff-Parkinson-White
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Wide Complex Tachycardia: 
Ventricular Versus 

Supraventricular Tachycardia
Steven J. Kalbfleisch

70

• A wide complex tachycardia is typically defined as 
having a rate of > 100 bpm and a QRS duration of ≥
120 ms.

• Tachycardias are categorized by the direction of the 
dominant deflection in lead V1 as either a right bun-
dle morphology (positive) or left bundle morphology 
(negative) tachycardia. This categorization allows 
the interpreter to know which morphology criteria to 
apply to the ECG to help differentiate between ven-
tricular tachycardia and supraventricular tachycardia 
with aberration.

• An understanding of normal His-Purkinje conduc-
tion and the morphology criteria to diagnosis a right 
and left bundle branch block greatly aids the inter-
preter by appropriately diagnosing a wide complex 
tachycardia.

• During conduction with either a right or left bundle 
branch block, the initial 40 to 60 ms of the QRS com-
plex is activated via a portion of the His-Purkinje sys-
tem and therefore inscribes a sharp deflection during 
this portion of the ECG; the terminal portion of the 
QRS occurs as a result of myocardial conduction and 
this portion of the QRS complex often has a much 
more rounded appearance.

• In patients with a right bundle morphology tachycar-
dia, a monophasic, biphasic, or atypical triphasic QRS 

complex in lead V1 is most consistent with ventricu-
lar tachycardia. In patients with a left bundle mor-
phology tachycardia, if the initial down stoke in lead 
V1 is notched or has a time to the nadir of >60 ms 
this is most consistent with ventricular tachycardia.

• The Brugada criteria for differentiation of wide com-
plex tachycardias are applicable regardless of the 
morphology of the tachycardia in lead V1.

• The only QRS axis deviation that is truly indicative of 
ventricular tachycardia is extreme left axis deviation 
(axis between −90 and −180 degrees).

• The simple fact that a patient has a history of prior 
myocardial infarction makes the likelihood that a 
wide complex tachycardia is ventricular tachycardia 
approximately 95%.

• A wide complex tachycardia that is irregularly ir-
regular is most likely due to atrial fibrillation with 
aberration.

• Ventriculo-atrial dissociation or ventriculo-atrial block 
during a wide complex tachycardia is essentially diag-
nostic of ventricular tachycardia. This feature, how-
ever, is difficult to detect and is reported in only 20 to 
25% percent of cases of ventricular tachycardia.

d PRACTICAL POINTS
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INTRODUCTION

A wide complex tachycardia (WCT) is typically defined as 
having a rate greater than or equal to 100 bpm and a QRS du-
ration greater than 120 ms. QRS prolongation to this degree 
can be the result of either ventricular tachycardia (VT) or su-
praventricular tachycardia (SVT) with aberrant conduction 
down the His-Purkinje system or over an accessory pathway. 
Wide complex tachycardias as a result of antegrade conduc-
tion down an accessory pathway are rare, and therefore, the 
major differential of a WCT is between SVT with either left 
bundle branch block (LBBB) or right bundle branch block 
(RBBB) aberration and VT. There are a number of criteria 
that have been described over the years to help in differen-
tiating these two entities. Simply memorizing these criteria 
as a list and then trying to apply them can make the process 
confusing. The thing to remember is that the principle goal 
of most of the criteria developed is to try to help answer the 
question, Is this a typical right bundle or left bundle branch 
block pattern? If it is a typical bundle branch block pattern, 
SVT is more likely, and if it is not, then VT is more likely. 
It is, therefore, important to understand the basics of His-
Purkinje conduction and the features of right and left bundle 
branch block conduction patterns. This section will outline 
the major criteria used to differentiate wide complex tachy-
cardias with an emphasis on specific ECG features.

NORMAL HIS-PURKINJE 
CONDUCTION AND BUNDLE 
BRANCH BLOCKS

Normal His-Purkinje conduction proceeds from the His 
bundle to the right and left bundles and then to the Purkinje 
network. This allows for rapid and nearly simultaneous ac-
tivation of the right and left ventricles, resulting in a QRS 
duration on the order of 80 ms. With normal conduction, 
the initial activation of the ventricles starts on the left 
ventricular side of the septum and due to the orientation 
of the septum proceeds in an anterior and rightward direc-
tion. This results in the inscription of a septal Q wave in the 
left-sided limb leads (I and aVL) and lateral precordial leads 
(V5 and V6) (Figure 70-1). These normal septal Q waves 
are small and short in duration (<30 ms). After the initial 
septal activation, the right and left ventricles are activated. 
Because the mass of the left ventricle is so much larger than 
the right and their activation occurs nearly simultaneously, 
the majority of right ventricular activation is masked by the 
left ventricle and the resultant QRS complex primarily re-
flects left ventricular depolarization.

During atrioventricular (AV) conduction with a bundle 
branch block, the normal sequence of ventricular activa-
tion is altered and the duration of ventricular activation is 

prolonged. With either a right or left bundle branch block, 
the initial activation of the ventricles is via part of the His-
Purkinje system and is therefore very rapid. This is reflected 
in the QRS morphology as very sharply inscribed initial 
forces that are typically less than 40 to 60 ms in duration. 
With RBBB, normal septal activation is maintained and 
left ventricular activation is still rapid. The primary abnor-
mality in RBBB is delayed and unmasked activation of the 
right ventricle. Right ventricular activation occurs through 
myocardial cellular conduction, which is relatively slow and 
proceeds in an anterior and rightward direction from the left 
ventricle. This pattern of conduction results in broad ter-
minal S waves in the QRS in the left-sided limb and lateral 
precordial leads (I, aVL, V5, and V6) and a triphasic RSR’ 
QRS in lead V1 (Figure 70-1). During the typical triphasic 
pattern of a RBBB, the initial R wave is smaller than the 
terminal R wave in lead V1.

With left bundle branch block (LBBB), ventricular activation 
is more disturbed. With complete LBBB, normal septal acti-
vation is altered and activation of the right ventricle occurs 
before the septum and left ventricle. After right ventricular 
activation via the right bundle, the septum and left ventricle 
are activated through myocardial cellular conduction in a 

Normal
conduction

Typical
RBBB
pattern

Typical
LBBB

pattern

V1 V6

Figure 70-1. Normal conduction and typical right and left 
bundle branch block conduction patterns. On the left side of the 
figure is lead V1 and on the right is lead V6. During normal con-
duction, there is a small but perceptible Q wave in lead V6. In 
some cases, such as this one, the Q wave is very small and ap-
pears as almost a pinpoint. The Q wave is a result of early septal 
activation via the left bundle branch. During conduction with a 
right bundle branch block (RBBB), the QRS in lead V1 has a tri-
phasic pattern, with the initial R wave smaller than the terminal 
R wave, and in lead V6, the septal Q wave is preserved. During 
left bundle branch block (LBBB) in the case shown, the QRS 
configuration appears almost monophasic in both leads V1 and 
V6, with some notching on the top of the QRS complex. Notice 
the loss of the normal septal Q wave in lead V6 as a result of 
loss of early septal activation from the left bundle branch.
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leftward and posterior direction. This pattern of conduction 
results in loss of the normal septal Q waves in the left-sided 
limb and lateral precordial leads. Because of the posterior and 
leftward direction of conduction during activation of the left 
ventricle, the QRS complex is negative in lead V1 and posi-
tive in the left-sided limb and lateral precordial leads. The 
QRS morphology in these leads is typically either monopha-
sic or biphasic but may have some degree of notching on the 
peak of the QRS complex (Figure 70-1).

ECG CRITERIA FOR DIFFERENTIATING 
VT AND SVT BASED UPON 
TACHYCARDIA MORPHOLOGY

Wide complex tachycardias are usually categorized based 
upon their morphology in lead V1 and their axis. This al-
lows for very broad groupings and invokes certain rules for 
differentiating between tachycardia types. The differential 
diagnosis and ECG rules applied to a left bundle inferior axis 
morphology tachycardia are different from those of a right 
bundle superior axis tachycardia. The tachycardia morphol-
ogy is categorized based on the major deflection of the QRS 
complex in V1; if the deflection is predominantly negative, 
it is a left bundle morphology, and if it is positive, it is a right 
bundle morphology tachycardia. Once a tachycardia has 
been broadly categorized as either a right or left bundle mor-
phology, the QRS morphology features of leads V1 and V6 
are the most helpful in differentiating whether it is a typical 
right or left bundle morphology and, therefore, it is consis-
tent with SVT and aberration, or it is an atypical morphol-
ogy and consistent with VT. Ventricular arrhythmias that 
arise in the ventricular myocardium, that don’t involve the 
His-Purkinje system as part of their circuit, conduct through 
the myocardium relatively slowly. They, therefore, tend to 
have very long QRS durations and don’t have the initial 
rapid deflections and sharp onset to the QRS complex that 
are seen with right and left bundle branch block conduc-
tion patterns. It is unfortunate that there are exceptions to 
every rule. Some VTs that arise in the ventricular septum 
can have relatively narrow QRS durations as a result of a 
simultaneous spread to the right and left ventricles. They 
may also have sharp initial deflections as a result of the utili-
zation of the His-Purkinje system as part of their tachycardia 
circuit. In these cases, differentiating SVT from VT based 
upon ECG criteria can be very difficult. The next part of 
this section will highlight the ECG features that help to dif-
ferentiate SVT from VT based upon QRS morphology.

Approximately 60% of ventricular tachycardias have a right 
bundle morphology configuration. Early studies by Wellens 
et al helped establish the value of evaluating the QRS mor-
phology in leads V1 and V6 for differentiating right bundle 
morphology tachycardias.1 A monophasic or biphasic complex 

in lead V1 strongly favors VT as the diagnosis. A typical tri-
phasic complex in lead V1 (where the initial R wave is smaller 
than the terminal R wave) favors SVT, especially when the 
ECG also demonstrates normal septal Q waves in leads I and 
V6 as a result of the preservation of the normal His–Purkinje 
activation of the septum. In patients in whom the diagnosis 
is not clear from the morphology in lead V1, an R:S ratio 
less than 1 in V6 is more consistent with VT, and this can be 
used as a secondary criteria to the lead V1 QRS morphology 
(Figure 70-2). Some patients have an atypical triphasic com-
plex in lead V1, in which the initial R wave is taller than the 
terminal R wave. An atypical triphasic morphology strongly 
favors VT as the diagnosis (Figure 70-3). Lead V1 QRS mor-
phologies that favor VT are shown in Figure 70-4.

Some notable exceptions to these rules need to be high-
lighted. In patients with a RBBB and an old anterior MI, Q 
waves may be seen throughout the anterior precordial leads 
(V1 to V4), which can give the appearance of a biphasic 
QRS morphology in lead V1 during sinus rhythm and SVTs. 
Patients with a preexisting RBBB and left anterior fascicular 
block often have an R:S less than 1 in V6, making the R:S 
ratio criterion unreliable in cases of a right bundle morphol-
ogy tachycardia when left axis deviation is present.1

Later studies by Kindwall et al specifically evaluated the 
morphology of the QRS complex in leads V1, V2, and V6 
for differentiating left bundle morphology tachycardias.2 

Four principle morphologic criteria were described to favor 
VT as the diagnosis (Figure 70-5). Three of these criteria 
involve the morphology in leads V1 or V2 and are (1) an 
initial R wave in lead V1 or V2 of greater than 30 ms in 
duration, (2) R wave onset to S wave nadir in V1 or V2 
of greater than 60 ms, and (3) any notching on the down 
stroke of the S wave in V1 or V2 (Figure 70-6). The fact 
that these criteria favor VT is not surprising because they 
simply reflect the fact that during VT there is a relatively 
slow and possibly irregular conduction through the myo-
cardium even during the early phases of the QRS complex. 
This is opposed to the rapid initial conduction seen during 
left bundle aberration as a result of myocardial activation 
via the right bundle. The fourth criterion that favored VT 
in their study is the presence of any Q wave in lead V6. 
This criterion makes sense when one remembers that with a 
true LBBB, septal activation is altered and the normal septal 
Q waves should be eliminated. Although the sensitivity of 
any one of these criteria was relatively low, ranging from 35 
to 60%, the specificities were found to be high (>95%).2

THE BRUGADA CRITERIA

In 1991, Brugada et al reported on one of the largest series 
evaluating new criteria for differentiating wide complex 
tachycardias.3 Their criteria did not depend on whether 
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the tachycardia was of a specific morphology type, but 
some of their concepts were extensions of the observa-
tions made by Kindwall et al regarding left bundle mor-
phology tachycardias.2 Their major observations were 
that patients with aberrant conduction due to a bundle 
branch block (whether right or left) had an RS complex 
in at least one precordial lead (V1 to V6) on their ECG 
and that in the leads with an RS complex, the time from 
the onset of the R wave to the nadir of the S wave was less 
than or equal to 100 ms. The relatively short time from 
the onset of the R wave to the nadir of the S wave during 
bundle branch aberration is a result of the initial activa-
tion of the ventricle via the His-Purkinje system. Their 
observations led to the addition of two new criteria favor-
ing the diagnosis of VT during a WCT: (1) the absence 
of an RS complex in all precordial leads and (2) a time of 
greater than 100 ms from the onset of the R wave to the 
nadir of the S wave when an RS complex is present in the 
precordial leads (Figure 70-7). In their study, the absence 

of an RS complex was noted in 21% of VTs and an RS 
complex with an RS interval of greater than 100 ms in at 
least one precordial lead was seen in 52% of the remain-
ing VTs.3 Brugada et al recommended using a hierarchal 
systematic approach for differentiating WCTs, combining 
their new criteria with other previously described criteria. 
The approach recommended is as follows: (1) Look for 
the presence of an RS complex in the leads V1 to V6, 
and if none is found, then VT is diagnosed. (2) If an RS 
complex is present, measure the time from the onset of 
the R wave to the nadir of the S wave in the lead with the 
longest measurement, and if this measurement is greater 
than 100 ms, then VT is diagnosed. (3) Evaluate for atrio-
ventricular dissociation, and if this is present, then VT 
is diagnosed. (4) Evaluate the QRS morphology in leads 
V1 and V6, and if both of these fulfill the criteria for VT 
as outlined previously, then VT is diagnosed. Using this 
step-wise approach in more than 500 wide complex tachy-
cardias leads to a correct diagnosis in 98% of cases.3
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Figure 70-2. Right bundle morphology ventricular tachycardia. During this tachycardia, the QRS morphology in lead V1 is dif-
ficult to classify as either biphasic or triphasic, and the QRS axis is normal (between 0 and 90 degrees). In this situation, lead V6 
can be used to help discriminate between ventricular tachycardia and supraventricular tachycardia. The R:S ratio in lead V6 is <1
and therefore indicative of ventricular tachycardia. When the axis is either normal or rightward during a right bundle morphology 
tachycardia, the R:S ratio criterion in lead V6 can be used to help discriminate ventricular from supraventricular tachycardia; how-
ever, when left axis deviation is present, this criterion is not valid. Another feature that is consistent with ventricular tachycardia 
on this ECG is the QRS duration. When measured at the widest QRS complex in either the limb or precordial leads, the QRS is 
160 ms. A QRS complex >140 ms during a right bundle morphology tachycardia is indicative of ventricular tachycardia (see text 
for  discussion).
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Figure 70-3. Atypical right bundle morphology. During this case of a wide complex tachycardia, the QRS morphology in lead V1 is tri-
phasic. This is an example of an atypical triphasic V1 morphology where the initial R wave is larger than the terminal R wave. This pat-
tern is strongly suggestive of ventricular tachycardia as the diagnosis. Notice also that there is a left-superior axis. Because of the left 
axis deviation, the R:S ratio criterion in lead V6 is not helpful for diagnosing ventricular tachycardia, but in this case, it is not needed. 
The QRS duration of 160 ms is also suggestive of ventricular tachycardia.

Monophasic

Biphasic

Atypical triphasic

Biphasic

Figure 70-4. QRS morphologies in lead V1 indicative of ven-
tricular tachycardia. Any deviation from the typical triphasic
QRS morphology of a right bundle branch block where the initial 
R wave is smaller than the terminal R wave is suggestive of 
ventricular tachycardia. With a biphasic QRS morphology, the 
initial or terminal portion of the QRS in V1 may be either posi-
tive or negative, but in either case, the positive deflection in the 
lead needs to be the dominant deflection to classify it as a right 
bundle morphology. With an atypical triphasic QRS, the initial 
R wave is larger than the terminal R wave.

V1/ V2 V6

A

B

Notch
Q Wave

Figure 70-5. QRS morphology features in leads V1/V2 and 
V6 indicative of ventricular tachycardia. In leads V1 or V2, the 
presence of an R wave of long duration (A > 30 ms), long du-
ration from the onset of the R wave to the nadir of the S wave 
(B > 60 ms), or any notching on the down stroke of the S wave 
is suggestive of ventricular tachycardia. In lead V6, the presence 
of a Q wave is indicative of ventricular tachycardia.
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ADDITIONAL CRITERIA USED TO 
DIAGNOSIS A WIDE COMPLEX 
TACHYCARDIA

A number of previous studies have evaluated other clini-
cal and ECG variables for their usefulness in differentiating 
WCTs. Akhtar et al reported on a series of 150 consecutive 
patients referred for evaluation of a wide complex tachycar-
dia and looked at the usefulness of clinical variables such as 
the presence of known structural heart disease and age as well 
as traditional ECG criteria, including rate, axis, atrioven-
tricular relationship, and QRS morphology and duration.4 

In their series, the diagnosis of VT was far more common 
than SVT and represented roughly 80% of the tachycardias. 
Their data showed that knowing a few simple pieces of clini-
cal information can significantly change the probability of 
whether the tachycardia is an SVT or VT. Young patients 
without structural heart disease are more likely to have an 
SVT with aberration or ventricular activation via an acces-
sory pathway. More important is the fact that if a patient has 
a history of structural heart disease, especially a history of 
prior myocardial infarction, the likelihood that the tachy-
cardia is VT is approximately 95%.4

QRS DURATION

The general rule is that the wider the QRS complex, the 
more likely the diagnosis of VT. In patients with a VT focus 
in the free wall of either the RV or LV, the impulse has to 
conduct to the rest of the ventricle via myocardial cellular 
conduction, which is relatively slow compared to the His-
Purkinje system. This results in significant QRS prolonga-
tion, especially in patients with underlying cardiac disease 
and myocardial scaring. Early studies used a QRS duration 
cutoff of 140 ms to discriminate between VT and SVT. This 
seemed to be reasonable for right bundle morphology tachy-
cardias but did not work well for tachycardias with a left 
bundle morphology, and later studies have shown that a cut-
off of 160 ms is better in these cases.1,4

There can be a number of exceptions to these rules. In pa-
tients with a VT focus located in or near the septum, the 
QRS may be quite narrow because the spread of activa-
tion occurs nearly simultaneously toward the right and left 
ventricles. Although a very wide QRS complex is indica-
tive of VT, a narrow complex (<140 ms) does not rule out 
VT. There are also a number of examples where patients 
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Display speed: 25 mm/sec
Display scale: 10 mm/mv
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Figure 70-6. Left bundle morphology ventricular tachycardia. This ECG is an example of a left bundle inferior axis morphology 
tachycardia. The QRS duration is relatively narrow and measures approximately 120 ms. The onset of the QRS in lead V1 is difficult
to discern, but in lead V2, an R wave is present with a duration of <30 ms. The R wave onset to the nadir of the S wave measures ap-
proximately 50 ms. All of the above features are more consistent with a supraventricular tachycardia. In this case, however, there is 
clear notching on the down slope of the S wave in V1, which is highly suggestive of ventricular tachycardia. Indeed, this was a case of 
idiopathic ventricular tachycardia arising from the left ventricular outflow tract tachycardia. In patients with idiopathic ventricular tachy-
cardias without structural heart disease, myocardial conduction can be fairly rapid. Many of these tachycardias can be located more
centrally near the septum and conduct to the right ventricle and left ventricle nearly simultaneously. These two features of a central lo-
cation with fairly rapid conduction can lead to a relatively narrow QRS complex with the appearance of sharp initial deflections. In these 
cases, other morphologic features besides QRS timing may be needed to differentiate supraventricular from ventricular tachycardias.
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with aberration can have significant QRS prolongation 
(>160 ms); this is especially true in patients with significant 
structural heart disease and extensive myocardial scarring or 
patients taking antiarrhythmic drugs with conduction slow-
ing effects such as the Class 1A and 1C drugs. Despite these 
exceptions, QRS durations of greater than 140 ms for right 
bundle and greater than 160 ms for left bundle morphology 
tachycardias are fairly good predictors of ventricular tachy-
cardia with specificities of approximately 95%.1,4

QRS AXIS

Much was initially written regarding QRS axis abnormalities 
as being indicative of ventricular tachycardia. Some early 
studies indicated that left axis deviation during a WCT was 
highly suggestive of VT.1 The study by Akhtar et al showed 
that although left axis deviation was more frequent during 

VT compared to SVT, there were too many exceptions to 
this rule to make this a useful criterion.4 There are two in-
stances where an abnormal QRS axis seems to be helpful: 
(1) finding an axis between –90 and ±180 degrees, i.e., ex-
treme left axis deviation (Figure 70-8) and (2) right axis 
deviation in combination with a left bundle morphology 
tachycardia. If either of these is found, VT is the probable 
diagnosis (Figure 70-7).

PRECORDIAL CONCORDANCE

Concordance is defined as the QRS morphology being ei-
ther all positive or all negative in the precordial leads and is 
seen in approximately 10% of WCTs.4 Positive concordance, 
although uncommon, is strongly indicative of VT.4 Positive 
concordance can also be seen in cases of antegrade conduc-
tion across a left posterior accessory pathway, but these cases 
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Figure 70-7. Brugada criteria. On this ECG, there are clear RS complexes across the anterior precordial leads from V1 to V4. The lon-
gest duration of the R onset to S nadir is seen in lead V1 and measures 160 ms. The presence of an RS interval >100 ms in a precordial 
lead is essentially diagnostic of ventricular tachycardia. Other features on this ECG that are indicative of ventricular tachycardia are a 
QRS duration of 280 ms in lead V1 and a right axis deviation associated with a left bundle morphology tachycardia.
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are significantly less common than VT. Negative concordance 
is less specific for VT than positive concordance, and in the 
series described by Akhtar et al, negative concordance was 
seen in 3 out of 10 cases of SVT with left bundle aberration.4,5 

Therefore, if negative concordance is seen, other criteria will 
need to be used to reliably distinguish VT from SVT.

ATRIOVENTRICULAR RELATIONSHIP

Essentially any atrioventricular (AV) relationship, in which 
there are more ventricular events than atrial events is di-
agnostic of VT. During VT, any of a number of AV rela-
tionships can exist, from complete AV dissociation to 1:1 
VA conduction and every degree of VA conduction block 
in between. During VT, the status of the AV relationship is 
dependent on the retrograde conduction characteristics of 
both the His-Purkinje system and the AV node. VA con-
duction block can occur at any level of the conduction sys-
tem and result in a non 1:1 relationship. Many SVTs are 
dependent on the atrium for maintenance of the tachycar-
dia and therefore cannot exist without a 1:1 AV relation-
ship. In order for a SVT not dependent on the atrium, such 
as AV node reentrant tachycardia, to have VA block or AV 

dissociation, there would have to be a conduction block be-
tween the proximal AV node and the atrium. Although this 
has been reported, it is extremely rare. 

AV relationships are easy to see during invasive electrophys-
iologic testing but can be very difficult to recognize on the 
surface ECG, especially during a wide complex tachycardia 
where the QRS complex takes up a substantial part of the 
R to R interval. One of the most reliable criteria used for 
diagnosing VT, if it can be recognized, is the presence AV 
dissociation. This has been reported to be seen in 20 to 25% 
of VTs in most series, but it must be remembered that in 
these series, the ECGs were often read by expert observers 
who would tend to maximize the percentage of time that 
this was found.3,4 AV dissociation is recognized by find-
ing atrial activity independent of ventricular activity that 
is seen marching through the ST/T wave segment of the 
ECG. The faster the VT, the more likely AV dissociation 
will be present but the more difficult it is to recognize. If P 
waves appear to be seen on the ECG, attempts should be 
made to confirm them in other leads and see if there is a 
common interval that can be used to march out some of the 
P wave activity. AV dissociation is often best seen on the 
longer rhythm strips where enough time is given to see a 
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Figure 70-8. Extreme left axis deviation. With negative deflections in the inferior limb leads (II, III, and aVF) and predominantly nega-
tive deflections in the left limb leads (I and aVL), the axis is between –90 and ±180 degrees. This extreme left axis deviation is essen-
tially diagnostic of ventricular tachycardia. Other ECG features consistent with ventricular tachycardia on this ECG are the monophasic
right bundle QRS morphology in lead V1 and a QRS duration of 200 ms.
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Figure 70-9. A and B. 2:1 VA block during ventricular tachycardia. The tachycardia shown in A is a right bundle morphology tachy-
cardia with a QRS duration of 140 ms and a rightward inferior axis. The morphology in lead V1 appears biphasic in the first two com-
plexes, but there is a suggestion of an initial R wave in the third, fourth, and fifth complexes, indicating the presence of a triphasic QRS 
morphology. Probable triphasic morphology in V1 is supported by the clear triphasic morphology in lead V2. The QRS morphology is
consistent with the typical triphasic pattern seen with a right bundle branch block where the initial R wave is smaller than the terminal 
R wave. The R:S ratio in V6 is >1 and the R onset to S nadir in V5 and V6 is <100 ms. All of the features listed above indicate that this 
ECG is consistent with a supraventricular tachycardia. In these situations, evaluating the VA relationship becomes even more impor-
tant for differentiating the tachycardia types. On the 12-lead ECG, there is evidence of 2:1 VA conduction seen best in leads II, V2, and 
V3 (arrows). Although difficult to see on the 12 lead, it is very easy to recognize during EP testing as shown in B. In this recording made 
at 50 mm/sec, speed surface leads I, II, and V1 are shown along with intracardiac recordings from the high right atrium (HRA). There
is a clear pattern of 2:1 VA conduction. The atrial electrogram (A) is seen on the HRA recording and the P waves on surface lead II are 
denoted by the arrows. This non 1:1 VA relationship is essentially diagnostic of ventricular tachycardia.

pattern in the AV relationship. Fixed or variable degrees of 
VA block during VT can be even more difficult to recognize 
than AV dissociation. For VA conduction (and block) to be 
recognized, the VA conduction time must be such that the P 

wave occurs after the QRS complex so it can be seen in the 
ST/T wave segment. An attempt should be made to confirm 
the presence of P waves in multiple leads to help ensure that 
true conduction is occurring (Figure 70-9).
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Other indicators that a 1:1 relationship may not exist between 
the atrium and ventricle are the presence of capture and fusion 
beats during the tachycardia. These beats are the result of an-
tegrade conduction from the atrium to the ventricle across the 
His-Purkinje system occurring during ventricular tachycardia. 
In the case of a capture beat, the entire QRS complex is the re-
sult of ventricular activation via the His-Purkinje system, and 
in the case of a fusion beat, the complex is a blend of native 
conduction and the VT beat. If the AV conduction is normal, 
a narrower complex beat will be seen. A couple of areas of 
caution need to be mentioned. In patients with SVTs, the oc-
currence of ventricular ectopy can also result in fusion beats, 
which can appear narrower than the tachycardia beat and give 
the appearance of a capture beat leading to the erroneous diag-
nosis of VT (Figure 70-10). In patients with atrial arrhythmias 
such as atrial fibrillation or flutter with conduction across an 
accessory pathway, intermittent conduction across the normal 
His-Purkinje system will also create capture beats and might 
lead to a misdiagnosis of VT if the reader is not careful. Like 

AV dissociation and various degrees of VA block, capture and 
fusion beats may be best appreciated on longer rhythm strips.

TACHYCARDIA RATE AND 
HEMODYNAMIC STABILITY

The most important statement regarding these two features 
of a wide complex tachycardia is that neither of these can 
be used to help discriminate the tachycardia type.4 The rate 
range is of absolutely no value for differentiating SVT from 
VT. Both of these tachycardia types encompass the same rate 
ranges, and although in some series the average rate of SVTs 
was greater than VTs, there is too much overlap to make it 
a useful discriminator. Morady et al showed that it is a com-
mon misconception among physicians that hemodynamic 
stability during tachycardia favors SVT.6 Although it may 
be true that at any particular rate, a ventricular tachycardia 
is more likely to be hemodynamically unstable, there are 
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Figure 70-10. Capture and fusion beats. This ECG shows a left bundle morphology tachycardia with a QRS duration of 140 ms. The 
R onset to S nadir in lead V1 and V2 is <60 ms; no Q wave is seen in lead V6 and the QRS axis is normal. All of these features point 
to a supraventricular tachycardia with left bundle aberration as the cause of the tachycardia. The one feature that is against this is fu-
sion beats and what appears to be a capture beat, which are marked with arrows on the 12-lead ECG. The first two beats marked look
consistent with fusion beats, but the last beat marked looks like a capture beat with significant narrowing and near normalization of the 
QRS morphology in leads V1 to V3. If this were a true capture beat, it would indicate that the tachycardia was due to ventricular tachy-
cardia (see text for discussion). In fact, all of these beats were fusion beats as a result of ventricular ectopy occurring during the tachy-
cardia. This patient has a baseline left bundle branch block and, even at slower rates, had a QRS duration of 140 ms. The tachycardia
was secondary to an atrial tachycardia and ventricular ectopy could be seen as the cause of the fusion beats during real-time recordings
from the patient’s ICD. This example was given to show that the ECG reader has to be careful in interpreting fusion beats because they 
can be the result of ventricular ectopy fusing with supraventricular beats and, therefore, not diagnostic of ventricular tachycardia.
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plenty of times during even a rapid VT that a patient may 
be hemodynamically compensated. Whether a tachycardia 
is hemodynamically stable or not probably depends more 
on the tachycardia rate in conjunction with the degree and 
type of cardiac disease than on the tachycardia mechanism.

REGULARITY OF RATE 
AND MORPHOLOGY

For the most part, monomorphic VTs and SVTs tend to 
be fairly regular with little variation in beat-to-beat cycle 
length or QRS morphology.1 In some cases of tachycardia, 
however, there can be beat-to-beat oscillations in cycle 
length and/or QRS height, known as cycle length and QRS 
alternans. Both of these phenomena have been described in 
cases of SVT and VT and therefore cannot be used to help 
discriminate between the tachycardia types.

The rhythm that has the greatest degree of irregularity and 
should be recognized because of its irregularity is atrial fibril-
lation. Polymorphic forms of VT, such as Torsades de pointes, 

can be very irregular, but they rarely present a diagnostic di-
lemma and won’t be discussed further. When atrial fibrillation 
is moderately rapid (rates <180 bpm), there is usually a sig-
nificant amount of beat-to-beat variability in the rate, which 
is fairly easy to discern. When atrial fibrillation becomes more 
rapid, it can regularize in its appearance and be more difficult 
to recognize. In general, if a careful enough evaluation of the 
12-lead ECG and rhythm strip is made, there is still enough 
beat-to-beat variability in the rate to be able to make the di-
agnosis of atrial fibrillation (Figure 70-11).

A special subgroup of patients with atrial fibrillation and wide 
complex tachycardia that needs to be mentioned is patients 
with atrial fibrillation and Wolfe-Parkinson-White syn-
drome. These patients can have very bizarre looking ECGs 
as a result of variability in conduction across the accessory 
pathway and AV node. This variability in conduction results 
in variable degrees of fusion in the ventricles and subsequent 
variability in the QRS morphology. Some of these pathways 
can conduct very rapidly and tachycardia rates can approach 
300 bpm. Atrial fibrillation needs to be recognized as a result 
of noting the irregularity in both rate and QRS morphology.
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Figure 70-11. Atrial fibrillation and right bundle aberration. This ECG was from a patient with a known ischemic cardiomyopathy and 
baseline right bundle branch block who presented with the acute onset of palpitations. In lead V1, the QRS morphology does not look
like the typical triphasic right bundle branch morphology and the first five beats in lead V1 have fairly regular intervals between them. 
Between the fifth and sixth beats, there is a significant change in the R to R interval. This degree of irregularity in any lead should cause 
the reader to look for other areas of irregularity throughout the 12-lead ECG. Irregularity is seen in the lateral precordial leads as well as 
the limb leads. This degree of irregularity is essentially diagnostic of atrial fibrillation. This patient had a prior anterior wall myocardial 
infarction accounting for the loss of the initial R wave in lead V1.
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VALUE OF THE BASELINE ECG

Having a baseline ECG for comparison can be extremely 
helpful. The presence of pathologic Q waves on the baseline 
ECG is strongly suggestive of myocardial scarring as a result 
of a previous MI, making VT a much more likely diagnosis 
during a WCT. A baseline bundle branch block can be com-
pared to the morphology of the tachycardia, and if there is 
a close match between the two, then SVT is the presumed 
diagnosis. Just because a baseline bundle branch block is 
present, however, it does not make SVT with aberration 
the correct diagnosis. It is important to remember that the 
presence of a bundle branch block can also be a marker for 
the presence of structural heart disease, which is the pri-
mary substrate for VT. If there is a change in the QRS mor-
phology from a baseline bundle branch block morphology 

or a significant change in the QRS axis during tachycardia 
from baseline, then VT becomes a more likely diagnosis and 
other ECG criteria for VT should be looked for.

Another important ECG feature to look for on the base-
line ECG is the presence of preexcitation. If preexcitation 
is present, the chance that a WCT is the result of an SVT 
with aberration or due to antegrade conduction across an 
accessory pathway is significantly increased.

TOUGH CASES

With some cases of WCT, it is essentially impossible to 
differentiate between SVT and VT. There are two situa-
tions in particular: (1) VTs utilizing the His-Purkinje sys-
tem as part of their tachycardia circuit and (2) antidromic 
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Figure 70-12. A and B. Ventricular tachycardias involving the His-Purkinje system. A is a left bundle morphology tachycardia with all 
the characteristics of a supraventricular tachycardia with left bundle branch block aberration. The patient had a baseline left bundle 
branch block that matched the tachycardia morphology exactly. This tachycardia, however, was a ventricular tachycardia due to bundle
branch reentry. The only way to diagnosis ventricular tachycardia in this case would be to see AV dissociation, which was not present.
B is a right bundle morphology tachycardia with a left-superior axis. This has triphasic QRS morphology in lead V1, typical for right 
bundle aberration, and the left axis deviation is consistent with a left anterior fascicular block. As was the case with the tachycardia
in A, the only way to diagnosis ventricular tachycardia would be to see AV dissociation, which again was not present. This is a case of 
idiopathic left ventricular tachycardia arising from the left posterior fascicle. These examples were shown to illustrate that some cases 
just can’t be diagnosed by the 12-lead ECG and invasive electrophysiologic testing will be needed to help discriminate the tachycardia
mechanism.
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reciprocating tachycardia, in which ventricular activation 
occurs completely as a result of antegrade conduction across 
an accessory pathway. The most common VTs involving 
the His-Purkinje system are bundle branch reentrant VT 
(BBRVT) and idiopathic left ventricular (LV) fascicular VT 
(Figure 70-12). BBRVT typically occurs in patients with 
significant underlying structural heart disease and conduc-
tion system disease, usually with a baseline LBBB pattern on 
the surface ECG. The tachycardia itself usually has a typical 
left bundle configuration as a result of antegrade conduc-
tion down the right bundle and retrograde conduction via 
the left bundle during tachycardia. This match between the 
baseline and tachycardia ECG morphology as well as the 
typical LBBB morphology during VT can make it nearly im-
possible to confidently diagnosis VT unless AV dissociation 
or VA block can be seen during tachycardia. The most com-
mon form of idiopathic LV fascicular tachycardia involves 
reentry within the left posterior fascicle. During tachycar-
dia, the ventricles are activated via left posterior fascicular 
conduction. This results in a typical right bundle branch 
block morphology and a left-superior axis. Like BBRVT, the 
only way to diagnosis VT in this case is to recognize AV dis-
sociation or VA block. Unlike BBVT, this arrhythmia usu-
ally occurs in patients without significant structural heart 
disease, hence the term idiopathic.

During antidromic reciprocating tachycardia, the ventricles 
are activated exclusively via accessory pathway conduction 
and the tachycardia is indistinguishable from a VT arising 
from near the tricuspid or mitral annulus. Clues that an-
tidromic reciprocating tachycardia may be present are the 

presence of baseline preexcitation and a tachycardia mor-
phology that matches the baseline preexcitation pattern or 
conforms to known accessory pathway locations.

CONCLUSION

Wide complex tachycardias can be difficult to diagnose, 
but it is very important to make every effort to arrive at 
the correct diagnosis because inappropriate therapy can 
have significant negative consequences. Some cases will 
require electrophysiologic testing to arrive at the correct di-
agnosis, but this is often not practical or available acutely. 
Remembering that the likelihood of a being VT approaches 
95% if known structural heart disease is present, especially 
an old MI, can be very helpful, but a firm grasp of the 
basic ECG criteria is still important to further solidify the 
diagnosis.

Criteria Favoring Ventricular Tachycardia

Brugada Criteria:  Absence of any precordial RS complex 
R onset to S nadir >100 ms

QRS Morphology:
  Right Bundle Morphology Tachycardia
   Lead V1—monophasic, biphasic, atypical 

triphasic (R’ > R)
   Lead V6—R:S < 1 (not helpful when left 

axis deviation is present)
  Left Bundle Morphology Tachycardia
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Figure 70-12. (continued)
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   Lead V1—R > 30 ms, R to S nadir > 60 
ms,

   Notching on the down slope of the S 
wave.

  Lead V6—Q wave present

QRS Axis:  Extreme left axis deviation (–90 to ±180 
degrees)

   Right axis deviation during a left bundle 
morphology tachycardia

QRS Duration:  >140 ms with a right bundle morphology 
tachycardia

   >160 ms with a left bundle morphology 
tachycardia

Precordial Concordance: Positive concordance stronger 
predictor than negative concordance

AV relationship: AV dissociation, any degree of VA block, 
capture or fusion beats

Clinical Criteria: Presence of structural heart disease espe-
cially prior MI.
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• Understanding the 5-position permanent pace-
maker code is essential to comprehend the pacing 
function.

• Medications could increase or decrease the pacing 
threshold, which becomes very important in a pace-
maker-dependent patient. This could result in a loss 
of pacing activity if drugs increase pacing threshold.

• Electromagnetic interference (EMI) could result in 
oversensing and inhibition of pacing, which could be 
serious in pacemaker-dependent patient.

• Symptomatic sinus node dysfunction, acquired com-
plete and advanced second-degree atrioventricular 
(AV) block, and chronic bifasicular block are the main 
indications for permanent pacemaker.

• Biventricular pacemaker is indicated in patients with 
low left ventricular ejection fraction (LVEF) <35%,
electrical dyssynchrony (QRS duration more than 
120 ms), and NYHA function class III/IV stage C heart 
failure symptoms while on optimal medical therapy.

• Symptomatic permanent pacemaker malfunction 
requires urgent restoration of stable cardiac rhythm, 
which could require temporary pacing.

• Pacemaker syndrome results from loss of atrial con-
tribution to ventricular filling, which results in drop 
of cardiac output especially in patients with diastolic 

dysfunction and pericardial disease. This causes 
 fatigue and palpitation.

• Pacemaker-mediated tachycardia (PMT) is usually 
initiated with premature ventricular beat, which trav-
els retrograde up the bundle of His to the AV node 
then atrium, which could conduct down the AV node 
to restart another cycle over.

• Secondary ICD prevention is indicated in survivors 
of cardiac arrest due to ventricular fibrillation (VF), 
unstable ventricular tachycardia (VT), or syncope 
with inducible VT or VF during electrophysiology 
study.

• Primary ICD prevention is indicated if patient has 
LVEF <35%, NYHA function class II/III, and isch-
emic or non-ischemic cardiomyopathies.

• Primary ICD prevention is indicated if patient has 
LVEF <30%, NYHA function class I, and ischemic 
cardiomyopathy

• Primary ICD prevention is indicated if patient has 
LVEF <40%, non-sustained VT due to prior myocar-
dial infarction, and inducible VT or VF during electro-
physiology study.

• Inappropriate ICD shock occurs due to supraventric-
ular tachycardia (SVT), oversensing of EMI or lead 
fracture, as well as insulation failure.

d PRACTICAL POINTS
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MODE CODE FOR 
PERMANENT PACING

In order to understand the “language” of pacing, it is neces-
sary to comprehend the coding system. The code has un-
dergone a number of revisions over the past several decades. 
The current system consists of a five-position system using a 
letter in each position to describe the programmed function 
of a pacing system (Table 71-1). For standard pacing devices, 
only the first three or four positions are routinely used. The 
first position designates the chamber or chambers paced. It is 
useful to remember that the primary purpose of a pacemaker 
is to pace, and thus the first letter of the code represents this 
first function of the device. The letters used are V, A, D, and 
O to designate Ventricle, Atrium, Dual chamber, or Off.

The secondary function of a modern device is to sense the 
native heart rhythm. The letters used to designate the cham-
bers being sensed are identical to those used for the chambers 
being paced; V, A, D, and O, with the same meanings. The 
third letter of the code describes how the pacemaker will re-
spond to a sensed event. The letters used are I, T, D, and O 
to designate Inhibited, Triggered/Tracking, Dual response, or 
Off (no response). A device programmed to the VVI mode 
would therefore pace the ventricle and sense the ventricle, 
and if a sensed QRS occurred before the pacemaker stimulus 
was due, it would withhold the stimulus (i.e., be inhibited) and 
reset for another cycle. The triggered mode is often a source 
of confusion, as it had not been used in single chamber pac-
ing applications very often until biventricular pacing became 

common. Instead of inhibiting the output when the device 
senses an intrinsic event, a pace output is delivered when the 
sensed event occurs. While programmed to the VVT mode 
(or if the “pace on sensed QRS” feature is activated resulting 
in the same function), the device will pace at the programmed 
rate. However, if a sensed QRS occurs (or any electrical event 
is detected by the pacing lead) before the next pacing pulse 
is due to occur, the device will immediately deliver a pace 
output. The appearance will be a pacemaker pulse somewhere 
within the native QRS. AAT performs in the same fashion, 
except it is triggered by a sensed event on the atrial lead (usu-
ally a P wave) and paces immediately into the atrium.

In a device programmed to the DDD mode (dual chamber 
pacing, dual chamber sensing, and dual mode of response) 
the operation of the pacemaker is much more complex, as 
the atrial and ventricular channels must work together. If 
an atrial event is sensed, the atrial output is inhibited and 
a ventricular output will be triggered after a programmed 
interval: the AV delay or AV interval. Similar to the VVI 
mode, any sensed ventricular event will inhibit the output 
to the ventricle. However, if a ventricular sensed event oc-
curs before the next atrial event is due (e.g., PVC), both 
atrial and ventricular outputs are inhibited and the device 
is reset for the next timing cycle. This combined inhibited 
and triggered/tracking response is represented by the third 
“D” in the dual response designation of the code.

The fourth letter is only used when a rate modulation sensor 
is present. Thus, a device programmed to the VVIR, AAIR, 
or DDDR mode would have the capability to regulate the 
rate based on its own sensor, whereas those programmed 
VVI or AAI would only be able to pace at a fixed rate. A 
device programmed to DDD could increase the pacing rate 
based on tracking the intrinsic atrial rate but could not in-
crease the pacing rate independently (such as in a patient 
with sick sinus syndrome or sinus node arrest).

The fifth position has undergone several iterations of change 
and is currently used to designate multisite pacing function. 
In a similar fashion to the fourth position, it is used only 
when the feature is present and is otherwise omitted. The 
codes O, A, V, and D are used once again. These describe 
nO multichamber pacing, multisite Atrial pacing, multisite 
Ventricular pacing, and Dual chamber multisite pacing.

BASIC CONCEPTS OF PACING

Pacemaker Components

Battery
The primary power source for permanent pacemakers has 
evolved from short lived and unreliable chemistries to the 
long-lasting and durable ones that we use today. Lithium 

Table 71-1 • Pacemaker Mode Code

First position indicates the chamber paced:
V = ventricle
A = atrium
D = dual
O = no pacing

Second position indicates the chamber sensed:
V = ventricle
A = atrium
D = dual
O = no sensing

Third position indicates the response to a sensed event:
I = inhibited
T = triggered/tracking
D = dual
O = no response

Fourth position indicates programmability and rate response:
R = rate responsive feature active

Fifth position indicates multisite pacing activation:
O = none
A = atrium
V = ventricle
D = dual
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iodine is currently the power source being used in virtually 
all pacemakers (but not defibrillators) today. Lithium iodine 
has two other characteristics that make it an excellent power 
source. First, the self-discharge rate is very low, resulting in a 
long shelf life. Second, it has a stable voltage through much 
of the useful life, which then tapers down in a gradual and 
predictable manner. The latter makes determining the elec-
tive replacement time safe and predictable.

Circuitry
New devices are now highly complex and integrated mi-
croprocessor based systems. The newest devices have the 
ability to store intracardiac electrograms and function as 
implantable event monitors, these are essentially comput-
ers, are software based, and have the ability to download 
new features or “bug” fixes.

Connector Block
The connector block (also referred to as the “header”) is the 
means by which the pacemaker wire is connected to the pace-
maker circuitry. Most pacemakers use set screws or a combina-
tion of set screws and automatic connectors to attach the lead 
to the pacemaker and make the electrical connections. Proper 
placement of the lead(s) into the connector block is critical.

Leads: Lead Components
Pacemaker leads are far more than simple “wires.” They are 
complex and highly engineered devices that consist of many 
components. Most pacing leads are unipolar, bipolar paral-
lel, bipolar coaxial, and bipolar coated coil (coradial) in de-
sign. Newer leads have up to four pacing electrodes to allow 
more flexibility for multisite pacing applications. Leads re-
main the “weak link” in any pacing or ICD system, with lead 
failure being the most common cause of system failure.

Electrode
The purpose of the electrode is to deliver an electrical stim-
ulus and to detect intrinsic cardiac electrical activity. Many 
modern electrodes used for pacing are designed to deliver an 
antiinflammatory drug such as the steroid dexamethasone 
sodium phosphate during the initial weeks postimplant. 
Eluting such a drug at the electrode surface has been shown 
to reduce the amount of acute inflammation and thus the 
amount of fibrosis at the electrode myocardial interface. 
Less fibrosis allows the electrode to remain in closer contact 
with the excitable myocardial cells. This provides a greater 
charge density at the site of stimulation and has the effect 
of reducing the amount of electrical current required to 
stimulate the muscle. The result is lower battery drain and 
increased longevity of the pacemaker by allowing the pace-
maker output to be reduced.

Insulation
One of the most important components of any lead system 
is the insulation. The insulation prevents electrical shorting 

between the conductor coils within the lead, prevents stim-
ulation of tissues other than the heart, and allows smooth 
passage of the lead into the vein. Failure of the insulation 
may result in a number of different problems, the most im-
portant of which is failure to pace due to a short circuit. ICD 
leads that have this type of insulation failure may exhibit 
either failure to sense a tachycardia or may generate false 
signals that are misinterpreted as a tachycardia and there-
fore result in an unnecessary shock to the patient.

Conductor
The metal portion of the wire that carries the electrical im-
pulse from the pacemaker to the heart and the signal from 
the heart back to the pacemaker is the conductor coil.

Fixation
Once the lead is placed, there is usually some type of fixa-
tion mechanism present to prevent the lead from dislodg-
ing. Leads have either a passive mechanism that entangles 
the lead into the trabeculae (or for cardiac vein leads, allows 
them to wedge into the vessel) or a helix that can be screwed 
into the myocardium. The helix may be extendible and re-
tractable or may be fixed to the end of the lead. Over the 
past decade, there has been a steady shift to the use of active 
fixation leads for sites other than the cardiac veins. Cardiac 
vein leads often have complex shapes added to the distal 
portion of the lead body to help prevent dislodgement.

Connector
The portion of the lead that connects it to the pacemaker 
is known as the connector. Currently, all manufacturers 
have agreed upon the International Standard-1 (IS-1) for 
pacing leads. This allows one or two connections (unipolar 
and bipolar; see Figure 71-1) on a single lead. The standard 
assures that leads from one manufacturer will fit properly 
in a device made by any manufacturer, assuming that the 
lead and the device are both made to the IS-1 standard. The 
standard became necessary due to the presence of nearly a 
dozen proprietary (and generally incompatible) connection 
designs on the market. An even newer standard now being 
deployed is known as IS-4. This connector allows up to four 
conductors to be attached via a single connector (e.g., quad-
rapolar leads). The IS-4 design simplifies the connections 
and minimizes the size of the connector block on the device 
for multipolar pacing leads as well as ICD leads.

Unipolar and Bipolar Pacing Systems
All functioning electrical circuits must have a cathode 
(negative pole) and an anode (positive pole). In general, 
there are two types of pacing systems with reference to 
where the anode is located. One type of system (as shown 
in Figure 71-2a) uses the metal can of the pacemaker as the 
anode (+) and the distal electrode of the wire as the cath-
ode (–). This is referred to as a unipolar system, as the lead 
has only one electrical pole. Figure 71-2b shows the other 
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type of system where both the anode (+) and the cathode 
(–) are on the pacing lead. This is referred to as a bipolar 
system. With rare exceptions, pacing systems use the distal 
pole that is in contact with the heart muscle as negative.

Unipolar systems have the advantage of a more simple and 
(many insist) more reliable single coil lead construction. It is 
also much easier to see the pace artifact with a unipolar system 
as the distance between the two poles is long and the elec-
trical path is closer to the skin surface. However, bipolar sys-
tems have several characteristics that have made this polarity 
choice increasingly popular. Because the distance between the 
electrodes is small (short antenna) and because both of the 

electrodes are located deep within the body, these devices are 
much more resistant to electrical interference caused by skele-
tal muscle activity or electromagnetic interference (EMI) rela-
tive to unipolar systems. Also, at higher output settings, one 
may have stimulation of the pocket around the pacemaker in 
a unipolar system. This is virtually unknown in normally func-
tioning bipolar systems. The one complaint that is often heard 
about the bipolar pacing polarity is that the pace artifact is 
very small on the electrocardiogram. This makes determina-
tion of function and malfunction more difficult. Note that in 
most pacemakers, a bipolar lead may be programmed to func-
tion in the unipolar polarity, but due to physical limitations, a 
unipolar lead is only functional in the unipolar polarity.

Basic Concepts and Terms

Pacing Threshold
This is the minimum amount of energy required to con-
sistently cause depolarization and, therefore, contraction 
of the heart. Note that the threshold may be somewhat 
dynamic. There is typically a rise and then a plateau of 
threshold after the initial implant. This has been largely 
blunted or eliminated with the use of steroid eluting leads, 
however, it is sometimes still significant. Some changes may 
occur gradually over time as the lead/myocardial interface 
matures. Finally, there may be transient changes to the 
threshold during periods of significant metabolic or physi-
ologic abnormalities at the lead myocardial interface that 
will acutely affect the capture threshold (e.g., hypoxemia, 
hyperkalemia, and acidemia). Some medications may also 
affect the threshold for capture (Table 71-2).

Figure 71-1. A. Unipolar pacing. The heart is captured or paced via negative electrode at the tip of the unipolar lead (cathode). The 
 device is positive (anode). B. Typical pacing in bipolar pacing system. The heart is captured or paced via negative electrode at the tip of 
the bipolar lead (cathode). The ring next to the tip of the lead is positive (anode).
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Figure 71-2. Unipolar and bipolar IS-1 leads are 3.2 mm with 
sealing rings on the connector. A) Unipolar lead. The cathode 
is at the tip of the lead and the lead header. B) Bipolar lead. The 
cathode is at the tip of the lead and the anode is at the ring (*).
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Sensing
Sensing is the ability of the device to detect an intrinsic 
beat of the heart. The larger the R wave or P wave electro-
gram, the easier it is for the device to sense the event as well 
as to discriminate it from spurious electrical signals. Small 
signals may result in undersensing of a given event, whereas 
some lead positions may allow for sensing of events from 
both chambers (far-field sensing), thereby confusing certain 
algorithms within the device.

Impedance
Impedance is a term used to describe the resistance in the 
pacing or defibrillation circuit. An abrupt change in imped-
ance usually indicates a problem with the lead system. A 
change to a higher resistance can indicate a conductor frac-
ture or poor connection to the pacemaker. A change to a 
lower resistance can indicate an insulation failure.

INDICATIONS FOR PERMANENT 
PACEMAKER IMPLANTATION

The indications for cardiac pacing have recently been 
revised by a joint task force of the American Heart 
Association, American College of Cardiology, and Heart 
Rhythm Society. The most recent revision to the guidelines 
was published in 2008. As with most procedures, the indi-
cations for pacing are divided into three broad categories. 
Class I indications are generally agreed upon and supported 
by data to be necessary for the patient. Class II indications 
are those for which there is some disagreement and less data 
to support implanting a pacemaker. Pacemakers are fre-
quently implanted for Class II indications. Class II is now 
subdivided into IIa (weight of evidence/opinion is in favor 
of usefulness and efficacy) and IIb (usefulness and efficacy 
are less well established by available evidence or opinion). 
Class III is for situations where pacing is not indicated or 

not proven to be of any benefit. It is generally considered 
inappropriate to implant a pacemaker for a Class III situa-
tion. Note that virtually all of the Class I indications in-
volve symptomatic bradycardia. The following is a listing by 
class of indication.

Recommendations for Permanent 
Pacing in Sinus Node Dysfunction

Class I
 1. Sinus node dysfunction (SND) with documented 

symptomatic bradycardia, including frequent sinus 
pauses that produce symptoms

 2. Symptomatic chronotropic incompetence
 3. Symptomatic sinus bradycardia that results from re-

quired drug therapy for medical conditions

Class IIa
 1. SND with heart rate less than 40 bpm, even when a 

clear association between significant symptoms con-
sistent with bradycardia and the actual presence of 
bradycardia has not been documented

 2. Syncope of unexplained origin when clinically 
 significant abnormalities of sinus node function 
are discovered or provoked in electrophysiological 
 studies

Class IIb
 1. Minimally symptomatic patients with chronic heart 

rate less than 40 bpm while awake

Class III
 1. SND in asymptomatic patients
 2. SND in patients for whom the symptoms suggestive of 

bradycardia have been clearly documented to occur in 
the absence of bradycardia

 3. SND with symptomatic bradycardia due to nonessen-
tial drug therapy

Recommendations for Acquired 
Atrioventricular Block in Adults

Class I
 1. Third-degree and advanced second-degree AV block 

at any anatomic level associated with bradycardia 
with symptoms (including heart failure) or ventricular 
arrhythmias presumed to be due to AV block

 2. Third-degree and advanced second-degree AV block 
at any anatomic level associated with arrhythmias and 
other medical conditions that require drug therapy 
and result in symptomatic bradycardia

 3. Third-degree and advanced second-degree AV block 
at any anatomic level in awake, symptom-free patients 
in sinus rhythm, with documented periods of asystole 
greater than or equal to 3.0 seconds, with any escape 

Table 71-2 • Medication Effects on Capture

Drugs that increase capture threshold:
1. Amiodarone
2. Flecainide
3. Propafenone
4. Sotalol

Drugs that possibly increase capture threshold:
1. Beta-blockers
2. Lidocaine
3. Procainamide
4. Quinidine

Drugs that decrease capture threshold:
1. Atropine
2. Epinephrine
3. Isoproterenol
4. Corticosteroids
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rate less than 40 bpm, or with an escape rhythm that 
is below the AV node

 4. Third-degree and advanced second-degree AV block 
at any anatomic level in awake, symptom-free pa-
tients with atrial fibrillation and bradycardia with one 
or more pauses of at least 5 seconds or longer

 5. Third-degree and advanced second-degree AV block 
at any anatomic level after catheter ablation of the 
AV junction

 6. Third-degree and advanced second-degree AV block 
at any anatomic level associated with postoperative 
AV block that is not expected to resolve after cardiac 
surgery

 7. Third-degree and advanced second-degree AV block 
at any anatomic level associated with neuromuscular 
diseases with AV block, such as myotonic muscular 
dystrophy, Kearns-Sayre syndrome, Erb dystrophy 
(limb-girdle muscular dystrophy), and peroneal mus-
cular atrophy with or without symptoms

 8. Second-degree AV block with associated symptomatic 
bradycardia regardless of type or site of block

 9. Asymptomatic persistent third-degree AV block at any 
anatomic site with average awake ventricular rates of 
40 bpm or faster, if cardiomegaly or left ventricular 
(LV) dysfunction is present or if the site of block is 
below the AV node

 10. Second- or third-degree AV block during exercise in 
the absence of myocardial ischemia

Class IIa
 1. Persistent third-degree AV block with an escape rate 

greater than 40 bpm in asymptomatic adult patients 
without cardiomegaly

 2. Asymptomatic second-degree AV block at intra- or 
infra-His levels found at electrophysiological study

 3. First- or second-degree AV block with symptoms simi-
lar to those of pacemaker syndrome or hemodynamic 
compromise

 4. Asymptomatic type II second-degree AV block with a 
narrow QRS. When type II second-degree AV block 
occurs with a wide QRS including isolated right 
 bundle-branch block, pacing becomes a Class I rec-
ommendation.

Class IIb
 1. Neuromuscular diseases such as myotonic muscu-

lar dystrophy, Erb dystrophy (limb-girdle muscular 
dystrophy), and peroneal muscular atrophy with 
any degree of AV block (including first-degree AV 
block), with or without symptoms, because there 
may be an unpredictable progression of AV conduc-
tion disease

 2. AV block in the setting of drug use and/or drug toxic-
ity when the block is expected to recur even after the 
drug is withdrawn

Class III
 1. Asymptomatic first-degree AV block
 2. Asymptomatic type I second-degree AV block at the 

supra-His (AV node) level or that which is not known 
to be intra- or infra-Hisian

 3. AV block that is expected to resolve and is unlikely to 
recur (e.g., drug toxicity, Lyme disease, or transient in-
creases in vagal tone or during hypoxia in sleep apnea 
syndrome in the absence of symptoms)

Recommendations for Permanent 
Pacing in Chronic Bifascicular Block

Class I
 1. Advanced second-degree AV block or intermittent 

third-degree AV block
 2. Type II second-degree AV block
 3. Alternating bundle-branch block

Class IIa
 1. Syncope not demonstrated to be due to AV block 

when other likely causes have been excluded, specifi-
cally, ventricular tachycardia (VT)

 2. Incidental finding at electrophysiological study of a 
markedly prolonged HV interval (greater than or 
equal to 100 milliseconds) in asymptomatic patients

 3. Incidental finding at electrophysiological study of 
 pacing-induced infra-His block that is not phys iological

Class IIb
 1. Neuromuscular diseases such as myotonic muscular dys-

trophy, Erb dystrophy (limb-girdle muscular dystrophy), 
and peroneal muscular atrophy with bifascicular block 
or any fascicular block, with or without symptoms

Class III
 1. Fascicular block without AV block or symptoms
 2. Fascicular block with first-degree AV block without 

symptoms

Recommendations for Permanent 
Pacing After the Acute Phase of 
Myocardial Infarction

Class I
 1. Persistent second-degree AV block in the His-Purkinje 

system with alternating bundle-branch block or third-
degree AV block within or below the His-Purkinje sys-
tem after ST-segment elevation myocardial infarction

 2. Transient advanced second- or third-degree infran-
odal AV block and associated bundle-branch block. If 
the site of block is uncertain, an electrophysiological 
study may be necessary.

 3. Persistent and symptomatic second- or third-degree 
AV block
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Class IIb
 1. Persistent second- or third-degree AV block at the AV 

node level, even in the absence of symptoms

Class III
 1. Transient AV block in the absence of intraventricular 

conduction defects
 2. Transient AV block in the presence of isolated left an-

terior fascicular block
 3. New bundle-branch block or fascicular block in the 

absence of AV block
 4. Persistent asymptomatic first-degree AV block in the 

presence of bundle-branch or fascicular block

Recommendations for Permanent Pacing in 
Hypersensitive Carotid Sinus Syndrome and 
Neurocardiogenic Syncope

Class I
 1. Recurrent syncope caused by spontaneously occur-

ring carotid sinus stimulation and carotid sinus pres-
sure that induces ventricular asystole of more than 
3  seconds

Class IIa
 1. Syncope without clear, provocative events and with a 

hypersensitive cardioinhibitory response of 3 seconds 
or longer

Class IIb
 1. Significantly symptomatic neurocardiogenic syncope 

associated with bradycardia documented spontane-
ously or at the time of tilt-table testing

Class III
 1. Hypersensitive cardioinhibitory response to carotid 

sinus stimulation without symptoms or with vague 
symptoms

 2. Situational vasovagal syncope in which avoidance 
 behavior is effective and preferred

Recommendations for Pacing 
After Cardiac Transplantation

Class I
 1. Persistent inappropriate or symptomatic bradycardia 

not expected to resolve and for other Class I indica-
tions for permanent pacing

Class IIb
 1. Relative bradycardia that is prolonged or recurrent, 

which limits rehabilitation or discharge after postop-
erative recovery from cardiac transplantation

 2. Syncope after cardiac transplantation even when bra-
dyarrhythmia has not been documented

Recommendations for Permanent 
Pacemakers That Automatically Detect 
and Pace to Terminate Tachycardias

Class IIa
 1. Symptomatic recurrent supraventricular tachycardia 

that is reproducibly terminated by pacing when cath-
eter ablation and/or drugs fail to control the arrhyth-
mia or produce intolerable side effects

Class III
 1. Presence of an accessory pathway that has the capac-

ity for rapid anterograde conduction

Recommendations for Pacing 
to Prevent Tachycardia

Class I
 1. Sustained pause-dependent VT with or without QT 

prolongation

Class IIa
 1. High-risk patients with congenital long-QT syn-

drome

Class IIb
 1. Prevention of symptomatic, drug-refractory, recurrent 

atrial fibrillation in patients with coexisting SND

Class III
 1. Frequent or complex ventricular ectopic activity 

without sustained VT in the absence of the long-QT 
syndrome

 2. Torsade de pointes VT due to reversible cause

Recommendation for Pacing 
to Prevent Atrial Fibrillation

Class III
 1. Prevention of atrial fibrillation in patients without 

any other indication for pacemaker implantation

Recommendations for Cardiac 
Resynchronization Therapy in Patients 
with Severe Systolic Heart Failure

Class I
 1. For patients who have LV ejection fraction (LVEF) 

less than or equal to 35%, a QRS duration greater 
than or equal to 0.12 seconds, and sinus rhythm, 
CRT with or without an ICD is indicated for the 
treatment of New York Heart Association (NYHA) 
functional Class III or ambulatory Class IV heart 
failure symptoms with optimal recommended medi-
cal therapy.
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Class IIa
 1. For patients who have LVEF less than or equal to 35%, 

a QRS duration greater than or equal to 0.12 seconds, 
and atrial fibrillation, CRT with or without an ICD 
is reasonable for the treatment of NYHA functional 
Class III or ambulatory Class IV heart failure symp-
toms on optimal recommended medical therapy.

 2. For patients with LVEF less than or equal to 35% with 
NYHA functional Class III or ambulatory Class IV 
symptoms who are receiving optimal recommended 
medical therapy and who have frequent dependence 
on ventricular pacing, CRT is reasonable.

Class IIb
 1. For patients with LVEF less than or equal to 35% 

with NYHA functional Class I or II symptoms who 
are receiving optimal recommended medical therapy 
undergoing implantation of a permanent pacemaker 
and/or ICD with anticipated frequent ventricular pac-
ing, CRT may be considered.

Class III
 1. Asymptomatic patients with reduced LVEF in the ab-

sence of other indications for pacing
 2. Patients whose functional status and life expectancy 

are limited predominantly by chronic noncardiac 
conditions

Recommendations for Pacing in Patients 
with Hypertrophic Cardiomyopathy

Class I
 1. SND or AV block in patients with hypertrophic car-

diomyopathy as described previously

Class IIb
 1. Medically refractory symptomatic patients with hy-

pertrophic cardiomyopathy and significant resting or 
provoked LV outflow tract obstruction. As for Class 
I indications, when risk factors for SCD are present, 
consider a DDD ICD.

Class III
 1. Patients who are asymptomatic or whose symptoms 

are medically controlled
 2. Symptomatic patients without evidence of LV outflow 

tract obstruction 

Virtually all of the Class I indications refer to the patient 
having symptoms as a direct result of the abnormal heart 
rhythm. It is critical that the patient’s symptoms be both 
present and documented in the medical record to show that 
the pacemaker implant was indicated. It is also very valu-
able for medical, legal, and reimbursement reasons to have, 
in the chart, an ECG strip that shows the bradycardia or 

heart block. Ideally, the correlation between the symptoms 
and the bradycardia should be documented in the medical 
record as well. The symptoms that are looked for as being 
associated with bradycardia are
 1. transient dizziness, lightheadedness
 2. presyncope or syncope
 3. confusional states
 4. marked exercise intolerance
 5. congestive heart failure

Sometimes the indication for pacing may be questionable or 
fall into a borderline category. For these patients, there are 
other issues that should be considered:
 1. Overall physical and mental state of the patient
 2. Presence of underlying cardiac disease
 3. Patient’s desire to operate a motor vehicle
 4. Remoteness from medical care
 5. Necessity of rate depressing drugs
 6. Slowing of basic escape rates
 7. Presence of significant cerebrovascular disease
 8. Desires of patient and family

One example of how these influence decision making 
would be to consider a patient with a life limiting disease 
or irreversible brain damage. Such a patient may not be 
a suitable candidate for pacing. A second example is a 
patient with severe ischemic disease, who may require a 
pacemaker to allow the administration of beta-blockers or 
other drugs that result in symptomatic bradycardia, when 
other medication or interventions are not effective or 
appropriate.

EVALUATION OF PACEMAKER 
MALFUNCTION

The presence or absence of symptoms is very important 
in determining the approach to a patient with brady-
cardia. The degree of symptoms will determine if urgent 
action is required or if the luxury of a more leisurely ap-
proach to problem solving is appropriate. The first step 
in a grossly symptomatic patient is to establish a stable 
cardiac rhythm. Temporary transcutaneous or transvenous 
pacing may be needed if the patient has symptomatic 
brady cardia. In some cases, the patient will already have 
a pacemaker in place, but it will not be functioning prop-
erly. A failing pacemaker may manifest many different 
types of malfunction.

Causes of true pacemaker failure are noted in • 
Table  71-3.

Noncapture

This potentially life threatening problem is identified by the 
presence of pacemaker pulse artifact without capture in the 
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appropriate chamber following the impulse (Figure 71-3). 
Causes of noncapture are listed in Table 71-4.

Undersensing

Undersensing is recognized by the presence of a pulse ar-
tifact occurring after an intrinsic event that occurs, with-
out resetting the escape interval (Figure 71-4). The pace 
output may or may not capture depending on where in the 
cardiac cycle the pace output falls. Causes of undersensing 
(thus “overpacing”) are listed in Table 71-5.

Oversensing

In a single chamber pacing system, oversensing is recog-
nized by inappropriate inhibition of the pacemaker. Note 
that in an ICD, oversensing may cause a therapy to be de-
livered as well as pacing inhibition. Oversensing may be 
seen as total inhibition of output or as prolongation of the 
escape interval (Figure 71-5). Myopotentials are a com-
mon cause of oversensing and are seen predominately in 
unipolar pacemakers and in ICDs using extended bipolar 
configuration (sensing from tip to coil). These are elec-
trical signals caused by skeletal muscle activity (e.g., the 
pectoralis muscle or the diaphragm and abdominal rectus 
muscles), which is sensed by the device. Myopotentials are 

typically caused by arm movements or lifting for pectoral 
implants and by sitting up or straining during defecation 
for abdominal implants. Oversensing may also be caused 
by the ventricular lead sensing the T wave or the atrial 
lead sensing the QRS. Although electromagnetic inter-
ference (EMI) in our environment has been increasing 
over the years, pacemakers continue to get more resistant 
to this omnipresent challenge by design improvements. 
Sensing of any of these intrinsic or extraneous signals 
“fools” the device into believing a cardiac event has oc-
curred. Pacemaker output is therefore inhibited as long as 
these signals continue. Dual chamber systems may exhibit 
tracking of electrical signals such as myopotentials. This 
is caused by the same mechanisms as inhibition and, as 
just discussed, inhibition may occur in the atrium, ven-
tricle, or both with a dual chamber pacemaker. However, 
rapid pacing may be the result of oversensing of electri-
cal signals on the atrial channel, when those same signals 
are not strong enough to be sensed and thus inhibit the 

Table 71-3 • Causes of Pacemaker Failure

 i. Battery depletion
 ii. Defibrillation near or over the device
 iii. Use of electrocautery near or on the device
 iv. Random component failure
 v. Severe direct trauma to the device
 vi. Therapeutic radiation directed at or near the device
 vii. Known modes of failure for devices on recall or alert
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Figure 71-3. Loss of ventricular capture. Circles show no ventricular output. It’s important to note that there are no markers follow-
ing this atrial pace, so you know the device did not oversense as with the case with crosstalk. It also shows that there is no ventricular
pace, which is indicative of a fractured lead.

Table 71-4 • Common Causes of Noncapture

 i. Exit block (high capture threshold)
 ii.  Inappropriate programming to a low output or pulse width
 iii.  Malfunction or inappropriate programming of automatic 

capture output algorithms
 iv. Lead dislodgment
 v. Lead fracture
 vi. Lead insulation failure
 vii. Loose lead connection to pacemaker
 viii. Low battery output
 ix. Severe metabolic imbalance
 x. Threshold rise due to drug effect
 xi.  “Pseudo-noncapture” (pacing during the myocardial 

refractory period due to undersensing of the preceding 
complex)
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ventricular channel. The atrial channel is usually set to a 
more sensitive value than the ventricular one. When the 
events are sensed on the atrial channel, an AV interval 
(AVI) is started each time oversensing occurs, triggering 
a ventricular output at a rate up to the programmed upper 
rate limit (URL). This is demonstrated by tracking of myo-
potentials on a unipolar system. Additional causes of over-
sensing are listed in Table 71-6.

Diaphragm Pacing and 
Extracardiac Stimulation

Until the widespread use of lateral cardiac veins for pac-
ing, this was relatively unusual. It may be caused either 
by an atrial or coronary vein lead stimulating the phrenic 
nerve or by direct stimulation of the diaphragm or chest 
wall muscle by the ventricular lead or cardiac vein lead. 
Extracardiac stimulation occurs due to poor lead placement 
and/or high output setting of the pacemaker. Occasionally, 
perforation by the lead through the ventricular myocar-
dium may cause this as well. Unipolar pacemakers and 
leads with failed outer insulation may also cause tissue 
stimulation at the site of the exposed conductor coil, typi-
cally in the device pocket.

Pacemaker Syndrome

Pacemaker syndrome can occur in patients with sinus 
rhythm who receive VVI pacing systems or in patients 
with dual chamber devices where the atrial lead does not 
properly capture or sense. When the atrial contribution 
to ventricular filling is lost by pacing the ventricle alone, 
the cardiac output drops and the patient feels fatigued and 
uncomfortable whenever the pacemaker is pacing. They 
may have palpitations or chest pulsations due to the “can-
non A waves” caused by the atrium contracting against 
the closed mitral and tricuspid valves. The classic patient 
to develop pacemaker syndrome is one with retrograde AV 
node conduction. The latter occurs when the ventricle is 
paced and contracts. The depolarization impulse travels in 
a retrograde manner up the bundle of His through the AV 
node to the atrium. The atrium then contracts against the 
mitral and tricuspid valves, which are closed due to the 
ventricular contraction. The late atrial contraction causes 
retrograde blood flow in the venous system with “cannon 
A waves,” dyspnea, hypotension, fatigue, and even syn-
cope. Clues to this phenomenon can be seen on the sur-
face ECG.

In many cases, an inverted P wave can be seen in the T 
wave (Figure 71-7). This represents the retrograde con-
duction and the ineffective (as well as detrimental) atrial 
contraction. Patients without retrograde conduction may 
also have a form of pacemaker syndrome due to loss of con-
sistent atrioventricular synchrony. Patients with diastolic 
dysfunction, pericardial disease, or other reason for loss of 
ventricular compliance are more likely than others to expe-
rience pacemaker syndrome. The latter is seen in patients 
with hypertension, ischemic disease, hypertrophic disease, 
and those who are elderly. On occasion, programming of 
the device such that very long PR intervals are possible may 
allow for a type of pacemaker syndrome, even in the setting 
of intact AV conduction. With the trend toward program-
ming extremely long AV intervals and with algorithms that 

Table 71-5 • Causes of Undersensing

 1.  Poor lead position with poor R wave or P wave 
amplitude

 2. Lead dislodgment
 3. Lead conductor fracture
 4. Lead insulation failure
 5. Severe metabolic disturbance
 6. Defibrillation near pacemaker
 7. Myocardial infarction of tissue near electrode
 8. Ectopic beats of poor intracardiac amplitude
 9. Safety pacing
 10. Inappropriate programming
 11. Magnet application

1 2 3 4 5

Figure 71-4. Intermittent atrial undersensing. Note that the 2nd and 5th atrial complexes are under-sensed. There is also functional 
noncapture due to atria being in the absolute refractory period.
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encourage intrinsic AV conduction at any interval, this is 
becoming an increasingly common problem.

Dual Chamber Pacing

Many pacing problems are shared between single and dual 
chamber systems. However, there are a number of behaviors 
and malfunctions that are unique to the dual chamber pace-
makers. These will now be discussed.

Pacemaker Mediated Tachycardia (PMT)
PMT (also referred to as endless loop tachycardia or ELT) 
is an abnormal state caused by the presence of an accessory 
pathway (the pacemaker). It is essentially identical to the 
tachycardia seen in patients with Wolff-Parkinson-White 
syndrome. PMT often begins with a premature ventricu-
lar beat that is either spontaneous or pacemaker induced 
(Figure 71-8). The electrical impulse travels retrograde up 
the bundle of His to the AV node and then to the atrium. 

If this retrograde P wave occurs after the postventricu-
lar atrial refractory period (PVARP) has ended, it will be 
sensed by the pacemaker. This will start an AV interval, 
after which the pacemaker will deliver an impulse into the 
ventricle. This starts the cycle over again. It will continue 
until one of the following occurs:
 1. The retrograde P wave blocks at the AV node
 2. The retrograde P wave falls within PVARP
 3. A magnet is applied to the pacemaker (disabling 

 sensing)
 4. The device is reprogrammed to a longer PVARP or 

nontracking mode

The patient may also attempt to cause transient AV block 
by using standard vagal maneuvers to block the AV node, 
terminating the tachycardia. Although not commonly used, 
adenosine may be given intravenously to break the tachy-
cardia. PMT may be initiated or restarted by anything that 
causes a ventricular beat to occur before an atrial beat. This 
includes a PVC, PJC, loss of atrial sensing or capture, and 
myopotential tracking or inhibition in the atrium.

PMT may be prevented by appropriate programming of the 
PVARP, such that any retrograde P waves will fall within this 
interval and therefore not be sensed by the atrial channel.

Crosstalk
This is a potentially dangerous or lethal problem in patients 
who are pacemaker dependent. Crosstalk occurs when the 
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Figure 71-5. Oversensing. Crosstalk is a form of ventricular oversensing. The ventricular output is inhibited due to sensing atrial 
 signal as a native QRS resulting in no ventricular output.

Table 71-6 • Causes of Oversensing

1. Myopotentials
2. Electromagnetic interference
3. T wave sensing (ventricular lead)
5. Far-field R wave sensing (atrial lead)
6. Lead insulation failure
7. Lead fracture
8. Loose fixation screw “chatter”
9. Crosstalk (ventricle sensing atrial pacing output)
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ventricular sensing amplifier senses the atrial pacing impulse 
and interprets the atrial pace as an intrinsic ventricular beat. 
The ventricular output is then inhibited and, if the patient 
has no ventricular escape, asystole occurs (Figure 71-5). This 
is seen on the ECG strip as paced atrial P waves without a 
ventricular output. Typically, the atrial pacing interval is equal 
to the atrial escape interval (AEI). This is because the AVI is 

terminated by the ventricular sensing of the atrial pacing pulse, 
resetting the pacemaker for the next cycle (ventricular based 
timing device). However, in an atrial based timing system, the 
AVI will be allowed to complete before the next AEI starts, 
thus maintaining the programmed pacing rate. Crosstalk is 
most likely to occur when the atrial output is set very high and 
the ventricular channel is set to be very sensitive.

V

602602

V V
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V

601

Figure 71-6. Retrograde conduction. Note the P wave (arrow) in the T wave after 
each paced ventricular beat.

Figure 71-7. Pacemaker mediated tachycardia (PMT). PMT often begins with a premature ventricular beat that is either  spontaneous 
or pacemaker induced. Retrograde P-waves (arrows) are noticed in the T-wave.
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BASIC CONCEPTS OF IMPLANTABLE 
CARDIOVERTER DEFIBRILLATORS

Basic Concepts

Sensing
In addition to normal pacing function, sensing the heart 
rate is very important as this is the primary method for the 
ICD to determine if a tachycardia is present or not.

Detection
The common tachycardia detection criteria are listed in Table 
71-7. The simplest method of determining if an arrhythmia 
is present is to use a simple rate criterion. If the ventricular 
rate exceeds a given rate for a given duration, therapy is de-
livered. The rate stability criterion is useful when a patient 
has atrial fibrillation with a rapid ventricular response at 
times. If the ventricular tachycardia detection rate and the 
ventricular rate when the patient is in atrial fibrillation over-
lap, then the patient could get an unnecessary shock or se-
ries of shocks. Ventricular tachycardia (VT) tends to be very 
regular in its rate, whereas the ventricular response to atrial 
fibrillation tends to be irregular. The rate stability criterion 
allows the programming of a minimal beat to beat variability 
(in milliseconds) that is acceptable for VT detection. If the 
cycle lengths of the ventricular beats varies more than this 
amount, it is classified as not being ventricular tachycardia 
and therapy is withheld. The shortcomings of this method-
ology would be the presence of a polymorphic ventricular 
tachycardia, which would not be regular like monomorphic 
ventricular tachycardia. However, polymorphic VT tends to 
be faster in rate and is thus less likely to overlap with the 
ventricular rates as seen in atrial fibrillation.

In order to avoid shocking the patient when the ventricular 
rate enters the detection zone due to normal physical activ-
ity, a sudden onset criterion may be used. VT tends to occur 
suddenly, whereas faster rates that occur in conjunction with 
exertion gradually rise to the higher rate. The device can be 
programmed to withhold therapy if entry into the VT zone 
is gradual rather than abrupt, as defined by a percentage of 
the cycle length measured beat-to-beat.

Note that some highly sophisticated algorithms also use 
atrial rhythm to identify VT. The presence of AV disso-
ciation (ventricular rate faster than atrial rate) is a pow-
erful discrimination technique. Also, the relationship of 
the P wave to the QRS, in terms of timing of AV and VA 
conduction (when present), may be helpful as well. Atrial 
rates faster than ventricular rates (as in atrial flutter or 
fibrillation) can assist in correctly indentifying these 
rhythms.

Wide complex beats are most often ventricular and narrow 
complex beats are usually supraventricular in origin. The 
ICD may use a morphology criterion to determine whether 
a beat is wide or narrow. More sophisticated algorithms now 
save a template of the “normal” QRS morphology and com-
pare the QRS of the fast beats to those at baseline. Identical 
QRS morphology is categorized as supraventricular tachy-
cardia (SVT), whereas those that deviate by a significant 
percentage are dealt with as VT.

Finally, since none of the discrimination criteria are foolproof, 
a sustained high rate or “time-out” feature is often available. 
This will allow therapy for VT to be delivered if the heart 
rate remains in the VT detection zone for a specified period of 
time, even if some or all of the discrimination criteria noted 

A

Figure 71-8. Lateral (A) and posteroanterior (B) CXR of dual chamber pacemaker. A. Lateral CXR: Note anterior position (A) of the RV 
lead (small arrow) and RA lead in the RA appendage (large arrow).
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above are enabled. Note that VT may initiate during atrial 
fibrillation with rapid ventricular response, sinus tachycardia 
with exertion, or even have similar morphology of the QRS 
to VT. This time-out feature provides a safety mechanism 
should a fast heart rate be misclassified or VT occur after a 
non-VT rhythm is correctly identified.

INDICATIONS FOR IMPLANTABLE 
CARDIOVERTER DEFIBRILLATORS

The current guidelines as published by the American 
College of Cardiology and the American Heart Association 
are as follows:

Class I

Survivors of
 1. cardiac arrest due to ventricular fibrillation or hemo-

dynamically unstable sustained VT after evaluation 
to define the cause of the event and to exclude any 
completely reversible causes

 2. structural heart disease and spontaneous sustained 
VT, whether hemodynamically stable or unstable

 3. syncope of undetermined origin with clinically rel-
evant, hemodynamically significant sustained VT, or 
ventricular fibrillation induced at electrophysiologi-
cal study

 4. LVEF less than 35% due to prior myocardial infarc-
tion, who are at least 40 days postmyocardial infarc-
tion and are in NYHA functional Class II or III

 5. nonischemic dilated cardiomyopathy who have an 
LVEF less than or equal to 35% and who are in NYHA 
functional Class II or III

 6. LV dysfunction due to prior myocardial infarction who 
are at least 40 days postmyocardial infarction, have 
an LVEF less than 30%, and are in NYHA functional 
Class I

 7. nonsustained VT due to prior myocardial infarction, 
LVEF less than 40%, and inducible ventricular fibril-
lation or sustained VT at electrophysiological study

Class IIa

Patients with
 1. unexplained syncope, significant LV dysfunction, and 

nonischemic dilated cardiomyopathy

 2. sustained VT and normal or near-normal ventricular 
function

 3. hypertrophic cardiomyopathy with one or more major 
risk factors for SCD

 4. arrhythmogenic right ventricular dysplasia/cardiomy-
opathy with one or more risk factors for SCD

 5. long-QT syndrome who are experiencing syncope 
and/or VT while receiving beta-blockers

 6. nonhospitalized patients awaiting transplantation
 7. Brugada syndrome with syncope
 8. Brugada syndrome with documented VT that has not 

resulted in cardiac arrest
 9. catecholaminergic polymorphic VT with syncope 

and/or documented sustained VT while receiving 
beta-blockers

 10. cardiac sarcoidosis, giant cell myocarditis, or Chagas 
disease

Class IIb

Patients with
 1. nonischemic heart disease with an LVEF of less than 

or equal to 35% and in NYHA functional Class I
 2. long-QT syndrome and risk factors for SCD
 3. syncope and advanced structural heart disease in 

which thorough invasive and noninvasive investiga-
tions have failed to define a cause

 4. familial cardiomyopathy associated with sudden 
death

 5. LV noncompaction

Class III

Patients
 1. who do not have a reasonable expectation of survival 

with an acceptable functional status for at least 1 year, 
even if they meet ICD implantation criteria specified 
in the Class I, IIa, and IIb recommendations above

 2. who have incessant VT or ventricular fibrillation
 3. with significant psychiatric illnesses that may be ag-

gravated by device implantation or that may preclude 
systematic follow-up

 4. who are NYHA Class IV with drug-refractory conges-
tive heart failure and are not candidates for cardiac 
transplantation or implantation of a CRT device that 
incorporates both pacing and defibrillation capabilities

 5. with syncope of undetermined cause without induc-
ible ventricular tachyarrhythmias and without struc-
tural heart disease

 6. with ventricular fibrillation or VT that is amenable to 
surgical or catheter ablation (e.g., atrial arrhythmias 
associated with Wolff-Parkinson-White syndrome, 
right ventricular or LV outflow tract VT, idiopathic 
VT, or fascicular VT in the absence of structural heart 
disease)

Table 71-7 • Detection Criteria

 i. Rate only
 ii. Rate stability
 iii. Sudden rate onset
 iv. Sustained high rate
 v. Morphology
 vi. Atrial rhythm discrimination
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 7. with ventricular tachyarrhythmias due to a completely 
reversible disorder in the absence of structural heart 
disease (e.g., electrolyte imbalance, drugs, or trauma)

EVALUATION OF DEFIBRILLATOR 
MALFUNCTION

Failure to shock or deliver anti-tachycardia pacing: The fail-
ure of an ICD to deliver antitachycardia therapy can be lethal. 
The reasons for failure to shock are listed in Table 71-8a

Failure to convert arrhythmia: Table 71-8b lists many of the 
problems that result in delivered therapy that fails to restore 
normal rhythm.

Inappropriate Delivery of Therapy

Table 71-9 lists the major causes of inappropriate therapy 
delivered by ICDs. The most common cause of inappropri-
ate shock is the presence of an atrial arrhythmia and has al-
ready been discussed above. Atrial fibrillation is, by far, the 
most common arrhythmia leading to spurious shock. Many 
patients who receive ICD implants have enlarged atria, pre-
disposing them to atrial arrhythmias. Oversensing may also 

lead to inappropriate detections, often caused by strong elec-
tromagnetic interference, myopotentials, or by over-sensing 
T-waves. A fractured lead or one with failed insulation is a 
common source of false signals. These leads produce large 
spurious signals that can be easily sensed by the ICD.

RADIOGRAPHIC EVALUATION 
OF PACEMAKER AND ICD

Either prior to discharge when the pacing system is known 
to be functioning properly or when the patient enters your 
practice, obtain a baseline posteroanterior (PA) and lateral 
chest X-ray for future comparison. When examining the 
chest X-ray,

Do NOT ignore the rest of the chest X-ray while fo-• 
cusing on the lead(s) and pulse generator.
If possible, obtain a slightly overpenetrated PA and • 
lateral chest X-ray to provide better definition of the 
pacing components.

Table 71-8a • Failure to Shock

 i. Undersensing
1. Lead malposition
2. Lead dislodgment
3. Lead perforation
4. Lead fracture
5. Lead insulation failure
6. Lead to device connector problem
7. Device set to an insensitive value
8.  Poor electrogram amplitude due to change 

in myocardial substrate:
a. Myocardial infarction
b. Drug therapy
c. Metabolic imbalance

9. “Fine” ventricular fibrillation
 ii. Primary circuit failure
 iii. Battery failure
 iv. Shock therapy turned off (by programming or magnet)
 v. Magnet placed over the device
 vi. Strong magnetic field present
 vii. Detection rate set too high
 viii. Failure to meet additional detection criteria

1. Rate stability
2. Sudden onset
3. Morphology criteria

 ix. Slowing of tachycardia below detection rate
1. Substrate changes
2. Metabolic changes
3. Electrolyte changes
4. Drug therapy changes

 x. Interaction with permanent pacemaker

Table 71-8b • Failure to Convert the Arrhythmia

 i. High defibrillation threshold
1. Poor cardiac substrate
2. Acute myocardial infarction
3. Metabolic abnormality
4. Electrolyte abnormality
5. Drug therapy (e.g., amiodarone)

 ii. Drug proarrhythmia
 iii. High voltage lead fracture
 iv. High voltage lead insulation failure
 v. High voltage lead migration
 vi. Inappropriate device programming

1. Low shock energy
2. Ineffective polarity
3. Suboptimal “tilt” or pulse-width
4. Ineffective antitachycardia pacing sequence

 vii. Pacemaker polarity switch (from bipolar to unipolar)
 viii. Atrial arrhythmias

Table 71-9 • Inappropriate Delivery of Therapy

 i. Oversensing
1. Electromagnetic interference
2. Interaction with another implanted device
3. Lead fracture
4. Lead insulation failure
5. Loose connections
6. Myopotentials
7. Permanent pacemaker

 ii. Detection rate set too low
 iii. Supraventricular arrhythmias

1. Paroxysmal supraventricular tachycardia
2. Atrial fibrillation
3. Atrial flutter
4. Sinus tachycardia
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PA and lateral film will fully evaluate the lead posi-• 
tion in the cardiac chambers.
A portable chest X-ray may be ordered immediately • 
postimplant if complications are suspected to have 
 occurred.

The right ventricle is an anterior and retrosternal structure, 
whereas the left ventricle is a posterior structure close to the 
spinal column (Figure 71-8 for a dual chamber pacer and 
Figure 71-9 for a biventricular pacer/ICD device). A lead 
placed into the coronary sinus and cardiac vein (intention-
ally or not) will take a posterior course on the lateral X-ray. 
The PA X-ray will not demonstrate this fact, thus the need 
for the lateral view as well.

Complications of subclavian venipuncture can be acute, 
including pneumothorax, hemothorax, and chylothorax. 

Although these problems are not common, they can be cat-
astrophic and even fatal.

Leads will commonly be damaged at points of physical stress. A 
common mode of failure is “subclavian crush,” caused by pres-
sure on the lead when it is placed by a medial subclavian stick 
(Figure 71-10). Another is caused at the site of the suturing 
sleeve on the lead should the physician tie the ligature too 
tightly, or if an anchoring sleeve is not used at all when attach-
ing the lead to the pectoral fascia. Table 71-10 summarizes 
the acute and chronic complications of device implantation.

Suggested Readings

 1. Epstein et al. ACC/AHA/HRS 2008 guidelines for device-
based therapy of cardiac rhythm abnormalities: executive 
summary. A report of the American College of Cardiology/
American Heart Association Task Force on Practice Guide-
lines (Writing Committee to Revise the ACC/AHA/NASPE 
2002 Guideline Update for Implantation of Cardiac Pacemak-
ers and Antiarrhythmia Devices): Developed in collaboration 
with the American Association for Thoracic Surgery and Soci-
ety of Thoracic Surgeons. Circulation. 2008;117:2820–2840.

 2. Ellenbogen, Kay, Lau, Wilkoff. Clinical Cardiac Pacing, Defi-
brillation and Resynchronization Therapy. 3rd ed. Philadelphia: 
Saunders/Elsevier; 2007.

 3. Love CJ. Cardiac Pacemakers and Defibrillators. 2nd ed. George-
town, TX: Landes Bioscience; 2006.

 4. Kenny T. The Nuts and Bolts of ICD Therapy. Malden, MA: 
Blackwell; 2006.

 5. Kenny T. The Nuts and Bolts of Cardiac Pacing. Malden, MA: 
Blackwell; 2005.

Figure 71-9. Lateral (A), note the posterior orientation of the 
LV lead (arrow), and posteroanterior (B), the CXR of biventricu-
lar ICD.

Figure 71-10. Lead fracture (arrow) due to rib-clavicle crush in 
dual chamber pacemaker.

Table 71-10 • Acute and Chronic Complications 
of Device Implantations

1. Acute
a. Pneumothorax
b. Hemothorax
c. Hemopneumothorax
d. Brachial plexus injury
e. Arterial puncture or tear
f. Cardiac perforation with tamponade
g. Chylothorax

2. Chronic
a. Rib-clavicle crush (Figure 71-10)
b. Conductor fracture
c. Damaged insulation

 i. External
ii. Internal
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• Cerebral hypoperfusion and systemic hypotension 
differentiate syncope from other causes of transient 
loss of consciousness such as trauma, seizure, and 
psychiatric disorders.

• Patients with syncope and underlying structural heart 
disease have a much higher mortality rate. 

• The initial evaluation of the syncope patient must in-
clude a very thorough history and physical examina-
tion as well as a standard 12-lead ECG.

• The presence of myoclonic jerks and upward eye de-
viation does not imply seizure activity, and is a con-
sequence of cerebral hypoperfusion.

• The echocardiogram is a very useful tool to help risk 
stratify syncope patients, patients with structural 
heart disease having a much higher mortality rate.

• Head CT/MRI scans have very little diagnostic yield 
in the work-up of syncope in patients without focal 
neurological deficits.

• When the history of a single syncopal spell is con-
sistent with neurocardiogenic cause for syncope, tilt 
table testing is not indicated.

• Serial tilt table tests to evaluate the efficacy of phar-
macologic therapy have not been shown to be clini-
cally advantageous.

• Initial treatment for vasovagal/neurocardiogenic 
syncope is increased salt and water intake and avoid-
ance of triggering stimuli if possible.

• Syncopal spells in the elderly should always prompt a 
systematic review of medications, especially vasoactive 
drugs such as diuretics, nitrates, and ACE inhibitors.

d PRACTICAL POINTS

Syncope in its simplest form is defined as a transient loss of 
consciousness (TLOC) with associated loss of postural tone 
and subsequent spontaneous recovery. Global cerebral hy-
poperfusion and systemic hypotension differentiate syncope 
from other causes of TLOC such as trauma, seizure, and 
psychiatric disorders. Cardiovascular disorders (including 
neurocardiogenic syncope) are the most common causes of 
syncope, and the subset of patients with underlying struc-
tural heart disease and/or myocardial ischemia is associated 
with the highest mortality rates.

Approximately one third of all adults will experience one 
episode of syncope in their lifetime, accounting for ap-
proximately 3% of all emergency room visits and 6% of all 
hospital admissions in the United States. An episode of 
syncope can imply a benign episode in most cases, to an 
aborted sudden cardiac death in those fortunate to survive 

this ill fate. The vast majority of cases fall in between these 
two extremes. Therefore, in evaluating a patient with syn-
cope, the clinician must initially discern whether there is a 
life-threatening etiology. If this is found not to be the case, 
subsequent evaluation and treatment should be guided to-
ward improving the patient’s quality of life and preventing 
injury.

There is significant heterogeneity in regard to the etiology 
of most syncope cases as documented by previous studies 
(Figure 72-1). It is unfortunate that despite extensive in-
vestigation on the part of the clinician, more than one third 
of the cases fall under the realm of unexplained or idiopathic 
syncope. However, a thorough initial evaluation can help 
exclude the vast majority of etiologies and allows a focused 
and cost-saving investigation as to the specific cause of the 
syncopal spell (Table 72-1).
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The initial evaluation of the patient must include a thor-
ough history, physical examination (including orthostatic 
blood pressures), and a standard 12-lead electrocardiogram 
(ECG). Two important aspects that tend to be trivialized 
but are of paramount importance include the patient’s age 
and the degree of detail surrounding the syncopal episode. 
A patient’s age is very helpful in isolating possible etiologies 
of syncope (Table 72-2).

HISTORY AND PHYSICAL 
EXAMINATION

A detailed history is paramount in evaluating the syncopal 
patient. While obtaining a detailed history of the events 
surrounding a witnessed syncopal event, it’s often useful to 
question family members and bystanders who may have seen 
the event. Onlookers may be able to provide useful informa-
tion about whether the patient exhibited any prodrome or 
seizure-like activity. It is important to note that myoclonic 
jerks and upward eye deviation do not necessarily equate to 
seizure-like activity but are generally related to a state of im-
paired cerebral perfusion. In addition, a thorough family his-
tory, with attention to unexpected sudden cardiac death, will 
often provide clues for pursuing other testing modalities such 
as an echocardiogram or cardiac magnetic resonance (CMR) 
imaging study, if indicated. Particularly in the elderly popula-
tion, a comprehensive medication list is also important. This 
can provide insight into potential culprits that may cause 
orthostasis as well as drug-induced proarrhythmias.

Many patients will often complain of visual changes and gas-
trointestinal symptoms preceding the syncopal event. The 
visual prodromal symptoms are due to a reduction in blood 
flow to the retina via the ophthalmic arteries, whereas the 

excessive vagal stimulation that can occur is known to release 
pancreatic polypeptides resulting in gastrointestinal distress.

The physical exam must start with a careful examina-
tion of the vitals with orthostatic blood pressures. This, 
in conjunction with careful cardiac auscultation, will fre-
quently reveal the etiology if due to valvular heart disease, 
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Figure 72-1. The most common etiologies of syncope and the 
respective prevalence among the general population.

Table 72-1 • Causes of Syncope and Nonsyncope

Syncope

Neurocardiogenic

Vasovagal (common faint)•
Carotid sinus hypersensitivity•
Situational syncope•

Cough
Defecation
Micturition
Postexercise

Orthostatic

Autonomic failure•
Primary or secondary (diabetic neuropathy)

Volume depletion•
Acute blood loss
Diarrhea

Drug induced•
Diuretics
Nitrates
ACE inhibitors/ARBs

Cardiac arrhythmias

Bradycardia•
Supraventricular tachycardia (WPW with atrial fibrillation)•
Ventricular tachycardia•
Drug induced Torsades de Pointes•
 Inherited ion-channelopathies (Brugada syndrome, •
long QT)

Structural heart disease

Hypertrophic obstructive cardiomyopathy•
Severe valvular stenosis•
Myocardial infarction/ischemia•
Intracardiac tumors•
Acute aortic dissection•
Pericardial tamponade•
 Arrhythmogenic right ventricular dysplasia/•
cardiomyopathy (ARVD/C)

Noncardiac etiologies

Pulmonary embolism•
Cerebrovascular steal syndromes•

Nonsyncopal episodes
No transient loss of consciousness

Falls•
Cataplexy•
Conversion disorder•
Cerebrovascular events•

Partial or complete loss of consciousness

Hypoglycemia•
Hypocapnia due to hyperventilation•
Epilepsy•
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hypertrophic cardiomyopathy, orthostatic hypotension, 
pulmonary hypertension, or autonomic dysfunction. The 
neurological examination, including assessment of gait, 
speech, and motor and sensory function, can also provide 
clues to a neurological disorder. Carotid sinus massage to 
evaluate for carotid hypersensitivity as an etiology will be 
discussed separately.

DIAGNOSTIC WORKUP

In general, the diagnostic evaluation should begin with the 
patient’s history and physical exam, as outlined above, and 
a 12-lead ECG. Unless indicated, routine laboratory studies, 
including a toxicology screen, should not be obtained for a 
single episode of syncope, particularly if the history is sug-
gestive of a neurocardiogenic cause (Figure 72-2).

Table 72-2 • Age Predominant Causes of Syncope

Pediatric

Neurocardiogenic syncope•
 Reflex anoxic seizure (breath holding spells)•
 Psychiatric causes (conversion reactions)•
Long QT syndrome•
Wolff-Parkinson-White syndrome•

Middle age 

Neurocardiogenic syncope•
 Situational syncope (cough, micturition)•
Orthostasis•

Elderly

 Valvular heart disease (aortic stenosis)•
Arrhythmias•
Pulmonary embolus•
 Orthostasis (predominantly drug induced)•

Abnormal Normal

Infrequent Frequent

No arrhythmiaNo arrhythmiaLVEF < 35%

LVEF > 35%

ArrhythmiaArrhythmia

History suggestive of
neurocardiogenic syncope

Not suggestive of
neurocardiogenic cause
and recurrent syncope

Echocardiogram & exercise
echocardiogram

Individualized treatment
based on frequency and

intensity of spells

Suggested approach to the diagnostic workup in a patient with syncope

Syncopal event
(History, physical examination and ECG)

If evidence for structural heart
disease found, consider coronary
angiography and/or cardiac MRI

Single episode,
continue surveillance

Numerous
episodes

Place ambulatory
ECG monitor or
event recorder

Insert implantable
loop recorder

Cardiac evaluation
complete

ICD
implantation

Continue
surveillance

+ −

Correct abnormality
(e.g. valvular stenosis).

In setting of HCM,
ARVD/C and NICM with

LVEF < 30% consider ICD
implantation.

Ischemic
heart disease

EP testing

Treat

Figure 72-2. Flow-chart demonstrating the recommended diagnostic and treatment workup for patients with syncope.
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Electrocardiogram

The ECG, by itself, has little utility in the diagnosis of 
syncope but is helpful when coupled with the history and 
physical exam, being able to identify the etiology in ap-
proximately 35 to 45% of the cases. The ECG does provide 
important information regarding intra-atrial conduction, 
AV node conduction, bundle-branch block, and ventricular 
arrhythmias. The presence of a delta wave may assist with 
the diagnosis of WPW syndrome, whereas T wave inversion 
in the right precordial leads and an incomplete RBBB pat-
tern may be suggestive of arrhythmogenic right ventricular 
dysplasia/cardiomyopathy (ARVD/C). In addition, inher-
ited channelopathies associated with Brugada syndrome and 
long QT syndome can be identified by ECG.

Echocardiogram

There should be very little hesitation in obtaining an 
echocardiogram if the history, physical exam, and ECG do 
not provide the diagnosis. However, the overall diagnostic 
yield with an echocardiogram is relatively low in the set-
ting of a normal physical exam and electrocardiogram. It is 
important, though, that the echocardiogram can help iden-
tify structural heart disease (particularly valvular stenosis), 
pulmonary hypertension, and gross RV dysfunction and is 
a key tool in the identification of hypertrophic obstructive 
cardiomyopathy (HOCM).

Malignant syncope, a specific descriptor, is defined as synco-
pal spells that occur without prodrome and result in severe 
injury. The authors believe that all patients with recurrent 
syncope or malignant syncope should undergo evaluation 
with an echocardiogram as part of the initial evaluation.

Ischemia Evaluation

Exercise stress testing (preferable with echocardiographic 
imaging) should be performed in all individuals who report 

exertional syncope. In addition, exercise stress testing 
should be done in those patients with a history of ischemic 
heart disease or those with significant coronary artery dis-
ease risk factors. Aside from the evaluation of significant 
coronary disease and structural heart disease, stress testing 
may help unmask syndromes such as profound autonomic 
failure and catecholaminergic ventricular tachycardia. For 
example, a hypotensive response to exercise may indicate 
high risk for sudden cardiac death in patients with HOCM. 
Heart rate response to increased exercise also allows evalu-
ation of sinus node chronotropic function in those patients 
with suspected sinus node dysfunction.

Neurological Evaluation

If the history and/or witnessed accounts are suggestive of 
seizure type activity, then an EEG should be considered. 
However, the diagnostic yield of brain CT and MRI in the 
absence of any focal neurological deficit is marginal and 
should not be ordered indiscriminately.

Signal Averaged ECG (SAECG), Ambulatory 
ECG, and Implantable Loop Recorders

The overall yield in identifying the cause of syncope with 
SAECG and ambulatory ECG monitors has been histori-
cally low. However, in the appropriate patient, a 24- to 48-
hour ambulatory ECG or 30-day event recording may be 
useful in those patients with frequent symptoms. In general, 
these recordings are more insightful if symptoms are occur-
ring with bradycardia related spells such as prolonged sinus 
pauses with symptoms (>3 seconds) and/or high-grade AV 
block (Figure 72-3). Premature atrial contractions (PACs) 
and brief runs of supraventricular tachycardia (SVT) are 
commonly seen and do not necessarily corroborate with any 
symptoms. Ventricular premature contractions (VPCs) and 
short salvos are also frequently seen in the general popu-
lation. In the lack of underlying structural cardiac disease, 
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Figure 72-3. Holter monitor recording from a patient displaying a prolonged sinus pause with resultant 
syncope.
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there is no significant association with increased mortality. 
However, in those patients with structural heart disease 
and greater than 10 VPCs/hr, there is an increased risk for 
sudden cardiac death, which may warrant a further workup 
including placement of an implantable cardioverter defi-
brillator (ICD). Hence, in the proper patient population, 
noninvasive ambulatory ECG monitoring does serve as an 
adjunct tool for risk stratification for patients with syncope 
(Figure 72-4).

The introduction of implantable loop recorders (ILRs) has 
assisted in identifying the etiology of recurrent syncope in 
many cases. There are now several manufacturers of ILRs, all 
of which are implanted under a surgical sterile field. These 
recorders provide bipolar ECG signals with higher signal fi-
delity compared to surface ECG recordings and are either 
automatically triggered by an event or patient triggered, 
based on symptoms. Most ILRs can be left in for greater than 
12 months in duration, especially beneficial to the patient 
with less frequent spells. In patients with recurrent unex-
plained syncope, an ILR for 1 year has identified diagnostic 
information on more than 90% of patients. In addition to 
being more cost-effective, the use of ILRs is also likely to 
be associated with increased diagnostic yield, compared to 
traditional ambulatory ECG monitors and event recorders.

The use of T wave alternans and SAECG to help risk stratify 
those patients at increased risk of sudden cardiac death with 
underlying structural disease has been well established. It is 
unfortunate that the current level of data does not support 
the use of these modalities in the diagnostic workup of those 
patients with syncopal events.

Tilt Table Testing

When the history of a single syncopal event is consistent 
with a neurocardiogenic cause, there is no indication to 
perform a tilt table test (TTT). Tilt table testing may be 
advocated in those with malignant syncope or those in a 

high risk occupation (e.g., pilots). There can be significant 
differences in operator protocol for a TTT and this may 
explain the poor reproducibility and variation in both the 
sensitivity (26–80%) and specificity (90%) based on any 
one study.

Tilt table testing is based on the idea that prolonged upright 
posture can result in venous pooling and provide a stimulus 
for syncope in predisposed individuals. The general protocol 
will have a patient tilted head up on a table between an 
angle of 60° and 80° for up to 45 minutes. The angulation 
of the TTT prevents the skeletal muscle of the lower ex-
tremities from assisting in venous return and thus relies only 
on the autonomic nervous system (ANS) to compensate. 
If this passive portion of the test is negative, a provocative 
agent such as isoproterenol or sublingual nitroglycerin may 
be used. The addition of a provocative maneuver can in-
crease the yield by approximately 25%. Approximately 30% 
of patients who have a positive TTT will have a syncopal 
event within 2 years. Neither age, TTT outcome, hypoten-
sion, nor bradycardia during the test is a useful predictor of 
recurrent syncope. Only the frequency of episodes prior to 
TTT is correlated with posttest syncopal events. It should 
be noted that TTT is absolutely contraindicated in patients 
with known aortic/mitral valvular stenosis, high-grade left 
main disease, severe left ventricular outflow obstruction, 
and severe cerebrovascular disease. In addition, it has been 
shown that the mechanism of syncope during TTT does not 
always correlate with episodes occurring in the clinical set-
ting in which there appears to be more profound bradycar-
dia spells.

Abnormal responses to TTT can be grouped into five basic 
types, which are summarized in Table 72-3.

There may be a role for TTT, especially in those patients with 
a first episode of malignant syncope; however, in patients 
who have a normal initial evaluation and a single episode 
of syncope, the TTT is likely to offer very little additional 

Figure 72-4. Event recorder tracing during a syncopal event in a patient with underlying ischemic LV 
dysfunction and unexplained syncope. Tracing displays frequent ventricular ectopy, which degenerates 
into sustained monomorphic ventricular tachycardia.
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diagnostic information as most cases will predominantly be 
of a neurocardiogenic origin (Figure 72-2). In addition, se-
rial TTT to evaluate efficacy of pharmacologic therapy has 
not been shown to be clinically advantageous. Although 
there are no formal guidelines for the use of TTT in syn-
cope, a summary of indications and contraindications, as 
recommended by an American College of Cardiology con-
sensus panel, is shown in Table 72-4.

Electrophysiology Testing

The utility of an electrophysiology study (EPS) is greatest in 
those patients with underlying structural heart disease and/or 
an abnormal ECG. The diagnostic yield of an EPS in patients 
with an otherwise normal evaluation is between 1 and 3%. In 
those patients with a structurally normal heart, the EPS does 
not exclude an arrhythmogenic cause for syncope. The EPS 
has a particularly poor predictive value for future events in 
those with structurally normal hearts and in those with pro-
found systolic LV dysfunction (particularly if nonischemic in 
etiology). The majority of patients who would benefit from 
EPS would be between these two patient groups.

However, given the low procedural risk, EP testing can be 
considered in those with recurrent syncope and structural 
heart disease as well as those with malignant syncope in a 
high risk occupation. In particular, it can help identify those 
patients with sick sinus syndrome, abnormal AV node con-
duction, infra-Hisian block, SVT, and ventricular tachycar-
dia (VT) (Figure 72-5). A summary of Class I and Class III 
indications for the role of EPS in the evaluation of syncope 
are shown in Table 72-5.

SPECIFIC SUBGROUPS OF SYNCOPE

Neurocardiogenic Syncope

Neurocardiogenic syncope (NCS) represents the most com-
mon type of syncope in the adult population. It is the dys-
function of the ANS that plays a common central role. The 
ANS provides the primary mechanism for compensation 
in relation to short- and long-term responses for positional 
changes. Upon standing, in the normal individual, there is 
approximately a 30% decrease in blood volume returning to 
the right heart. Respectively, this causes an equal reduction 
in cardiac stroke volume. The skeletal musculature of the 
leg, venous valve system, and peripheral autonomic tone, 
as determined by the ANS, work together to actively pump 
blood back to the right heart.

Neurocardiogenic syncope is usually associated with a pro-
drome of lightheadedness, nausea, visual changes, and dia-
phoresis followed by a transient loss of consciousness. The 
triggering event in most cases is not clear, but certain events 
such as an emotional crisis and pain are associated with 
NCS. The primary mechanism for NCS is thought to in-
volve significant venous pooling in the lower extremities, 
especially in the upright position with a decrease in the ve-
nous return to the heart. This subsequently leads to increased 
cardiac inotropy, stretch via mechanoreceptors in the heart, 
which then stimulates the medulla and causes a paradoxical 
withdrawal of sympathetic tone that results in hypotension, 
bradycardia, and the syncopal event. In patients with both 

Table 72-3 • Abnormal Responses to Tilt Table 
Testing with Resultant Syncope Epression

Neurocardiogenic
Rapid drop in blood pressure, usually with bradycardia•

Dysautonomic
Gradual fall in blood pressure•
No significant change in heart rate•
Usually seen in autonomic syndromes•

Postural tachycardia syndrome (POTS)
Greater than 30 bpm increase in HR•

OR
 HR greater than 120 bpm during the first 10 minutes •
of passive TTT

Cerebral syncope
Syncope without systemic hypotension•
Severe cerebral vasoconstriction—by transcranial Doppler•
Cerebral hypoxia—measured by electroencephalogram•

Psychogenic

Syncope without hypotension•
No evidence of cerebral vasoconstriction or hypoxia•
Seen with conversion disorders and major depression•

Table 72-4 • Indications and Contraindications for 
Tilt Table Testing with Syncope

Tilt table testing is indicated:
 Recurrent syncope or single syncopal episode in high risk •
patient and/or

1. No evidence of structural cardiac disease
2.  Structural disease is present, but other causes of 

syncope have been excluded by appropriate testing
 Further evaluation in patients where an apparent cause of •
syncope has been established, but in whom demonstration 
of susceptibility to neurally mediated syncope would affect 
treatment plans
 Evaluation of exercise-induced or exercise-associated •
syncope

Tilt table testing not warranted:
 Single syncopal episode without injury and not in a high •
risk setting with clear-cut vasovagal clinical features
 Syncope where an alternative cause has been established •
and in which additional demonstration of neurally 
mediated susceptibility would not alter treatment plans

Extracted from ACC Expert Consensus Document, Benditt DG et al, 1996.
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carotid hypersensitivity syndrome and NCS, there are often 
marked initial hypotensive responses with TTT or carotid 
sinus massage, respectively. This response is frequently ac-
companied by bradycardia and occasionally asystolic spells. 
In addition, other forms of reflex syncope such as those as-
sociated with cough, micturition, or defecation are also the 
result of local mechanoreceptor activation and subsequent 
loss of autonomic tone.

Treatment options for NCS must be tailored on an individ-
ual basis. Initial measures should concentrate on avoidance 
of triggering stimuli and staying exceedingly well hydrated. 
Subsequently, nonpharmacological treatments should be 
encouraged. These can include resistance exercise training 
and aerobic activity. In addition, if the patient is agreeable, 
the use of high pressure (>30 mm Hg), waist level, elastic 
support hose can be useful in those patients with significant 
autonomic disorders. Another useful, noninvasive measure 
for patients without significant baseline hypertension is lib-
eralization of salt in the diet, which can sometimes make a 
dramatic improvement at a very low cost. For patients who 
are refractory to conservative measures or for those who 
suffer significant injury during syncopal spells, preventive 
pharmacotherapy is indicated.

Beta-blockers have long been the initial mainstay of phar-
macotherapy. The exact mechanism of their action on 

limiting spells of NCS is unclear. However, it is felt to be 
largely due to their negative inotropic effects on the car-
diac stretch mechanoreceptors, which are triggered dur-
ing insufficient venous return. Large randomized studies 
have provided mixed results in comparing beta-blockers to 
placebo for the treatment of NCS. In those patients who 
continue to be symptomatic despite beta-blocker therapy, 
several second-line agents such as fludrocortisone, mido-
drine, and serotonin specific reuptake inhibitors (SSRI) are 
available.

As a mineralcorticoid, fludrocortisone works by increas-
ing overall plasma volume and peripheral alpha- receptor 
sensitivity, leading to peripheral vasoconstriction. 
Fludrocortisone has been shown to be effective in the treat-
ment of orthostatic hypotension. Midodrine is a peripheral 
α-1 receptor stimulant that also promotes peripheral vaso-
constriction. It has been shown in two randomized trials to 
be beneficial in the prevention of NCS. Serotonin has been 
thought to play a central role in regulating heart rate and 
blood pressure through the central nervous system. In pa-
tients with both NCS and other forms of reflex syncope, 
there appears to be an imbalance in serotonin production 
and receptor hypersensitivity, which may contribute to 
sympathetic withdrawal. Several studies have shown that 
SSRI therapy can be effective in preventing episodes of 
NCS. Other agents that have shown limited clinical utility 
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Figure 72-5. Intracardiac electrocardiogram during electrophysiologic testing in a patient with known ischemic LV dysfunction and 
recurrent syncope. Electrocardiogram displays ventricular pacing from the RV apex at a programmed rate of 600 ms, followed by a
 premature impulse (S2), which is introduced at 280 ms after the last paced beat. This initiates sustained monomorphic ventricular
tachycardia, which was subsequently terminated with rapid ventricular pacing.



856 SECTION X /  Electrophysiology

include subcutaneous erythropoietin, pyridostigmine, theo-
phylline, and disopyramide.

The most extreme therapy for the treatment of NCS is per-
manent cardiac pacing. As mentioned previously, brady-
cardia frequently accompanies hypotension and syncope in 
these patients. However, it is important to understand that 
the primary mechanism and inciting event is that of venous 
pooling and poor venous return to the heart. Thus, provid-
ing intracardiac pacing in the setting of inadequate cardiac 
venous return does nothing to rectify the initial problem. 
Thus, as studies have shown, there is no conclusive evidence 

that intracardiac pacing is of benefit in patients with NCS. 
This therapy can be recommended only as a last line for 
those patients with recurrent malignant syncope who have 
failed all other therapeutic measures.

Orthostatic Syncope

There are two primary sources of orthostatic dysfunction 
leading to syncope. The first is dysfunction of the ANS 
( primary autonomic failure or secondary autonomic failure). 
The second major cause of orthostatic syncope is medica-
tion related.

An in-depth evaluation of autonomic failure is beyond the 
scope of this focused review; however, of the disorders of 
autonomic function, one in particular, postural tachycardia 
syndrome (POTS), should be noted. In the typical presen-
tation of POTS, the hallmark of the syndrome is persistent 
tachycardia in an upright position. Patients can often reach 
heart rates greater than 160 bpm and tend to complain of 
several associated symptoms such as fatigue, palpitations, 
lightheadedness, and even syncope. During TTT, these pa-
tients develop a significant increase in their HR (>30 bpm) 
within the first 10 minutes with only a mild decline in their 
blood pressure (Figure 72-6). Patients with POTS do have 
a predisposition toward developing total autonomic failure 
and this disorder does appear to have a genetic component. 
The treatment of POTS is notoriously difficult and patients 
may require several medication changes in conjunction with 
nonpharmacological measures.

Secondary causes of autonomic dysfunction include diabetes 
mellitus, amyloidosis, and paraneoplastic syndromes. Aside 
from systemic involvement with these secondary causes, a 
key distinguishing factor is that in dysautonomic syncope, 
there is usually no associated bradycardia or diaphoresis. In 
addition, patients with substantial autonomic dysfunction 
may have a combination of upright hypotension and supine 
hypertension, which is thought to be due to an inability to 
vasoconstrict when upright or vasodilate when prone.

It is clear that the most common cause of orthostatic syn-
cope in the elderly is medication induced. Diuretics, in 
particular, play a key role in volume depletion and, with 
the addition of peripheral vasodilators such as nitrates and 
ACE inhibitors, provide a milieu for frequent syncopal 
spells. Therapy revolves around slow withdrawal and in-
troduction of medications until orthostatic equilibration is 
achieved.

Syncope and Coronary Artery Disease

Syncope in patients with underlying coronary artery disease 
(CAD) is directly correlated with left ventricular function. 
In patients with CAD and syncopal spells, an evaluation 

Table 72-5 • Summary of ACC/AHA Guidelines 
Regarding EPS and Syncope

Class I Recommendations: Consensus to undergo EPS

1.  Symptomatic patients in whom sinus node dysfunction 
is suspected as a cause of symptoms, but the diagnosis 
cannot be established by other means

2.  Symptomatic patients with suspected infra-nodal block
3.  Patients with high grade AV block and a permanent 

pacemaker who continue to have symptoms—EPS to 
elucidate ventricular tachyarrhythmias as a mechanism

4.  Symptomatic patients with bundle branch block and in 
whom ventricular arrhythmia is suspected

5.  Patients with poorly tolerated SVT in whom EPS would 
help identify site or origin, tachycardia mechanism, and 
potential treatment

6.  Patients with unexplained syncope and known/suspected 
structural heart disease

7.  Sustained VT or cardiac arrest due to VT outside the 
setting of a recent MI (<48 hours) or long QT syndrome

Class III Recommendations: Lack of data to recommend 
EPS or EPS may be harmful

1.  Symptomatic patients with sinus node dysfunction 
when symptoms are clearly related to a documented 
bradyarrhythmia

2.  Asymptomatic patients with sinus bradyarrhythmia or 
sinus pauses during sleep

3.  Patients in whom high grade AV block is confirmed by 
electrocardiogram

4.  Asymptomatic patients with transient AV block associated 
with sinus slowing

5.  Asymptomatic patients with intraventricular conduction 
delay

6.  Symptomatic patients with intraventricular conduction 
delay whose symptoms can be related to ECG events

7. Patients with congenital QT prolongation
8.  Patients with acquired prolonged QT syndrome with 

symptoms related to an identifiable mechanism
9. Patients with a known cause of syncope

10.  Patients with cardiac arrest occurring within the first 
48 hours after MI

11.  Patients with cardiac arrest resulting from acute reversible 
ischemia or other identifiable cause for the syncopal event

Extracted from Zipes D et al, 1989.
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of underlying ischemia and arrhythmias must be performed. 
If testing indicates that a patient with a past history of 
myocardial infarction needs repeat revascularization, this 
should not preclude arrhythmia evaluation as the substrate 
( myocardial scar) has not been removed.

Once the need for any additional revascularization is gone, 
patients with CAD, LVEF >35%, and syncope should un-
dergo evaluation with an electrophysiology study. Although 
the ability to induce sustained monomorphic ventricular 
tachycardia in patients with an LVEF >35% is relatively 
low, a positive finding carries a very poor prognosis. These 
patients, regardless of their LVEF, should be treated with an 
implantable cardioverter defibrillator (ICD).

In those patients with CAD and an LVEF <35%, an elec-
trophysiology study may be indicated; however, in the ab-
sence of syncope, these patients have been shown to receive 
substantial survival benefit when implanted with an ICD 
and, therefore, an electrophysiology study would not neces-
sarily be indicated.

Syncope and Nonischemic 
Dilated Cardiomyopathy

The overall frequency of syncopal spells in this group is 
poorly defined. However, syncope is associated with an in-
creased mortality rate among patients with nonischemic 
dilated cardiomyopathy (NIDCM), since it is likely due to 
frequent self-terminating bouts of nonsustained ventricular 
tachycardia.

Data do not support routine electrophysiology studies in pa-
tients with NIDCM as programmed ventricular stimulation 
has been shown to have a relatively low predictive value in 
this population. Several large studies including SCD-HeFT 
and DEFINITE have shown a significant survival benefit 
in patients with NIDCM and no preceding syncopal event. 
Based on these data and the fact that syncope increases the 
risk of sudden cardiac death, appropriate ICD implantation 
is warranted in this population.

Syncope in Hypertrophic Cardiomyopathy

Among young patients, HOCM remains a predominant 
cause of sudden cardiac death, ranging from 0.6 to 1%. 
Episodic syncope, with and without exertion, has a very high 
positive predictive value for sudden cardiac death in this 
population. Although the predominant cause of syncope in 
this population is likely ventricular tachycardia, other clini-
cal scenarios such as NCS with or without bradycardia and 
LV outflow tract obstruction can contribute.

There is no role for electrophysiology testing in patients 
with HOCM. Risk stratification to define a patient as 
high risk is based on past syncopal events, family history 
of sudden cardiac death, and if needed, genetic analysis of 
the mutation involved. In addition, although patients with 
HOCM have a higher likelihood of inappropriate shocks, 
ICD therapy has been well proven to improve survival in 
the high risk patient.

Syncope and Inherited Ion 
Channel Abnormalities

Long QT (LQT) syndrome and Brugada syndrome are the 
two ion channel abnormalities most likely to be associ-
ated with syncope and sudden cardiac death. Past syncopal 
events, family history, and evaluation of the ECG all play 
an important role in the diagnosis and subsequent treatment 
strategy.

LQT syndrome is defined as prolongation of the corrected 
QT interval, QTC >450 ms (a slight variation can exist 
based on gender). Both LQT1 and LQT2 involve genetic 
defects of the cardiac potassium channels, whereas LQT3 
involves defects of the sodium channels. Although there 
are several risk factors that determine the likelihood of a 

A. Inappropriate sinus tachycardia (IST)

B. Autonomic failure: Primary or secondary

C. Postural tachycardia syndrome (POTS)

Time HUT (min)

Time HUT (min)

Time HUT (min)
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SBP
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Figure 72-6. Heart rate and blood pressure response to tilt 
table testing for (A) inappropriate sinus tachycardia, (B) auto-
nomic failure syndromes, and (C) POTS.
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cardiac event (e.g., gender, age), the single most important 
determinant is the degree of QT prolongation. Syncopal 
events and a family history of sudden cardiac death are poor 
prognostic indicators. Most patients can be initially treated 
with beta-blocker therapy, however, ICD implantation is 
appropriate if a patient is deemed to be high risk.

Brugada syndrome is an inherited disorder involving 
the cardiac sodium channels. There are several different 
Brugada patterns, however, they all involve ST elevation 
to some  degree in the anterior precordial leads (V1 and V2). 
Syncopal events in patients with Brugada syndrome are as-
sociated with a very high incidence of future sudden cardiac 
death and ICD implantation is warranted in these patients.
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AORTIC STENOSIS

Aortic stenosis (AS) is the obstruction to outflow of blood 
from the left ventricle to the aorta. Over time, this obstruc-
tion progresses as the valve becomes more stenosed and 
the symptoms of chest pain, shortness of breath, and syn-
cope develop. If the valve is not replaced at the onset of 
symptoms, the time to increased morbidity and mortality is 
rapid in these patients. The causes of outflow obstruction 
can occur at three levels within the heart. Left ventricular 

outflow obstruction in adults is most often due to aortic 
valve stenosis; less common causes are subvalvular or supra-
valvular disease.

VALVULAR AORTIC STENOSIS

Valvular aortic stenosis is the most common level of aortic 
stenosis. The etiologies of aortic stenosis are congenital aor-
tic stenosis (most commonly bicuspid and less commonly 
unicuspid, and quadricuspid), rheumatic aortic stenosis, 
and calcific aortic stenosis. Diagnosis of the cause of aor-
tic stenosis can be performed by two-dimensional echocar-
diography and Doppler echocardiography, which define the 
level of stenosis and severity of obstruction.

SUBVALVULAR AORTIC STENOSIS

Subvalvular AS can result from a variety of fixed lesions. 
These include a thin membrane (the most common lesion), 
thick fibromuscular ridge, diffuse tunnel-like obstruction, 
abnormal mitral valve attachments, and occasionally, ac-
cessory endocardial cushion tissue. Subvalvular AS also 
may have a dynamic component due to systolic anterior 
motion of the anterior mitral valve leaflet that is primarily 
seen in the genetic disease hypertrophic cardiomyopathy. 
Diagnosis of discrete subvalvular aortic stenosis presents 
with a high Doppler velocity across the aortic outflow tract 
and a structurally normal aortic valve on two-dimensional 
echocardiography.

SUPRAVALVULAR AORTIC STENOSIS

There are at least two anatomic forms of supravalvar AS. 
The majority of patients (60-75%) have a discrete constric-
tion in the ascending aorta at the superior aspect of the 
 sinuses of Valsalva (the “hourglass deformity”). More diffuse 
narrowing for a variable distance along the ascending aorta 

• Aortic stenosis (AS) is the obstruction to the out-
flow of blood from the left ventricle to the aorta. It 
can occur proximal to, at the level of, or just distal 
to the aortic valve.

• In patients with known AS who are followed 
prospectively, the most common symptoms are 
decreased exercise tolerance and dyspnea on 
exertion.

• Dobutamine echocardiography is helpful in dif-
ferentiating patients with severe true AS from 
those with pseudostenosis and in determining 
the  appropriate therapy.

• In virtually all adult patients with mitral stenosis, 
the cause is rheumatic valve carditis.

• The clinical presentation of mitral stenosis is 
progressive dyspnea secondary to increased left 
atrial pressure over time.

• Patients who are carefully selected can undergo 
percutaneous mitral balloon valvuloplasty pro-
vided that they have less than moderate concomi-
tant regurgitation.

d PRACTICAL POINTS
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is seen in the remaining patients. There is a high frequency 
of supravalvular AS in patients with Williams syndrome, 
which is due to a mutation in the elastin gene. Other as-
sociate phenotypical findings include elfin facies, hyper-
calcemia, and peripheral pulmonic stenosis. Supravalvular 
AS is also common in patients with homozygous familial 
hypercholesterolemia and occurs infrequently in heterozy-
gotes. Physical exam demonstrates an isolated thrill along 
the right carotid artery secondary to obstruction directed to-
ward the left innominate artery. Diagnosis can be made with 
two-dimensional echocardiography and doppler echocar-
diography. Aortic root angiography, computed tomography 
(CT) of the aorta, or magnetic resonance angiography may 
be necessary to demonstrate the anatomic definition of the 
extent of the disease (see Table 73-1).

RELATIVE FREQUENCY

Valvular aortic stenosis is the most common type of valvular 
heart disease in the world. The etiology and frequency de-
pend on the location and age of the patient. In the United 
States and Europe, calcific aortic stenosis is the most common 
etiology. In developing countries, rheumatic valve disease is 
the most common cause. The age of the patient population 
is also important in the diagnosis. Patients who are in their 
40s to 60s have bicuspid aortic stenosis causing their disease, 
but also present earlier or later with this specific abnormality. 
In older patients, calcific aortic stenosis is the most common 
cause of trileaflet aortic valve disease.

CELLULAR MECHANISMS OF DISEASE

Calcific aortic valve disease is characterized by leaflet thick-
ening and calcification in patients with a congenital bicus-
pid valve or an anatomically normal trileaflet valve. The 
cellular abnormalities characteristic of calcific aortic valve 
disease are characterized by three primary processes: lipid ac-
cumulation, inflammation, and calcification. For years, this 
disease was thought to be due to degeneration, but current 
evidence shows that it has an active cellular biology. Many 
of the risk factors for atherosclerosis are also associated 
with aortic valve sclerosis (believed to be an early form of 
 stenosis), which has led to the suggestion that calcific aortic 

valve disease is an atherosclerotic-like process. Randomized 
clinical trials of statin use have failed to demonstrate signifi-
cant slowing in the progression of aortic stenosis.

PATHOPHYSIOLOGY

Individuals with normal aortic valves have an effective area 
of valve opening that equals the cross-sectional area of the 
left ventricular outflow tract (3.0 to 4.0 cm2 in adults). As 
AS progresses, there is a minimal valve gradient until the 
orifice area reaches less than half of normal. Calcific aor-
tic valve disease without a significant gradient (defined as 
an aortic jet velocity ≤2.5 m/sec) is defined as aortic valve 
sclerosis. Advancement to stenosis occurs when the ante-
grade velocity across an abnormal valve rises to ≥2.6 m/sec. 
Stenosis severity is based upon echocardiographic estima-
tion of the aortic jet velocity, mean transvalvular gradient, 
and calculated aortic valve area.

As outflow obstruction becomes hemodynamically signifi-
cant, it results in obstruction to left ventricular ejection. 
Because the process is gradual in onset and progression, it 
results in adaptive changes in the left ventricle. The in-
creased systolic pressure in the ventricular chamber leads to 
concentric hypertrophy as a mechanism to maintain normal 
wall stress. In most patients with a compensated ventricle, 
the cardiac output and left ventricular end-diastolic volume 
are maintained for a prolonged period despite a systolic pres-
sure gradient between the left ventricle and aorta.

As the stenosis severity and hypertrophy continue to prog-
ress, the left ventricle becomes less compliant and left ven-
tricular end-diastolic pressure can become elevated, even 
as the ventricular size remains normal. Abnormal diastolic 
function contributes to symptom onset and may continue 
after relief of stenosis due to interstitial myocardial  fibrosis. 
The pathophysiology of aortic stenosis, characterized by 
an increase in afterload, a decrease in systemic and coro-
nary blood flow, and progressive hypertrophy, leads to the 
development of angina, shortness of breath, and syncope. 
Angina develops in these patients secondary to a mismatch 
of myocardial oxygen supply and demand resulting from 
an increase in myocardial mass and high diastolic pres-
sure. Dyspnea is initially secondary to diastolic dysfunction 
in the presence of normal systolic function, but increased 
left ventricular filling pressures eventually drive an increase 
in pulmonary pressure that further exacerbates symptoms. 
Finally, the etiology of syncope can be multifactorial, with 
decreased cardiac output, arrhythmias, and abnormal va-
sodepressor reflexes potentially playing a role.

In general, symptoms in patients with aortic stenosis and 
normal left ventricular systolic function rarely occur until 
the valve area is <1.0 cm2, the jet velocity is over 4.0 m/sec, 

Table 73-1 • Causes of Valvular Aortic Stenosis

 Congenitally bicuspid valve with superimposed •
calcification (unicuspid or bicuspid)
Calcific disease of a trileaflet valve•
Rheumatic valve disease•
 Rare causes: metabolic diseases (e.g., Fabry’s disease), •
systemic lupus erythematosus, Paget’s disease, 
alkaptonuria, chronic kidney disease
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and/or the mean transvalvular gradient exceeds 50 mm Hg. 
However, disease severity and symptoms may not always cor-
relate, particularly if there is coexisting aortic regurgitation. 
Most patients with AS develop symptoms before the onset 
of left ventricular systolic dysfunction. Associated symptoms 
include palpitations from arrhythmias, gastrointestinal (GI) 
bleeding, secondary systemic emboli, and worsening mitral 
regurgitation.

CLINICAL PRESENTATION

The patient with AS is asymptomatic for a prolonged period 
despite the obstruction and increased pressure load on the 
left ventricle. There is wide variability in the degree of out-
flow obstruction that causes symptoms, depending in part 
upon patient size and level of physical activity. As a result, 
there is no single value that defines severe valve obstruction 
(see Table 73-2).

However, in patients with known AS who are followed pro-
spectively, the most common symptoms are decreased exercise 
tolerance and dyspnea on exertion. Once symptoms develop, 
even when mild, prompt surgical intervention is needed be-
cause average survival without valve replacement is only 2 to 
3 years and carries a significant risk of sudden death.

PHYSICAL EXAMINATION

The physical examination often provides the first clue to 
the presence of aortic stenosis. The most common findings 
are a low amplitude and slowly rising carotid pulse (parvus 
and tardus). The systolic ejection murmur may also radiate 
to the apex of the heart, where it may have a different qual-
ity (musical due to high frequency vibrations) and be louder, 
suggesting that the patient also has mitral regurgitation 
(Gallavardin phenomenon). S2 is soft and single, since A2, 
which is due to aortic valve closure, is delayed and tends to 
occur simultaneously with P2, which is due to pulmonary 
valve closure. The S2 may become paradoxically split when 
the stenosis is severe and associated with left ventricular 
dysfunction. With increasingly severe, fixed AS, the A2 
closing sound disappears.

The presence of a normal split S2 is the most reliable find-
ing to exclude severe AS in adults. In severe aortic stenosis, 

patients may have a palpable and audible fourth heart sound 
(S4) due to vigorous left atrial contraction into the non-
compliant ventricle. In addition, a systolic thrill may be 
felt at the base of the heart (second intercostal space) or 
at the sternal notch, especially during full expiration with 
the patient leaning forward, which indicates the presence 
of severe stenosis (> 50 mm Hg). The murmur must be dif-
ferentiated from that of hypertrophic cardiomyopathy or 
mitral regurgitation.

DIAGNOSTIC STUDIES

A number of tests can help to document the presence and 
to assess the severity of valvular AS. The 2008 American 
College of Cardiology/American Heart Association 
(ACC/AHA) focused update of the guidelines on the 
management of valvular heart disease includes recom-
mendations for the diagnostic evaluation of adolescents 
and young adults with congenital AS and for the evalu-
ation and monitoring of older patients with known AS. 
The utility of echocardiography has largely eliminated 
the need for cardiac catheterization for hemodynamic as-
sessment. Echocardiography is necessary for the diagno-
sis and assessment of the aortic valve, LV size, function, 
and hemodynamics. Reevaluation is necessary for patients 
with known AS who describe worsening symptoms and 
for  patients with severe AS.

Electrocardiogram

The primary electrocardiographic findings in AS are related 
to the presence of left ventricular hypertrophy. Most patients 
are in normal sinus rhythm. The voltage of the QRS com-
plex can be markedly increased with associated ST-T wave 
changes and left atrial enlargement. However, the absence 
of hypertrophy on the ECG does not exclude the presence 
of severe AS. Atrial fibrillation is usually a late arrhythmia, 
primarily occurring in association with heart failure.

Chest X-ray (Fig. 46-10)

The routine chest radiograph is usually normal when AS is 
mild to moderate. There are, however, a number of findings 
that may be seen (Table 73-3).

Table 73-2 • Three Classic Symptoms Associated 
with Aortic Stenosis

Heart failure (HF)•
Syncope or dizziness•
Angina•

Table 73-3 • Classic Chest X-ray Findings

 A rounding of the left ventricular apex suggests left •
ventricular hypertrophy and poststenotic dilation of the 
ascending aorta secondary to a bicuspid aortic valve.
 Calcification of the aortic leaflets and aortic root is present •
in most adults with hemodynamically significant AS.
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Echocardiography (Table 48-6, Fig. 48-20)

The 2008 American College of Cardiology/American Heart 
Association (ACC/AHA) focused update of the guidelines 
on the management of valvular heart disease recommends 
the use of echocardiography for the evaluation and monitor-
ing of patients with AS. The location of obstruction can be 
identified (supravalvular, valvular, or subvalvular) and the 
cause of the lesion may be assessed.

Doppler echocardiography is excellent for assessing the se-
verity of aortic stenosis. Maximum peak and mean aortic 
valve gradients can be derived from the continuous wave 
Doppler across the aortic valve. Reproducible echo mea-
surements of the aortic valve gradient require detailed and 
accurate measurements using multiple sites of interroga-
tion to optimize acquisition of the maximum peak velocity. 
Calculation of the aortic valve area is performed by calcu-
lating the continuity equation. Parameters used to assess 
severity of aortic stenosis as measured by the ACC/AHA 
guidelines are listed in Table 73-4.

Cardiac Catheterization

The increased use of echocardiography in AS has reduced the 
importance of hemodynamic measurements obtained at the 
time of cardiac catheterization and left ventricular contrast 
angiography. The 2008 ACC/AHA focused update of the 
guidelines on the management of valvular heart disease rec-
ommends cardiac catheterization for hemodynamic assess-
ment in only one setting in adults: symptomatic patients in 

whom noninvasive tests are inconclusive or provide discrep-
ant results from clinical findings regarding the severity of 
aortic stenosis. There is some risk of cerebral embolization 
associated with crossing the aortic valve in patients with se-
vere calcific aortic stenosis. As a result, this approach should 
be avoided in such patients whenever possible. Coronary 
angiography is also recommended in patients with mild to 
moderate AS who have progressive angina, objective evi-
dence of ischemia, or either asymptomatic or symptomatic 
left ventricular dysfunction. Aortic valve gradients by car-
diac catheterization depend not only on the severity of ob-
struction but also on flow. To measure the aortic valve area, a 
formula has been derived by Gorlin and Gorlin (as shown in 
the cardiac catheterization hemodynamics chapter).

Computed Tomography

Both electron beam and rapid multislice chest tomography 
can provide quantitative evaluation of the amount of valve 
calcification. The degree of calcification correlates both 
with stenosis severity by echocardiography and with clinical 
outcomes. However, the role of quantitation of valve cal-
cium in clinical decision making has not been defined.

Magnetic Resonance Imaging (MRI)

MRI can detect the presence of AS and the anatomic valve 
area can be measured from short axis views of the valve. In 
addition, velocity-encoded MRI can accurately measure the 
antegrade velocity through the stenotic valve. MRI evalua-
tion of AS severity is not yet widely accepted, in part due to 
limited experience and availability.

TREATMENT OF PATIENTS 
WITH AORTIC STENOSIS

Natural History

Angina, dizziness or syncope, and heart failure (e.g.,  dyspnea) 
are the primary manifestations of AS, usually occurring with 
exertion. Average survival after the onset of these symptoms 
is only 2 to 3 years with a high risk of sudden death. As a re-
sult, symptomatic AS is an indication for valve replacement. 
Although randomized trials comparing surgery to continued 
medical therapy have not been performed, observational 
studies have found that corrective surgery in this setting is 
almost always followed by symptomatic improvement and a 
substantial increase in survival with a low mortality of less 
than 1 to 2%. In older patients, the incidence of this dis-
ease is increasing, and progression may be more rapid. After 
valve replacement in older patients, survival is similar to 
that of age- and gender-matched populations.

Coronary angiography should be performed in all patients 
with cardiovascular risk factors, but it is not officially required 

Table 73-4 • Definition of the Severity of Aortic 
Stenosis in Adults

Aortic Jet 
Velocity

Mean
Gradient Valve Area

Normal ≤1.5 <5 3.0-4.0

Mild <3.0 <25 >1.5

Moderate 3.0-4.0 25-40 1.0-1.5

Severe* >4.0 >40 <1.0

Critical aortic stenosis has been defined hemodynamically as a valve area 
<0.75 cm2 and/or an aortic jet velocity >5.0 m/sec. However, the decision about 
valve  replacement is not based solely on hemodynamics, as some patients who meet 
these criteria are asymptomatic, whereas others with less severe measurements 
are symptomatic.
Severe aortic stenosis is also considered to be present if the valve area index is 
<0.6 cm2/m2. However, in patients with severe aortic stenosis who also have a 
low cardiac output state, the aortic jet velocity and mean gradient may be lower 
(low-gradient aortic stenosis).
Adapted from Bonow RO, Carabello BA, Chatterjee K, et al. ACC/AHA 2008 
 focused update incorporated into the guidelines for the management of patients with 
valvular heart disease. A report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 2008.
The recommended frequency of echocardiographic monitoring in adults varies with 
the severity of aortic stenosis: every year for severe aortic stenosis, every 1 to 2 years 
for moderate aortic stenosis, and every 3 to 5 years for mild aortic stenosis. The 
rationale for monitoring is provided by the marked variability in the rate of disease 
progression.
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in men younger than 40 years and women younger than 50 
years as their risk of obstructive coronary disease is generally 
lower. It is a Class I indication for symptomatic patients with 
isolated AS should undergo aortic valve replacement.

ALTERNATIVE APPROACHES TO 
SURGICAL VALVE REPLACEMENT

Percutaneous aortic balloon valvuloplasty was introduced in 
the 1980s as an alternative to valve replacement, avoiding a 
high operative mortality in elderly patients. This approach has 
evolved as a therapy for patients who are critically ill and not 
candidates for surgery and as a “bridge” in critically ill patients 
before aortic valve replacement. It is important for short-term 
interventions, as the device has a high risk of restenosis and 
often creates or worsens insufficiency. The most recent advance 
in the field is percutaneous aortic valve stents. Investigation 
of this procedure is ongoing in a number of clinical trials in 
the United States and Europe. These devices are currently not 
FDA approved, but the technique is in rapid evolution.

Low Gradient Aortic Stenosis

Patients with AS and left ventricular dysfunction may have 
a low transvalvular pressure gradient despite significant 
valve narrowing. Such patients are said to have low gradient 
AS, which is defined as a transaortic pressure gradient of less 
than 30 mm Hg and a calculated aortic valve area <1.0 cm2 
in association with low flow. Some patients with low gradi-
ent AS have true severe AS, whereas others have “pseudos-
tenosis,” with a low transvalvular pressure gradient because 
of the combination of moderate AS and low cardiac output. 
The distinction between true stenosis and pseudostenosis is 
made by evaluation of characteristic changes in hemody-
namic and structural measurements in response to pharma-
cologic interventions that augment cardiac output. Patients 
with low-gradient true AS have a high perioperative and 
postoperative mortality. Nonetheless, surgery is still reason-
able in most patients because valve replacement is associ-
ated with better outcomes than continued medical therapy. 
Dobutamine echocardiography is helpful in differentiating 
patients with severe true AS from those with pseudosteno-
sis and determining the appropriate therapy. Patients with 
contractile reserve in response to dobutamine have a much 
better outcome after surgery.

Asymptomatic Severe Aortic Stenosis

With infrequent exceptions, such as patients undergoing 
coronary artery bypass graft surgery or surgery on the aorta or 
other heart valves, the 2008 ACC/AHA focused update to 
the guidelines on the management of valvular heart disease 
concludes that valve replacement should not be routinely 
performed for isolated severe AS in asymptomatic patients.

However, careful monitoring is required, since asymptom-
atic patients with severe AS have a low rate of survival free 
from valve replacement. This is associated with a progres-
sive reduction in aortic valve area that averages 0.1 cm2/year 
and a progressive increase in aortic jet velocity that averages 
0.3 m/sec per year. Risk factors for progression include small 
valve area, left ventricular hypertrophy, and moderate to se-
vere valve calcification.

Surgical Versus Medical Therapy

Consideration of surgery in an asymptomatic patient with 
severe AS requires an appreciation of the relative risks of 
surgical and medical therapy. The surgical mortality of aor-
tic valve replacement varies widely. If it is not well under 2 
to 3% at a particular center, then the operative risk clearly 
exceeds the risk of sudden death in an asymptomatic patient 
who does not undergo surgery. Furthermore, valve replace-
ment does not abolish the risk of sudden death. Insertion 
of a prosthetic heart valve is also associated with appre-
ciable morbidity. Among the complications of prosthetic 
heart valves are prosthesis dysfunction, paravalvular leak, 
thrombus formation, arterial embolism, endocarditis, and 
problems associated with anticoagulation. The incidence of 
serious complications depends upon the type of valve and a 
number of clinical variables, but significant complications 
occur at a frequency of at least 3% per year, and death due 
directly to the valve occurs at the rate of approximately 1% 
per year. Thus, even if surgical mortality can be minimized, 
the combined risk of valve replacement and the late com-
plications of a prosthetic valve exceed the possibility of pre-
venting sudden death in a truly asymptomatic patient.

MITRAL STENOSIS

Mitral stenosis is an obstruction to blood flow between the 
left atrium (LA) and the left ventricle (LV) and is caused 
by abnormal mitral valve function. In virtually all adult 
patients with mitral stenosis, the cause is rheumatic valve 
carditis. However, almost 60% of patients with rheumatic 
heart disease do not give a history of rheumatic fever. Other 
causes of mitral stenosis are uncommon or extremely rare. 
Mitral stenosis in association with an atrial septal defect is 
called Lutembacher’s syndrome. Other causes of obstruction 
to flow across the mitral valve include LA myxoma, massive 
LA ball thrombus, and cor triatriatum in which a congenital 
membrane is present in the left atrium leading to an ana-
tomic obstruction (see Table 73-5).

PATHOLOGY

Acute rheumatic carditis is a pancarditis involving the 
pericardium, myocardium, and endocardium. In temperate 
climates and developed countries, there are usually long 
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intervals (averaging 10 to 20 years) between an episode and 
the clinical presentation of symptomatic mitral stenosis. In 
tropical and subtropical countries, the latent period is shorter, 
and MS may occur during childhood or adolescence. The 
pathologic hallmark is an Aschoff’s nodule, inflammatory 
cells, bone formation, and angiogenesis. The most common 
lesion of acute rheumatic carditis is mitral valvulitis. In this 
condition, the mitral valve has vegetations along the line of 
closure and the chordea tendinaea. Mitral regurgitation may 
be present during an acute episode of rheumatic carditis.

The most critical aspect of the pathophysiology is that mitral 
stenosis usually results after repeated episodes of carditis al-
ternating with healing and is characterized by the deposition 
of fibrous tissue. This process results in fusion of the com-
missures, cusps, or chordae. This disease progression causes 
obstruction to the flow of blood between the left atrium and 
the left ventricle. The time to severe stenosis may depend 
on the number of episodes of repeated bouts of rheumatic 
valvulitis. Many times, the repeat episodes of rheumatic 
heart disease are not clinically apparent to the patient. It is 
critical to understand that the course of this disease is a slow 
progression occuring over decades.

PATHOPHYSIOLOGY

The pathophysiologic features of this disease manifest from 
the obstruction of blood flow between the LA and LV due to 
a pressure gradient across the stenotic valve. The relation-
ship between the valve area, flow period, and average dia-
stolic gradient between the LA and LV is defined by the 
formula of Gorlin and Gorlin (please see the cardiac cath-
eterization chapter).

Complications of mitral stenosis include atrial arrhythmias 
and systemic emboli. The chronic elevation in LA pres-
sure leads to left atrium enlargement, sometimes creating 
pressure on the laryngeal nerve with secondary hoarseness 
(Ortner’s syndrome). Right heart disease eventually devel-
ops, manifesting as increased pulmonary artery pressures, 
right ventricular hypertrophy, and tricuspid regurgitation. 
Patients are also at risk for infective endocarditis due to 
their abnormal mitral valve.

PHYSICAL EXAM

The clinical presentation of mitral stenosis is progressive dys-
pnea secondary to increased left atrial pressure over time. The 
physical exam is manifested as a prominent A wave (second-
ary to RV hypertrophy) or a prominent V wave (secondary to 
triscuspid regurgitation). Cardiac auscultation demonstrates 
an accentuated S1, which is caused by flexible valve leaflets 
with a wide closing excursion. The loud first heart sound is 
followed by an opening snap and a diastolic rumble. The 
interval between aortic valve closure and the opening snap 
(A2-OS interval) is related to left atrial pressure and, there-
fore, can be used to determine the severity of mitral stenosis. 
Patients with severe mitral stenosis have A2-OS intervals 
shorter than 60 to 70 ms and those with mild mitral stenosis 
have A2-OS intervals longer than 100 to 110 ms. As right 
heart manifestations become significant, P2 increases with 
rising pulmonary pressure. Finally, two key pearls are to be 
sure the patient is examined in the left lateral position (as the 
subtle sounds of mitral stenosis can easily be missed) and to 
be aware that exercise may bring out a diastolic rumble, so a 
patient may be asked to do sit-ups or walk briskly in the hall-
ways to increase his or her heart rate before reexamination.

DIAGNOSTIC STUDIES

Chest X-ray (Fig. 46-19)

The PA and lateral CXR have classic findings important 
in the diagnosis of mitral stenosis. Lung fields demonstrate 
evidence of elevated pulmonary venous pressure, with ac-
cumulation of fluid into the interlobular septa, producing 
linear streaks that extend into the pleura (Kerley B lines). 
Pulmonary artery hypertension results in enlargement of the 
main pulmonary artery or right and left main artery silhou-
ettes. The LA is enlarged and manifests as a density behind 
the RA and elevation of the PA artery. The RV may be en-
larged if PA hypertension is present.

Electrocardiogram

The ECG often demonstrates sinus rhythm signs of LA en-
largement, specifically appearing as broad and notched in 
lead II and biphasic in lead V1. Atrial fibrillation is common 
and RV hypertrophy is present if PA hypertension is marked.

Echocardiography (Fig. 48-1, Fig. 48-18)

Two-dimensional echocardiography demonstrates valve 
thickening, fused commissures, and a small valve orifice 
on the short axis view of the mitral valve. The parasternal 
long axis demonstrates the classic “hockey stick” appear-
ance of the anterior mitral valve leaflet as it opens dur-
ing diastole. Doppler echocardiography can calculate the 

Table 73-5 • Causes of Mitral Stenosis

Rheumatic fever•
Congenital•
Active infective endocarditis•
Neoplasm•
Massive annular calcification•
 Rare causes: systemic lupus erythematosus, carcinoid, •
methysergide therapy, Hunter-Hurler syndromes, Fabry’s 
disease, Whipple’s disease, rheumatoid arthritis
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severity of the mitral stenosis using the pressure half-time 
equation. It is important to reevaluate patients who have 
changing symptoms, but is not necessary in patients who 
are asymptomatic, have mild mitral stenosis, or have stable 
clinical findings.

An echocardiographic grading system (Table 48-3) has been 
established to determine the suitability for mitral valve val-
votomy based on the two-dimensional features of the fol-
lowing: (1) leaflet thickening, (2) leaflet calcification, (3) 
leaflet mobility, and (4) subvalvular thickening/fusion. 
Each of these features is assigned a score from 1 to 4, with 
1 being the least involvement and 4 being the most severe. 
A score of less than 8 is suitable for balloon valvuloplasty 
or commissurotomy, and a score of 12 or greater would be 
appropriate for valve replacement. Determining the severity 
of the mitral valve area by Doppler echocardiography is also 
important. A valve area less than 1.0 cm2 indicates severe 
stenosis, an area of 1.0-1.5 cm2 indicates moderate stenosis, 
and greater than 1.5 cm2 indicates mild stenosis. A gradient 
of less than 5 mm Hg is mild, 5.0-10.0 mm Hg is moderate, 
and greater than 10.0 mm Hg is severe. PA pressure greater 
than 60 mm Hg is severe pulmonary hypertension.

NATURAL HISTORY

The 10-year survival for asymptomatic patients with MS is 
approximately 84%, and 34% to 42% in those with mild 
symptoms. The 10-year survival of patients who are moder-
ately or severely symptomatic is ≤40% with no therapy and 

≤10% at 20 years. Patients with NYHA functional Class IV 
have a poor survival without treatment.

MANAGEMENT

Rheumatic carditis needs to be detected and managed rap-
idly by diagnosing streptococcal infections and treating 
properly. All patients with acute rheumatic fever/rheumatic 
carditis, with or without obvious valve disease, should re-
ceive appropriate antibiotic prophylaxis against recurrent 
streptococcal infection. Years later, when patients develop 
symptoms from valvular obstruction, medical therapy may 
provide some benefit from tachyarrhythmias and fluid over-
load. Beta-adrenergic blocking agents, calcium channel 
blockers, and digitalis can control the ventricular rate in 
patients with atrial fibrillation and amiodarone can reduce 
the occurrence of atrial arrhythmias. Anticoagulation is es-
pecially necessary in patients with atrial fibrillation second-
ary to mitral stenosis, as embolization risk is higher than in 
those with a “nonvalvular” etiology.

Patients who are carefully selected can undergo percutane-
ous mitral balloon valvuloplasty provided that they have 
less than moderate concomitant regurgitation. This proce-
dure requires expertise and should be performed at a center 
with sufficient volume. Potential complications included 
systemic emboli, severe mitral regurgitation, and left ven-
tricular perforation. Careful preoperative assessment of the 
mitral valve is necessary to ensure safety in performing this 
procedure.
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Valvular Regurgitation
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OVERVIEW OF REGURGITANT 
VALVULAR DISEASE

Regurgitant valvular diseases, especially mitral regur gitation, 
are among the most frequently encountered valvular heart 
diseases in clinical practice. Valvular regurgitation may re-
sult from the primary valvular diseases or from the dysfunc-
tion of the surrounding supporting structures.

AORTIC REGURGITATION

Etiology and Pathophysiology

Aortic regurgitation may result from an intrinsic structural 
abnormality of the aortic valve or from an abnormality of the 
aortic root. Primary disorders of the aortic valve include

calcific aortic stenosis (some degree of AI is present • 
in 75%)

infective endocarditis• 
trauma• 
congenital abnormalities of the aortic valve (bicuspid, • 
unicuspid, quadricuspid valves, or rupture of congeni-
tally fenestrated valve)
other congenital defects that may indirectly result • 
in AI (large ventricular septal defects and subaortic 
membranes)
rheumatic• 
myxomatous• 
other systemic disorders (Lupus, giant cell arteritis, • 
Takayasu’s arteritis, ankylosing spondylitis, Jaccoud’s 
arthropathy, Whipples disease, and Chron’s disease)
anorectic drugs (prior to their removal from the • 
 market)

Aortic regurgitation due to aortic root disease is now more 
common than primary valve disease. Acute destruction 
of the aortic root, such as in the case of aortic dissection, 

• Aortic regurgitation may result from an intrinsic 
structural abnormality of the aortic valve or from an 
abnormality of the aortic root.

• Acute AR may lead to emergent decompensation and 
have an underwhelming cardiac auscultatory exam.

• Two-dimensional echocardiography is the principal 
diagnostic tool for patients with AR.

• The benefits of chronic vasodilator therapy in asymp-
tomatic patients with severe AR and normal ejection 
fraction remain controversial.

• Mitral regurgitation may result from disorders of the 
valve leaflets themselves or any of the supporting 
structures.

• The cardiac auscultatory exam can be misleading in 
acute MR.

• The echocardiogram is an indispensable tool for the 
evaluation of the patient with suspected MR.

• Mitral valve prolapse usually occurs as a primary 
problem that is not associated with other diseases.

• The most common cause of tricuspid regurgitation 
is dilation of the right ventricle and tricuspid annulus 
secondary to the left-sided valvular disease or heart 
failure.

• Tricuspid regurgitation does not require treatment 
unless right ventricular dysfunction or right-sided 
heart failure develops.

d PRACTICAL POINTS
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disrupts the supporting structures of the valve and results 
in regurgitation. In aortic dissection, the aortic intima and 
media are longitudinally separated by a column of blood. 
Patients at most risk for aortic dissection include those 
with

idiopathic dilation of the ascending aorta• 
bicuspid aortic valve• 
hypertension• 
Marfan’s syndrome• 
pregnancy• 
blunt chest trauma• 
acute aortitis, complicating infective endocarditis• 

Many diseases cause chronic dilation of the aortic root, 
which leads to AR due to annular dilation. This results in 
leaflet separation and loss of coaptation. Tension on the 
leaflets from the regurgitation may also result in scarring 
that diminishes coaptation by shortening the leaflets. The 
most common causes of root enlargement include

age related (degenerative) dilation• 
degeneration of the extracellular matrix (as an iso-• 
lated condition, associated with Marfan syndrome, or 
congenital bicuspid aortic valve)
aortic dissection• 
systemic hypertension• 
osteogenesis imperfecta• 
syphilitic aortitis• 
ankylosing spondylitis• 
giant cell arteritis• 
the Behçet syndrome• 
psoriatic arthritis• 
other forms of arthritis associated with ulcerative coli-• 
tis, relapsing polychondritis, and Reiter syndrome

In AR, the total LV stroke volume is the sum of the forward 
plus the regurgitant stroke volume. Normal forward cardiac 
output is maintained by an increase in total stroke volume. 
In acute or subacute AR, a large volume of blood is intro-
duced into a noncompliant left ventricle (LV), which results 
in elevated LV filling pressure and pulmonary venous pres-
sures leading to dyspnea or pulmonary edema. Thus, acute 
severe AR is characterized by normal LV size and hyper-
dynamic LV systolic function. Acute AR usually is due to 
aortic dissection or infective endocarditis and the clinical 
presentation of the underlying process predominates. The 
patient usually develops significant dyspnea. The murmur 
may be minimal because of the abrupt and rapid increase 
in the LV end-diastolic pressure and diminishing aortic-left 
ventricular diastolic pressure gradient. Peripheral vascular 
manifestations may also be absent.

In chronic AR, compensatory remodeling of the left ven-
tricle occurs. The chronic excessive volume overload causes 
progressive dilation of the left ventricle with increased end-

diastolic and end-systolic volumes. In addition, LV afterload 
is also increased since the elevated end-diastolic volume in-
creases LV wall stress.  The increased stroke volume ejected 
into the high-impedance aorta often creates systolic hyper-
tension, which further increases ventricular afterload. Thus, 
chronic AR represents a combination of elevated preload and 
elevated afterload. The volume overload associated with AR 
results in compensatory eccentric hypertrophy, whereas the 
pressure overload results in superimposed concentric hyper-
trophy. Preload is normalized due to eccentric hypertrophy 
and the addition of new sarcomeres. Increased systolic wall 
stress and afterload is a stimulus for further concentric hy-
pertrophy. These compensatory mechanisms allow patients 
to remain asymptomatic for years. Since left atrial pressure 
increases late in the course of the disease, symptoms develop 
slowly and late when AR is chronic. However, when preload 
reserve or compensatory hypertrophy is insufficient, afterload 
mismatch will occur, eventually resulting in systolic dysfunc-
tion. The most common initial symptom is shortness of breath 
with exercise, then later at rest. Patients often notice an un-
comfortable awareness of overactivity of the heart and neck 
vessels because of the forceful, pounding heartbeat associated 
with the high pulse pressure. Palpitations may also result from 
supraventricular or ventricular premature beats. Syncope may 
occur due to diminished diastolic blood pressure. Angina may 
also result in the absence of coronary artery disease.

Physical Examination

The findings, upon physical examination in patients with 
chronic AR, are mainly related to the increased stroke vol-
ume and widened pulse pressure. In severe AR, the pulse 
pressure may increase to more than 100 mm Hg. However, 
the pulse pressure does not reflect the severity of the aor-
tic regurgitation in young people with compliant vessels or 
in patients with congestive heart failure and elevated LV 
filling pressure. Because the LV is enlarged, the apical im-
pulse is diffuse, hyperdynamic, and laterally and inferiorly 
displaced. A rapid ventricular filling wave (diastolic thrill) 
can often be palpated at the apex and there may also be 
systolic retraction of the parasternal region. A systolic thrill 
may be heard at the base of the heart, the suprasternal 
notch, and the carotid arteries. At times, a carotid shudder 
is palpable. The carotid pulse is usually bounding with a pro-
nounced upstroke followed by a rapid run-off (waterham-
mer or Corrigan’s pulse). There may be a bifid systolic pulse 
( bisferiens pulse) that can be appreciated in the brachial 
and femoral arteries in addition to the carotid arteries.

The S1 is often normal. However, in severe AR, there may 
be partial diastolic closure of the mitral valve, which de-
creases the intensity of the S1. The S2 may be increased 
or decreased depending on the etiology of the AR. A loud 
closure sound is associated with a dilated aortic root. A soft 
S2 is found when the AR is due to abnormally thickened 
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and retracted leaflets. An early systolic ejection click can be 
heard in young patients with bicuspid valves. It may also sig-
nify a large stroke volume entering a dilated aortic root. An 
S3 may be found in the presence of a failing left ventricle.

The classic murmur of AR is that of a high-pitched decre-
scendo diastolic murmur along the left sternal border. The 
murmur is best heard in left sternal border (3-4 intercostal 
spaces), if the cause of the AR is related to diseased valves. 
On the other hand, if it is most audible at the right sternal 
border, significant aortic root dilation is suggested. The mur-
mur is best heard with the diaphragm of the stethoscope when 
the patient is sitting up and leaning forward with held exha-
lation. The murmur is increased by maneuvers that increase 
blood pressure such as squatting or isometric exercise. The 
murmur decreases with maneuvers that decrease blood pres-
sure such as standing, amyl nitrate inhalation, or the strain 
phase of the Valsalva maneuver. The duration of the murmur, 
rather than its loudness, correlates best with the severity of 
the regurgitation. A systolic outflow murmur radiating to the 
carotids, resulting from the increased stroke volume, is also 
common. A coexisting aortic systolic murmur may be a func-
tional flow murmur due to the increased flow across the aortic 
valve and does not always imply aortic stenosis.

Mild degrees of AR result in a murmur only in early diastole. 
As the severity of AR increases, the murmur becomes more 
holodiastolic. However, when the left ventricle decompen-
sates, there is a diminished gradient between the left ven-
tricle and the aorta, which then shortens the murmur.

Patients with severe AR may also demonstrate a second dia-
stolic murmur, which is low pitched and heard best at the 
apex (Austin-Flint murmur). This diastolic rumble, similar 
to that of mitral stenosis in pitch and intensity, has been 
postulated to represent physiological mitral stenosis caused 
by the rapid increase in LV diastolic pressure and by the jet 
of AR hitting the mitral valve. Others have concluded that 
this murmur is related to the AR jet directed at the anterior 
leaflet of the mitral valve and the LV free wall causing vi-
brations that are appreciated on auscultation as a diastolic 
rumble. Other peripheral signs of AR related to the widened 
pulse pressure and increased stroke volume are as follows:

De Musset’s sign:• 
 Head bobbing in synch with arterial pulse
Quinke’s pulse:• 
 Pulsation of nail beds when mild pressure is placed 

on the nail
Duroziez’s sign:• 
 Systolic and diastolic bruit heard over the femoral 

artery with gentle compression of the stethoscope
Traube sign (also known as “pistol shot sounds”):• 
 Booming systolic and diastolic sounds heard over 

the femoral artery

Müller sign:• 
 Systolic pulsations of the uvula
Hill’s sign:• 
 Increase in lower extremity systolic blood pressure 

> 40 mm Hg compared to the brachial artery

Acute AR is often a catastrophic illness. Since the ven-
tricle has not had time to compensate, diagnosis is often 
difficult. Patients are usually tachypneic, tachycardiac, 
and in pulmonary edema. The precordium is usually quiet. 
There is a soft first heart sound due to early closure of the 
mitral valve and a short diastolic murmur. Early closure of 
the mitral valve noted on echo is a poor prognostic sign 
and should prompt rapid surgical correction. The impor-
tance of rapid surgical correction for acute severe AR is 
imperative, since medical therapy can often worsen the 
hemodynamics.

Diagnostic Testing

Chest Radiograph
The chest X-ray demonstrates an enlarged cardiac silhouette 
as well as enlargement of the aorta, if present. Pulmonary 
congestion is noted when heart failure has developed. An 
example of a chest X-ray from a patient with bicuspid aortic 
valve and severe AR is shown in Figure 74-1.

Electrocardiogram (ECG)
Acute, subacute, or mild chronic aortic regurgitation may not 
display ECG abnormalities. In chronic moderate or severe 

Figure 74-1. ECG from a patient with a bicuspid aortic valve 
and severe aortic regurgitation. Note the left atrial enlargement 
(arrow) and left ventricular hypertrophy.
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aortic regurgitation, the ECG may show LV hypertrophy 
with or without associated repolarization abnormalities. Left 
axis deviation may also be present. With early LV volume 
overload, there are prominent Q waves in Leads I, aVL, and 
V3 through V6. As the disease progresses, the prominent ini-
tial forces decrease, but the total QRS amplitude increases.

Echocardiography (Table 48-7, Fig. 48-21)
Two-dimensional (2D) echocardiography is the principal 
diagnostic tool for patients with AR. The echocardiogram 
demonstrates the size and function of the left ventricle as 
well as the morphology of the aortic valve and ascending 
aorta. Color and spectral Doppler are then used to further 
quantify the severity of AR and to identify lesions in the 
other valves. Semiquantitative echocardiographic measures 
of AR severity include the size of the left ventricle, the 
AR jet width measured by color Doppler in the LV outflow 
tract, measurement of the vena contracta width using color 
Doppler, assessment of flow reversal in the descending aorta 
by spectral Doppler, and measurement of pressure half-time 
by spectral Doppler. Quantitative measures of AR severity 
include proximal flow convergence (PISA) and calculation 
of regurgitant volume and fraction using stroke volume de-
terminations across the mitral and aortic valves. When used 
in the correct clinical setting, transesophageal echocardiog-
raphy enables a more thorough evaluation of the thoracic 
aorta and is more sensitive in identifying valvular vegetations 
and other infectious processes. It is also helpful in determin-
ing the severity of the aortic regurgitation and morphology 
of the aortic valve when the transthoracic echocardiogram 
is technically limited. The Doppler indicators of severe aor-
tic regurgitation are illustrated in Table 74-1. An example 
of echo findings from a patient with bicuspid aortic valve 
and severe aortic regurgitation is shown in Figure 74-2.

Cardiac Catheterization
Cardiac catheterization is usually needed to identify the 
presence of coronary artery disease (CAD) in patients who 
require aortic valve replacement surgery. This procedure 
may also be needed in the uncommon situation when non-
invasive imaging is inconclusive.

Radionuclide Imaging
Radionuclide imaging is able to provide information about 
the LV ejection fraction, measurement of the LV/ right 
ventricular (RV) stroke volume ratio to help quantify the 
AR, and the assessment of LV function before and during 
 exercise. However, this technique is generally only used 
when echo images are technically difficult or when there is 
a discrepancy between clinical and echo findings.

Magnetic Resonance Imaging (MRI)
Velocity encoded cine magnetic resonance imaging provides 
a direct measurement of forward and regurgitant flow across 
the aortic valve. Magnetic resonance imaging can also mea-
sure LV volumes and ejection fraction and can assess the size 
and structure of the aorta. Currently, this technique is used 
when the echo images are suboptimal or when imaging of 
the full extent of the aorta is needed.

Treatment

In patients with significant acute AR, dyspnea and heart 
failure usually develop rapidly. Mortality is high without sur-
gical intervention. Early surgical replacement of the aortic 
valve is usually required.

Patients with chronic AR may remain asymptomatic for 
many years. Published data suggest that the rate of progres-
sion to symptoms or LV dysfunction in patients with chronic, 
severe AR averages 4.3% per year. The rate of sudden death 
is less than 0.2% per year and the rate of development of LV 
dysfunction without symptoms is 1.2% per year. However, sig-
nificant LV dysfunction may develop in the absence of symp-
toms, emphasizing the importance of close follow-up of these 
patients.

Asymptomatic patients with severe AR and normal LV size 
and function should undergo clinical exams and echocar-
diography yearly unless symptoms arise beforehand. Patients 
with significant LV dilation (end-diastolic dimension 
>60 mm) require clinical evaluation every 6 months and 
echocardiographic imaging every 6 to 12 months. Patients 
with very severe LV dilation (end-diastolic dimension 
>70 mm or end-systolic dimension >50 mm) may require 
serial echoes every 4 to 6 months.

The benefits of chronic vasodilator therapy in asymptom-
atic patients with severe AR and normal ejection frac-
tion remain controversial. Vasodilators may be helpful 

Table 74-1 • Doppler Indicators of Severe Aortic 
Regurgitation

AR color jet diameter/LVOT diameter in parasternal 
long-axis view (>65%)

AR color jet area/LVOT area in parasternal short-axis 
view (>60%)

AR pressure half-time by CW Doppler (<200 ms)
Transmitral PW Doppler diastolic profile (restrictive or 

premature flow cessation)
Flow reversal by PW Doppler in proximal descending 

thoracic aorta (holodiastolic)
CW Doppler signal intensity (dense)
Regurgitant volume (>60 mL)a

Regurgitant fraction (>50%)a

AR, aortic regurgitation; CW, continuous-wave; LVOT, left ventricular outflow tract; 
PW, pulsed wave.
*Measurements indicative of severe regurgitation are in parentheses.
aCan be measured by volumetric Doppler, proximal isovelocity surface area method, 
or a combination of these, including two-dimensional measures.
Adapted from reference 3 with permission.
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in patients who have symptoms and/or LV dysfunction 
but are not surgical candidates. They may also be help-
ful for improving the hemodynamic profile of patients 
with severe heart failure prior to undergoing aortic valve 
surgery.

The most important predictor of outcome after aortic valve 
replacement is preoperative resting left ventricular systolic 
function. Patients should be referred for aortic valve re-
placement when symptoms develop or when there is severe 
LV dilation or a decline in ejection fraction. The specific 
criteria defining the timing of surgical referral are outlined 
in Table 74-2.

MITRAL REGURGITATION (MR)

Etiology and Pathophysiology

The mitral apparatus is a complex structure. The normal 
function of the mitral valve is dependent on normal func-
tioning of the valve leaflets, valve commissures, mitral 
annulus, papillary muscles, chordae tendineae, and left 

ventricle. Mitral regurgitation may result from disorders of 
the valve leaflets themselves or from any of these surround-
ing structures. Causes of leaflet dysfunction, often described 
as organic MR, include

rheumatic heart disease• 
mitral valve prolapse• 
mitral annulus calcification• 
endocarditis• 
drugs, i.e., ergotamine toxicity• 
collagen vascular diseases• 
congenital cleft of the anterior mitral leaflet• 
radiation therapy• 
trauma• 

Mitral regurgitation can also result from dilation of the 
mitral valve annulus or from myocardial infarction usually 
involving the inferolateral wall and the posteromedial pap-
illary muscle. This type of MR is often referred to as func-
tional MR, since the valve leaflets themselves are normal. 
Identifying the cause of MR is crucial to understanding the 
natural history of the disorder and defining the appropriate 
therapy.

Figure 74-2. Echo from the patient in Figure 74-1 with a bicus-
pid aortic valve and severe aortic regurgitation. Panel A shows 
the parasternal long axis view; note the doming of the aortic 
valve during systole. Panel B shows the aortic valve during 
diastole (arrow); note the prolapse of the aortic valve. Panel C 
shows a Color Doppler image that demonstrates an eccentric 
jet of aortic regurgitation that is directed toward the anterior 
leaflet of the mitral valve.

A

B

C
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In acute severe MR, there is sudden volume overload in the left 
atrium and left ventricle. The left ventricle accommodates this 
increased volume by sarcomere stretch and increase of stroke 
volume. However, because of the opening of the low pressure 
pathway across the incompetent mitral valve, left ventricular 
afterload decreases. Although the total LV stroke volume in-
creases, the forward stroke volume drops. The combined effect 
of this increased preload, decreased afterload, and increased 
LV contractility leads to hyperdynamic LV systolic function 
with the ejection fraction usually increased to 60 to 75%. In 
the acute stage of MR, the left atrial size and compliance are 
usually unaltered. Thus, the left atrial pressure can increase 
significantly, leading to dyspnea and/or pulmonary edema.

In patients with slow, progressive, mitral valve disease or 
in patients who survive the acute episode, the LV is able to 

develop compensatory changes. The adaptive and compen-
satory changes that occur in the LV include the addition of 
sarcomeres in a series, resulting in an increase in the overall 
length of individual cardiomyocytes. The resultant LV di-
lation and eccentric hypertrophy cause an increase in LV 
end-diastolic volume. Afterload (wall stress) increases from 
subnormal to normal, according to La Place’s law (Wall 
stress = Pressure × Radius / Thickness × 2). The left atrium 
also enlarges, thus allowing accommodation of the regurgi-
tant volume at a lower pressure.

Patients with compensated MR may remain asymptom-
atic for many years. However, if the regurgitation is se-
vere enough, decompensation may eventually result. The 
LV eventually weakens and can no longer eject the excess 
volume, resulting in an increase in LV end systolic volume. 
Forward stroke volume is decreased and LV filling pres-
sure and left atrial pressure are increased. Ejection fraction 
in all phases, however, may be greater than normal due to 
the increase in preload and the afterload-reducing effect of 
ejection into the low-impedance left atrium. Thus, ejection 
fraction can be misleading as a measure of compensation 
in this disorder, and advanced myocardial dysfunction may 
occur while LV ejection fraction is still well in the normal 
range.

Physical Exam

In acute severe mitral regurgitation, a third and fourth heart 
sound is usually heard, consistent with high left atrial pres-
sure and LV diastolic pressure. The systolic murmur of MR 
may be short, soft, or completely absent when the left ven-
tricular to atrial gradient is minimal. Physical findings of 
severe pulmonary congestion are expected.

The examination of the patient with chronic, severe MR 
varies according to the degree of decompensation. The 
carotid upstroke is sharp, as opposed to delayed in aor-
tic stenosis. The volume of the carotid pulse is reduced 
in the presence of advanced heart failure. The apical 
impulse is usually brisk and hyperdynamic. However, it 
may be enlarged and displaced in patients with cardiac 
enlargement. A diastolic rumble or third heart sound may 
be present and does not necessarily indicate LV dysfunc-
tion. S1 is usually soft. A widely split S2 is common. The 
systolic murmur of MR varies according to the etiology 
of the regurgitation. Such murmurs may be early systolic, 
holosystolic, or late systolic. Early systolic murmurs are 
typical for acute MR. Late systolic murmurs are typical 
of mitral valve prolapse or papillary muscle dysfunction. 
The systolic murmur is usually heard best at the apex in 
the left lateral decubitus position. Signs of pulmonary 
 hypertension, such as a loud P2, are usually ominous and 
represent advanced disease.

Table 74-2 • Indications for Surgery in Patients 
with Aortic Insufficiency

Class I

1.  AVR is indicated for symptomatic patients with severe AR 
irrespective of LV systolic function (Level of Evidence: B)

2.  AVR is indicated for asymptomatic patients with chronic 
severe AR and LV systolic dysfunction (ejection fraction 
0.50 or less) at rest (Level of Evidence: B)

3.  AVR is indicated for patients with chronic severe AR while 
undergoing CABG or surgery on the aorta or other heart 
valves (Level of Evidence: C)

Class IIa

AVR is reasonable for asymptomatic patients with severe 
AR with normal LV systolic function (ejection fraction >0.50)
but with severe LV dilation (end-diastolic dimension > 75 mm 
or end systolic dimension > 55 mm)a (Level of Evidence: B)

Class IIb

1.  AVR may be considered in patients with moderate AR 
while undergoing surgery on the ascending aorta 
(Level of Evidence: C)

2.  AVR may be considered in patients with moderate 
AR while undergoing CABG (Level of Evidence: C)

3.  AVR may be considered for asymptomatic patients 
with severe AR and normal LV systolic function at rest 
(ejection fraction > 0.50) when the degree of LV dilation 
exceeds an end-diastolic dimension of 70 mm or end-
systolic dimension of 50 mm, when there is evidence of 
progressive LV dilation, declining exercise tolerance, or 
abnormal hemodynamic responses to exercisea

(Level of Evidence: C)

Class III

AVR is not indicated for asymptomatic patients with mild, 
moderate, or severe AR and normal LV systolic function at 
rest (ejection fraction >0.50) when degree of dilation is not 
moderate or severe (end-diastolic dimension < 70 mm, end 
systolic dimension < 50 mm)a (Level of Evidence: B)

aConsider lower threshold values for patients of small stature of either gender.
Adapted from reference 3 with permission.
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Diagnostic Testing

Electrocardiogram
The most common findings on the ECG in patients with 
MR are those of left atrial enlargement (Figure 74-3) or 
atrial fibrillation. Left ventricular enlargement is noted in 
approximately one third of patients and right ventricular 
hypertrophy in 15%.

Chest Radiograph
Cardiomegaly due to LV and LA enlargement is commonly 
seen in patients with chronic MR. Left atrial enlargement 
is recognized by straightening of the left border of the heart, 
an atrial double density, or elevation of the left main-stem 
bronchus. Right-sided chamber enlargement may also be 
present in patients with pulmonary hypertension. Kerley 
B lines and interstitial edema are often seen in patients 
with acute MR or progressive LV failure. An example of 
a chest X-ray from a patient with severe MR is shown in 
Figure 74-4.

Echocardiogram (Table 48-5, Fig. 48-19)
The echocardiogram is an indispensable tool for the evalu-
ation of the patient with suspected MR. The echo provides 
information about the mechanism and severity of MR, size 
and function of the LV and right ventricle, size of the left 
atrium, degree of pulmonary hypertension, and the pres-
ence of other associated valve lesions. The indications 

for transthoracic echocardiography in MR are listed in 
Table 74-3. The indications for transesophageal echo are 
listed in Table 74-4. The Doppler indicator of severe mi-
tral regurgitation is listed in Table 74-5. An example of the 
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II aVL

III aVF

V1
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Figure 74-3. ECG from a patient with severe mitral regurgitation. Note the left atrial enlargement (arrows).

Figure 74-4. CXR from the patient in Figure 74-3 with severe 
mitral regurgitation. Note the cardiomegaly, pulmonary edema, 
and bilateral pleural effusions.
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echo findings in a patient with severe mitral valve prolapse 
and severe mitral regurgitation is shown in Figures 74-5, 
74-6, and 74-7.

Cardiac Catheterization
Cardiac catheterization is generally performed to assess the 
hemodynamic severity of MR when noninvasive testing is 
inconclusive or there is a discrepancy between clinical and 
noninvasive findings. Angiographic grading of mitral regur-
gitation is also dependent on the volume and injection rate 
of the contrast agent, catheter position, and volume of the 
left atrium; thus, the accuracy of the assessment is limited 
by the above factors. Coronary angiography is indicated for 
patients who are planning to undergo surgery and are at risk 
for coronary artery disease.

Treatment

Patients with acute severe MR require rapid evaluation 
and therapy with intravenous inotropes, intravenous vaso-
dilators, or intraaortic balloon counterpulsation. Patients 
with hemodynamic instability usually require surgical 
intervention.

Patients with chronic MR can remain asymptomatic for 
years. However, since LV dysfunction can develop in the 
absence of symptoms, serial clinical exams and noninva-
sive testing are warranted. Patients with mild MR and 
an otherwise normal heart may be followed with clinical 
exams yearly and echocardiographic imaging only if there 
has been a change in clinical status. In patients with mod-
erate MR, clinical examination and echocardiography 
should be performed yearly or sooner if symptoms develop. 
Asymptomatic patients with severe MR should be fol-
lowed with clinical exam and echocardiography every 6 
to 12 months to assess for changes in symptoms and/or LV 
function.

Table 74-3 • Indications for Transthoracic 
Echocardiography in Patients with Mitral Regurgitation

Class I

1.  Transthoracic echocardiography is indicated for baseline 
evaluation of LV size and function, RV and left atrial size, 
pulmonary artery pressure, and severity of MR (Table 74-4) 
in any patient suspected of having MR. (Level of Evidence: C)

2.  Transthoracic echocardiography is indicated for delineation 
of the mechanism of MR. (Level of Evidence: B)

3.  Transthoracic echocardiography is indicated for annual 
or semiannual surveillance of LV function (estimated 
by ejection fraction and end-systolic dimension) in 
asymptomatic patients with moderate to severe MR. 
(Level of Evidence: C)

4.  Transthoracic echocardiography is indicated in patients 
with MR to evaluate the MV and LV function after a change 
in signs or symptoms. (Level of Evidence: C)

5.  Transthoracic echocardiography is indicated to evaluate 
LV size and function and MV hemodynamics in the initial 
evaluation after MV replacement or MV repair. 
(Level of Evidence: C)

Class IIa

Exercise Doppler echocardiography is reasonable in 
asymptomatic patients with severe MR to assess exercise 
tolerance and the effects of exercise on pulmonary artery 
pressure and MR severity. (Level of Evidence: C)

Class III

Transthoracic echocardiography is not indicated for routine 
follow-up evaluation of asymptomatic patients with mild MR 
and normal LV size and systolic function. (Level of Evidence: C)

Adapted from reference 3 with permission.

Table 74-4 • Indications for Transesophageal 
Echocardiography

Class I

1.  Preoperative or intraoperative transesophageal 
echocardiography is indicated to establish the anatomic 
basis for severe MR in patients in whom surgery is 
recommended to assess feasibility of repair and to guide 
repair. (Level of Evidence: B)

2.  Transesophageal echocardiography is indicated for 
evaluation of MR patients in whom transthoracic 
echocardiography provides nondiagnostic information 
regarding severity of MR, mechanism of MR, and/or 
status of LV function. (Level of Evidence: B)

Class IIa

Preoperative transesophageal echocardiography is reasonable 
in asymptomatic patients with severe MR who are considered 
for surgery to assess feasibility of repair. (Level of Evidence: C)

Class III

Transesophageal echocardiography is not indicated for 
routine follow-up or surveillance of asymptomatic patients 
with native valve MR. (Level of Evidence: C)

Adapted from reference 3 with permission.

Table 74-5 • Doppler Indicators of Severe Mitral 
Regurgitation

Color jet area (jet area > 40% of LA area)
Wide vena contracta (0.7 cm)
Regurgitant volume (>60 mL)a

Regurgitant fraction (>50%)a

ERO (>0.4 cm2)†

Pulmonary vein PW Doppler flow profile 
(systolic flow reversal)

CW Doppler signal intensity (dense)
Transmitral PW flow velocity (E > 1.2 m/s)

CW, continuous-wave; E, early transmitral flow; ERO, effective regurgitant 
orfice area; LA, left atrium; PW, pulsed-wave.
*Measurements indicative of severe regurgitation are in parentheses.
aCan be measured by volumetric Doppler, proximal isovelocity surface area 
method, or a combination of these, including two-dimensional measures.
Adapted from reference 3 with permission.
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For patients with asymptomatic MR, there is no accepted 
medical therapy. However, in patients with associated LV 
dysfunction, treatment with angiotensin-converting enzyme 
inhibitors, beta-blockers, and biventricular pacing has been 
shown to be beneficial. Such treatments have often resulted 
in a reduction in the severity of functional MR. Patients 
with severe MR who develop symptoms or LV dysfunction 
should be referred for surgical correction. The indications 
for surgery in severe MR are listed in Table 74-6.

The timing of surgical correction depends on the estimated 
perioperative risk, the presence of LV dysfunction, the dila-
tion of the LV, and the long-term morbidity associated with 
valvular prostheses. With increasing experience in valve 
repair surgery, patients with chronic, severe MR may be re-
ferred for surgical correction earlier in their disease course, 
often before the onset of symptoms of LV dysfunction. The 

other two factors that predict poor postoperative outcome 
and reduced long-term survival include increased end-
 systolic internal dimension and atrial fibrillation. It is criti-
cal that such patients are referred to high volume surgical 
centers where the success rate of valve repair is high.

Mitral valve prolapse: Mitral valve prolapse usually occurs 
as a primary problem that is not associated with other dis-
eases less commonly it is associated with connective tissue 
disorder such as Maltan’s. It can be familial or nonfamilial. 
The natural history of mitral valve prolapse in the major-
ity of cases is benign. However, complications may develop, 
so close follow-up is warranted. The systolic billowing of 
the mitral leaflet(s) into the left atrium may cause an au-
dible click followed by a systolic murmur. The systolic mur-
mur from mitral valve prolapse needs to be differentiated 
from the murmur of aortic stenosis and hypertrophic car-
diomyopathy. The physical exam maneuvers that can be 
implemented to differentiate these murmurs are listed in 

Figure 74-5. Echo from a patient with prolapse of the posterior leaflet of the mitral valve. Panel A shows the marked prolapse of the 
posterior leaflet during systole (arrow). Panel B shows the eccentric jet of severe mitral regurgitation that is directed anteriorly.

Figure 74-6. Spectral Doppler image from the echo of the patient 
in Figure 74-3 with prolapse of the posterior leaflet of the mitral 
valve. The Doppler signal of mitral inflow shows an increased E ve-
locity to 1.9 m/sec that is suggestive of severe mitral regurgitation.

Figure 74-7. Echo from another patient with severe mitral 
 regurgitation. There is systolic reversal in the pulmonary veins.

A B
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Table 74-7. Patients with mitral valve prolapse and severe 
mitral regurgitation are managed similarly to other indi-
viduals with severe mitral regurgitation. Mitral valve repair 
is usually the choice of surgical intervention when MR is 

severe. Patients with mitral valve prolapse sometimes de-
velop palpitations, atypical chest pain, anxiety, or fatigue, 
which are usually associated with increased adrenergic tone. 
These patients should avoid exogenous stimulants and may 
benefit from beta-adrenergic blocker therapy.

TRICUSPID REGURGITATION

Etiology and Pathophysiology

The tricuspid apparatus consists of six parts including the leaf-
lets, chordae, papillary muscles, annulus, right ventricle, and 
right atrium. Proper functioning of the tricuspid valve requires 
normal function of all of these parts. The most common cause 
of tricuspid regurgitation is dilation of the right ventricle and 
tricuspid annulus secondary to the left sided valvular disease 
or heart failure. Other less common causes include cor pul-
monale, right ventricular myocardial infarction, and pulmo-
nary hypertension. Isolated diseases of the tricuspid valve are 
unusual and include congenital abnormalities, i.e., Ebstein’s 
anomaly, tricuspid valve prolapse, rheumatic valvulitis, infec-
tive endocarditis, and carcinoid syndrome. Iatrogenic causes 
include trauma from transvenous pacemakers, catheters, or 
repetitive right ventricular biopsy.

Tricuspid regurgitation decreases the blood returning from 
the venae cavae to the right atrium, thus decreasing the 
cardiac output. In severe TR, the venous pressure in the 
circulation increases significantly and leads to fluid ex-
travasation. Tricuspid regurgitation is usually well tolerated 
in the absence of pulmonary hypertension. With the pres-
ence of pulmonary hypertension, right heart failure often 
occurs. The clinical presentation of TR varies depending 
on the underlying mechanism of the regurgitation. The pa-
tients usually develop dyspnea on exertion, malaise, ascites, 
and edema. Atrial fibrillation is common.

Physical Examination

Patients with right-sided heart failure usually have increased 
jugular venous pressure (JVP) with a prominent CV wave, 
a right ventricular heave, liver enlargement, ascites, and 
edema. A holosystolic murmur is best heard at the left sternal 
border or the subxiphoid region. The intensity of the murmur 
increases with inspiration. The coexisting diastolic rumble 
may be due to the increased flow across the tricuspid valve 
due to severe TR or due to coexisting tricuspid stenosis.

Diagnostic Testing

Electrocardiography
The ECG may show right or bi-atrial enlargement, incom-
plete right bundle branch block, and right ventricular hy-
pertrophy and dilation. Atrial fibrillation is common.

Table 74-6 • Indications for Mitral Valve Operation

Class I

1.  MV surgery is recommended for the symptomatic patient 
with acute severe MR.* (Level of Evidence: B)

2.  MV surgery is beneficial for patient with chronic severe 
MR* and NYHA functional class II, III, or IV symptoms 
in the absence of severe LV dysfunction (severe LV 
dysfunction is defined as ejection fraction <0.30) and/or 
end-systolic dimensions > 55 mm. (Level of Evidence: B)

3.  MV surgery is beneficial for asymptomatic patients with 
chronic severe MR* and mild to moderate LV dysfunction, 
ejection fraction 0.30 to 0.60, and/or end systolic dimension 
greater than or equal to 40 mm. (Level of Evidence: B)

4.  MV repair is recommended over MV replacement in the 
majority of patients with severe chronic MR* who require 
surgery, and patients should be referred to surgical centers 
experienced in MV repair. (Level of Evidence: C)

Class IIa

1.  MV repair is reasonable in experienced surgical centers 
for asymptomatic patients with chronic severe MR* with 
preserved LV function (ejection fraction >0.60 and end-
systolic dimension < 40 mm) in whom the likelihood of 
successful repair without residual MR is greater than 90%. 
(Level of Evidence: B)

2.  MV surgery is reasonable for asymptomatic patients with 
chronic severe MR,* preserved LV function, and new onset 
of atrial fibrillation. (Level of Evidence: C)

3.  MV surgery is reasonable for asymptomatic patients 
with chronic severe MR,* preserved LV function, and 
pulmonary hypertension (pulmonary artery systolic 
pressure > 50 mm Hg at rest or >60 mm Hg with 
exercise). (Level of Evidence: C)

4.  MV surgery is reasonable for patients with chronic severe 
MR* due to a primary abnormality of the mitral apparatus 
and NYHA functional Class III-IV symptoms and severe LV 
dysfunction (ejection fraction <0.30 and/or end-systolic 
dimension > 55 mm) in whom MV repair is highly likely. 
(Level of Evidence: C)

Class IIb

MV repair may be considered for patients with chronic, severe, 
secondary MR* due to severe LV dysfunction (ejection fraction 
<0.30) who have persistent NYHA functional Class III-IV 
symptoms despite optimal therapy for heart failure, including 
biventricular pacing. (Level of Evidence: C)

Class III

1.  MV surgery is not indicated for asymptomatic patients with 
MR and preserved LV function (ejection fraction >0.60 and 
end-systolic dimension < 40 mm) in whom significant doubt 
about the feasibility of repair exists. (Level of Evidence: C)

2.  Isolated MV surgery is not indicated for patients with mild 
or moderate MR. (Level of Evidence: C)

Adapted from reference 3 with permission.
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Chest X-ray
The chest X-ray usually shows right atrial enlargement and 
right ventricular enlargement.

Echocardiography
Echocardiography is the most commonly used imaging study 
for the assessment of TR. Combined with Doppler inter-
rogation, echo can identify the etiology and severity of the 
tricuspid diseases as well as the structure and function of the 
right and left heart. An example of echo findings in a pa-
tient with flail anterior leaflet of tricuspid valve and severe 
tricuspid regurgitation is shown in Figure 74-8.

Treatment

Tricuspid regurgitation does not require treatment unless 
right ventricular dysfunction or right-sided heart failure de-
velops. Medical management includes sodium and water re-
striction. Significant tricuspid regurgitation with pulmonary 

hypertension is usually secondary to the left-sided heart dis-
ease or pulmonary disease; thus, treating the primary disease 
is the aim of management. Surgical correction depends on 
the mechanism of the regurgitation. Annuloplasty is indi-
cated when TR is caused by annular dilation. Organic tri-
cuspid diseases that cause severe tricuspid regurgitation are 
treated either with tricuspid valve repair or replacement.

PULMONARY REGURGITATION (PR)

Pulmonary valve regurgitation is a common finding in 
adults. A small amount of PR is often seen in normal indi-
viduals. Isolated, severe PR is uncommon. Common causes 
of significant PR include

pulmonary annular dilation• 
ectasia of the main pulmonary artery• 
infective endocarditis• 

Table 74-7 • Effect of Various Interventions on Systolic Murmurs

Intervention
Hypertrophic Obstructive 
Cardiomyopathy Aortic Stenosis Mitral Regurgitation

Mitral Valve 
Prolapse

Valsalva ↑ ↓ ↓ ↑ or ↓

Standing ↑ ↑ or unchanged ↓ ↑

Handgrip or squatting ↓ ↓ or unchanged ↑ ↓

Supine position with 
legs elevated

↓ ↑ or unchanged unchanged ↓

Exercise ↑ ↑ or unchanged ↓ ↑

Amyl nitrite ↑↑ ↑ ↓ ↑

Isoproterenol ↑↑ ↑ ↓ ↑

Modified from Paraskos JA. Combined valvular disease. In: Dalen JE, Alpert JS, Rahimtoola SH, eds. Valvular Heart Disease. 3rd ed. Philadelphia: Lippincott 
Williams & Wilkins; 2000:332. ↑↑ = markedly increased.
Adapted from reference 1 with permission.

Figure 74-8. Echo from a patient with a flail anterior leaflet of the tricuspid valve. Panel A shows parasternal view of the right-sided 
chambers showing the flail anterior leaflet of the tricuspid valve (arrow). In Panel B, there is severe tricuspid regurgitation with an ec-
centric jet of tricuspid regurgitation that is directed in the posterior direction.

A
B
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collagen vascular diseases• 
carcinoid• 
trauma• 
congenital abnormalities• 

Chronic, severe PR may cause volume overload of the right 
ventricle, which leads to right-sided heart failure. The clini-
cal presentation of PR usually is related to the underlying 
disease process. Patients may develop fatigue, shortness of 
breath, edema, ascitis, and passive enteric congestion when 
right-sided heart failure develops. Physical examination 
may reveal a loud P2 when there is pulmonary hyper tension; 
a widened splitting of the second heart sound; and a low-
pitched, brief, and diamond-shaped murmur in diastole. 
The intensity of the murmur increases with inspiration or 
inhalation of the amyl nitrate. Primary pulmonary valve dis-
eases that lead to severe PR and right ventricular dysfunc-
tion require surgical correction.
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INTRODUCTION

Prosthetic cardiac valves are utilized as replacements for 
underlying valvular abnormalities. The first successful re-
placement of a cardiac valve was accomplished in 1960 by 
Nina Braunwald and colleagues. There are two main types 
of prosthetic valves: mechanical prostheses and biopros-
theses (tissue) valves. There is a variety of both types of 
valves and selection of the appropriate heart valve for each 
patient takes valve durability, thrombogenic potential, and 

the particular underlying valve to be replaced into consid-
eration. Monitoring for several important prosthetic valve-
related complications is key in the proper management of 
patients with prosthetic valves.

PROSTHETIC VALVE CLASSIFICATION

Prosthetic valves can be classified as either mechanical or 
bioprosthetic. Each has its own advantages and problems, 
which will be considered in further detail. Table 75-1
gives a list of the common cardiac valves for replace-
ment in adults. Of note, each valve is available in a range 
of sizes from 19 to 33 mm and it is important to choose 
the most appropriate size for the valve to be replaced 

• Selection of a prosthetic valve depends on two 
primary issues: durability of the valve and the risk 
and benefit profile of long-term anticoagulation.

• Thrombogenesis and bleeding complications are 
the main long-term complications of mechanical 
valves.

• Structural changes in bioprosthetic valves such 
as cuspal tears, fibrosis, and calcification lead to 
degeneration and failure of the valve.

• It is important to choose a valve that is appropri-
ate for the underlying native valve size, leading to 
optimum hemodynamics.

• Mechanical prosthetic valves in pregnant women 
merit specialized attention to a strict anticoagu-
lation regimen to lower the risk for both mother 
and fetus.

• Echocardiography is a mainstay in the evaluation 
of prosthetic valve function.

d PRACTICAL POINTS

Table 75-1 • Common Replacement Prosthetic Valves

Type Model

Mechanical Ball-cage Starr-Edwards (Figure 75-1)
Tilting disk Medtronic-Hall

Omniscience
Monostrut

Bileaflet St. Jude (Figure 75-2A)
Duromedics
Carbomedics (Figure 75-2B)

Biological Porcine Hancock Standard
Hancock MO
Carpentier Edwards 

(CE) Standard
CE SupraAnnular
Toronto Stentless (TSP) 

(Figure 75-3A)
Free Style (Stentless) 

(Figure 75-2B)
Pericardial CE (Figure 75-4)
Homograft
Autologous Pulmonary autograft
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Figure 75-1. Starr-Edwards caged ball valve. The ball is a 
silicone rubber polymer, impregnated with barium sulfate for 
radiopacity, which oscillates in a cage of cobalt-chromium alloy. 
When the valve opens, blood flows through the circular primary 
orifice and a secondary orifice between the ball and the housing. 
In the aortic position, there is a tertiary orifice between the ball 
and the aortic wall.

Figure 75-2. Bileaflet valves. The St. Jude Medical valve (A) has leaflets that open to an angle of 85 degrees from the plane of the 
orifice and travel from 55 to 60 degrees to the fully closed position, depending on valve size. The original version, whose housing did 
not rotate within the sewing ring, has been supplemented by a model that does rotate for intraoperative adjustment. The Carbomedics
valve (B) has flat leaflets that open to 78 to 80 degrees and close at an angle of 25 degrees with the horizontal and has a carbon-coated
surface on the sewing ring to inhibit thrombus formation.

A

B

in order to  obtain the most optimal postoperative flow 
hemodynamics.

Mechanical Valves

Mechanical prosthetic valves can be classified into three 
main categories: ball-cage, bileaflet, and tilting disc. Each 
valve has specific flow characteristics based on the valve 
mechanics, implanted size, and particular valve position. 
The St. Jude valve is a bileaflet valve and is currently the 
most common mechanical valve utilized, primarily because 
of its favorable hemodynamics.

Ball-cage Mechanical Valve
The ball-cage valve was the first mechanical valve to be 
used for valve replacement. The valve is composed of a ball 
(silicone rubber), cage (Stellite alloy of cobalt and chro-
mium), and sewing ring (Teflon). The silicone rubber ball 
also has barium sulfate that allows for opacification. The 
Starr-Edwards ball-cage valve has been available since 1965 
and is the only surviving ball-cage valve available. The valve 
has a bulky design that can be associated with obstructive 
flow, especially in patients with either small left-ventricular 
cavity (mitral position) or small aortic annulus. Increased 
incidence of hemolysis and thromboembolism has been as-
sociated with this particular valve.

Tilting Disc Mechanical Valve
The tilting disc valve is composed of a disc occluder (graph-
ite with pyrolytic carbon) and housing (titanium or stainless 
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Figure 75-3. St. Jude Toronto SPV (A) and Medtronic Freestyle 
(B) stentless porcine valves. The Toronto SPV is designed to be 
used as a subcoronary valve replacement. The Freestyle can be 
impanted using any of the methods of implantation used for 
homografts: subcoronary implantation of the valve alone, aortic 
root replacement, or cylinder (root) inclusion.

Figure 75-4. The Carpentier-Edwards Perimount pericardial 
bioprosthesis uses a method of mounting the leaflets to the 
stent, which does not depend on retaining stitches passed 
through the pericardium—a design weakness of previous 
pericardial valves. Instead, the leaflets are anchored behind
the stent pillars.

A B

steel). The housing is a valve ring with a strut that projects 
into the center of the ring and passes through the hole of the 
disk. The first available tilting disk valve, the Bjork-Shiley 
valve, has been available since 1969. However, it has been 
discontinued in the United States due to occurrences of strut 
failure. A modified version, the Monostrut, is available. The 

Medtronic-Hall tilting disk valve is the most common uti-
lized tilting disk valve and the main design improvement is 
that the occluder has a perforation that allows for improved 
hemodynamics. The Omniscience tilting disk valve is simi-
lar to the Medtronic-Hall valve, however, is not used as fre-
quently. Both valves have low thrombogenicity and good 
performance over the long term. The opening angle of both 
of these valves is approximately 70 to 75 degrees.

Bileaflet Mechanical Valve
The bileaflet valve was first introduced in 1977 by St. Jude 
Medical and is currently the most common mechanical 
valve. Made entirely of pyrolytic carbon, the valve is com-
posed of a housing and two leaflets (semi-circular disks). The 
leaflets do not require struts and are connected to the valve 
ring with a butterfly hinge mechanism. The leaflets open 
and close with both sliding and tilting motions, achieving 
a near parallel open angle of 85 degrees. The bileaflet valve 
is considered to have the most favorable hemodynamic pro-
file and possibly lower thrombogenicity than the other two 
valve types. The other two available bileaflet valves include 
the Duromedics and Carbomedics.

Bioprosthetic Valves

Tissue or bioprosthetic valves are widely used and primar-
ily considered for implantation when anticoagulation 
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is an unfavorable option for the patient. The main prob-
lem is the reduced durability associated with these valves. 
Bioprosthetic valves are available in three different tissue 
options: (a) autografts or autologous valves, (b) homografts, 
and (c) heterografts.

Autografts or Autologous Valves
There are two main types of autografts: pericardial au-
tologous valve or pulmonary autograft. The pericardial 
autologous valve is composed of patient’s pericardium 
that is excised in the operating room and then mounted 
onto a frame and reinserted during the same operation. 
Long-term durability is very good with 85 to 94% free of 
replacement at 14 years. The pulmonary autograft or the 
Ross procedure consists of replacing the aortic valve with 
the patient’s own pulmonary valve and then a homograft 
is implanted into the pulmonary position. The valve seems 
desirable in children and adults (especially child-bearing 
age women) in whom anticoagulation would be disadvan-
tageous. Furthermore, in children, there is the potential 
advantage of in vivo growth of the valve with the child’s 
development. There is also a low incidence of infection 
and favorable overall valve hemodynamics. However, the 
disadvantages include a more difficult operative procedure 
and early valve failure of both the aortic valve as well as 
the pulmonic homograft. A variety of comparative trials 
shows no major outcome benefit between the autograft 
procedure and aortic homografts.

Homograft (Allograft) Valves
Valvular tissue from donor human cadavers is referred to 
as homograft or allograft. Most commonly the homograft 
tissue is used for replacement in the aortic position, espe-
cially if there is associated aortic vessel disease. There are 
three main methods of implantation: subcoronary valve 
replacement, complete aortic root replacement with 
reimplantation of the coronary arteries, or miniroot re-
placement with donor valve and aorta inserted below the 
coronary ostia. The hemodynamics of the homograft is 
excellent and it is generally preferred in younger  patients 
who would otherwise not be ideal candidates for anti-
coagulation. Homografts are also used commonly in the 
treatment of complex aortic valve endocarditis, although 
there is no reported long-term benefit in randomized 
studies. Other common problems include a higher inci-
dence of severe calcification of valve and root as well as 
increased risk of regurgitation with the subcoronary tech-
nique. Stentless homografts are also considered a reason-
able choice for those patients with small aortic size who 
may be at risk for patient-prosthesis mismatch. Of note, 
a randomized clinical trial of homograft versus stentless 
bioprosthetic valves showed no significant difference in 
hemodynamics or outcomes at 1 year. Furthermore, as 
with stentless prostheses, there is an increased risk for 

aortic regurgitation, especially for those younger than 
age 40. Overall, the advantages of the homograft include 
decreased rates of thromboembolism and excellent hemo-
dynamics in smaller sizes, however, the main disadvantage 
is the increased complexity of the initial operation and 
the difficulty with reoperation because of significant ho-
mograft calcification.

Porcine Heterograft (Xenograft) Valves
Heterografts are composed of tissue from other spe-
cies, with the current available valves being the porcine 
valve or the bovine pericardial valve. Several differ-
ent companies manufacture the porcine valve and it is 
by far the most commonly used biological prosthesis. In 
 preparation for human implantation, the heterograft tis-
sue is treated with glutaraldehyde, which not only steril-
izes the tissue but makes it bioacceptable by destroying 
the antigenicity. Porcine valves are usually mounted to 
a stent, which is then attached to the sewing ring. There 
are also nonstented versions that are available that may 
improve durability and hemodynamics. However, cur-
rent data indicate that stentless heterografts have a 20% 
failure rate by 10 years and often require reoperation. 
Mitral and aortic porcine heterografts are available. The 
porcine aortic heterograft can also be implanted in asso-
ciation with the aorta, similar to the homograft valves. 
Limited durability is the main problem with the porcine 
homograft. The bovine pericardial valve is sewn onto a 
stented frame. The initial pericardial valves were asso-
ciated with an increased risk of structural deterioration, 
however, the current generation valves are felt to have 
better hemodynamics and durability than porcine valves. 
Failure for mitral heterografts appears to be greater than 
that for aortic heterografts, however, second-generation 
porcine valves and bovine pericardial valves appear to 
have improved durability compared to first-generation 
porcine valves.

VALVE SELECTION

Selection of the valve depends on two primary issues: du-
rability of the valve and the risk and benefit profile of the 
patient in regard to anticoagulation.

Bioprosthesis

Porcine valves have limited durability, with structural prob-
lems becoming evident in the 4th or 5th postoperative year 
and the 15-year failure rate being 30 to 60%. Structural 
changes including cuspal tears, fibrosis, and calcification 
result in degeneration and failure. The failure appears 
to be greater in aortic versus mitral valve position, possi-
bly secondary to higher pressures. Bioprosthetic structural 
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degeneration and failure is age-dependent. In children and 
young adults (<35-40 years old), there is a high rate of fail-
ure. In those older than 65 years, the rate is less than 10% 
at 10 years and is considered to be rare in those having first 
implantation older than 70 years.

Mechanical Valves

Mechanical valves have an excellent record of durability 
with up to 40 years for Starr-Edwards and 25 years for the 
St. Jude valve. Because of the risk of thromboembolism, 
all mechanical valves require long-term anticoagulation 
and possibly aspirin. Without these agents, the risk of 
thromboembolism is 3 to 6 times higher. The overall risk 
is greater for the mitral position than the aortic position, 
hence it is suggested that the International Normalized 
Ratio (INR) be 2.0 to 3.0 for aortic and 2.5 to 3.5 for 
mitral mechanical prostheses. Despite anticoagulation, 
the risk is 0.2 fatal complications and 1.0 to 2.0 nonfatal 
complications per 100 patient-years for aortic valve and 
2.0 to 3.0 for mitral valves. Valve thrombosis occurs at the 
rate of 0.1% per year for the aortic position and 0.35% in 
the mitral position. Rates are even higher in the tricus-
pid position due to low flow and so on, and it is usually 
recommended that bioprostheses be used in this position. 
Warfarin therapy is associated with greater bleeding risk, 
with serious hemorrhage occurring at 0.2 to 2.2 episodes 
per 100 patient years. Thrombogenicity and bleeding 
complications are the main long-term complications of 
mechanical valves.

Hemodynamic Profile

Another issue to take into consideration is the hemody-
namic profile of the implanted valve. Mechanical and 
stented bioprosthesis have smaller effective orifice areas 
than the normal native valve. Other bioprostheses have 
slightly better orifice areas, however, all artificial valves 
are felt to be stenotic compared to a normal native valve. 
It is therefore important to choose a valve that is appro-
priate for the underlying native valve size. One common 
problem is that of patient-prosthesis mismatch, which 
tends to be more common in aortic valve replacements 
for aortic stenosis (AS). Valve size is based on the aortic 
annulus and proper sizing can be hindered by heavy calci-
fication and thickening around the diseased native valve. 
Thus, careful evaluation of annular size and patient’s body 
size should be taken into consideration to avoid mis-
match. The hemodynamics of the prosthetic valve based 
on size and type, location of insertion (i.e., effect of mitral 
valve prosthetic struts), and other issues (aortic size, LV 
function, etc.) should be taken into consideration when 
evaluating the resultant hemodynamics of the prosthetic 
valve.

Comparison

In the first 5 years, both bioprostheses and mechanical 
valves appeared to have similar outcomes in regard to 
both morbidity (endocarditis, reoperation, etc.) and mor-
tality. There are two randomized trials that have evalu-
ated long-term outcomes in a comparison of bioprostheses 
and mechanical valves, The Veterans Affairs Cooperative 
Study on Valvular Heart Disease and the Edinburgh Heart 
Trial. The VA study compared Bjork-Shiley tilting disc 
valve with the Hancock porcine valve in 575 men. At 
11 years of follow-up, the bleeding risk was higher for the 
mechanical prosthesis in both the aortic and mitral posi-
tion, however, the porcine valve had a higher number of 
structural failures and need for reoperation. The risk of 
reoperation is estimated to be twice that of initial opera-
tion and can reach 10 to 15% surgical mortality in many 
patients due to increased age, associated coronary artery 
disease (requiring bypass grafting), and comorbidities at 
reoperation. Fifteen-year survival in the VA study was 
34% for mechanical valves compared to 23% for biopros-
theses. Patients younger than 65 years appeared to have an 
increased rate of structural deterioration and those with 
mechanical aortic valve replacement (AVR) did better 
than those with bio prostheses. The Edinburgh trial com-
pared the Bjork-Shiley standard valve with the porcine 
valve. Similar to the VA study, there was a higher risk of 
reoperation in bioprostheses and a higher risk of bleeding 
in those with the mechanical prostheses. The survival was 
better in those with a mechanical valve than those with 
the bioprosthesis (72% vs 52%, P = 0.08), with a signifi-
cant effect for those with a mechanical valve in the mitral 
position (42% vs. 24%, P < 0.05). The trials also found 
that there were no significant differences in endocarditis, 
valve thrombosis, or systemic embolism.

Since the above trials, additional clinical data have been 
published that give further insight into appropriate valve 
selection. There are lower rates of structural valve deteriora-
tion in the current second-generation bioprosthetic valves 
currently utilized, with an associated drop in the need for 
reoperation in those patients older than age 65. AVR is oc-
curring in a more elderly population with reasonable success 
rates. Large nonrandomized comparative trials have shown 
a benefit of bioprosthetic AVR, particularly for those older 
than age 65.

Special Situations

Women and pregnancy pose special circumstances for 
which specific management should be considered. The 
main issue during pregnancy is that of anticoagulation. 
Pregnancy is associated with a hypercoagulable state. In 
a pregnant female with a mechanical valve, there are 
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several risks, including (a) risk for warfarin-related terato-
genic effects, (b) potential fetal hemorrhage with any 
anticoagulation, and (c) risk of valve-related thrombosis 
due to inadequate anticoagulation. Thus, women with a 
mechanical valve should be counseled and they should 
strongly consider not getting pregnant. For women with 
mechanical valves who do become pregnant, issues re-
lated to anticoagulation become even more important to 
consider carefully. Table 75-2 outlines the possible anti-
coagulation strategies in this situation.

Women often present with signs and symptoms of cardiac 
valve abnormalities during pregnancy. In women with sig-
nificant valvular abnormalities, valve replacement should 
be undertaken after childbirth if possible. For critical aor-
tic stenosis or mitral stenosis (MS), balloon valvuloplasty 
should be considered. Often, valvular regurgitation is able 
to be medically managed, however, for those women with 
hemodynamically significant mitral regurgitation, mitral 
valve repair can be considered.

There are a few other special situations that should also be 
considered. Patients on chronic hemodialysis have problems 
with both types of valves (bioprosthetic and mechanical). 
There is a higher risk of deterioration with bioprosthetic 
valves and a higher risk of bleeding and stroke with me-
chanical valves (and the need for anticoagulation). As a 
result of these issues, the survival in patients with chronic 
kidney disease (CKD) and an artificial valve are lower com-
pared with healthier patients without kidney disease, but 
with no difference between the two valve types. In general, 
bioprosthetic valves are preferred because of the increased 
risk of anticoagulation problems with mechanical prosthesis 
in this population.

Tricuspid valves have an increased risk for thrombosis, 
probably due to the lower flow velocities and pressures 
on the right side. Primarily because of this increased risk, 

patients who have tricuspid valve abnormalities should 
be considered for a bioprosthesis or valve repair/annulo-
plasty ring.

Children have an increased risk for bioprosthetic deterio-
ration, therefore, a mechanical prosthesis should often be 
considered with increased caution in using anticoagulation. 
Another option is pulmonary autograft, however, the long-
term risk/benefit should be considered.

COMPLICATIONS

There are several possible complications of valve replace-
ment. The American Association for Thoracic Surgery 
and Society of Thoracic Surgeons guidelines give the 
greatest clinical importance to the following: struc-
tural valvular deterioration, nonstructural dysfunction 
(patient- prosthesis mismatch), valve thrombosis, em-
bolism, bleeding, and valve endocarditis. Consequences 
include reoperation, valve-related morbidity (congestive 
heart failure), and death. Valve deterioration could lead 
to either stenosis or regurgitation. Stenosis often occurs 
chronically, secondary to patient-prosthetic mismatch, 
pannus formation, or leaflet deterioration (thickening 
and calcification of bio prosthesis). Acute stenosis or flow 
obstruction can occur secondary to thrombus formation 
and can result in overt congestive heart failure and/or he-
modynamic collapse. Regurgitation can occur secondary 
to leaflet destruction from endocarditis and resultant cen-
tral or paravalvular destruction, surgical complications, or 
leaflet deterioration (bioprosthesis).

CLINICAL EVALUATION

Evaluation of the postsurgical prosthetic valve should in-
clude a clinical history and physical exam, ECG, and 
echocardiography. Table 75-3 outlines the timetable for 
follow-up according to the clinical situation.

History and Physical Exam

The clinical history should include evaluation for symp-
toms of shortness of breath, chest pain, syncope, and 
palpitations. A baseline evaluation in 3 to 4 weeks post-
operation should include an estimation of functional ca-
pacity and NYHA classification. It is also important to 
document the basic operative details, including reason 
for surgery, extent of surgery, and type and size of pros-
thetic valve. New cardiac symptoms could point toward 
the possibility of significant complications, especially if 
the symptoms are abrupt or significant (such as new onset 
congestive heart failure). Physical examination should be 

Table 75-2 • Management of Antithrombotic Therapy 
during Pregnancy

Time period Options

Weeks 1-36 1. Continued warfarin therapy
2.  Replacement with heparin for weeks 6-12 

(when highest risk for fetal defects)
3.  Heparin for entire time (weeks 1-36)

with frequent monitoring of anticoagulant
a. I.V. or SQ heparin (PTT)
b.  Low molecular weight heparin 

(anti-Xa level)

Weeks 36 
onward

I.V. unfractionated heparin
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focused on evaluation of CHF and valve function. During 
auscultation of the mechanical prosthesis, one should 
hear a crisp click during valve closure; this would be S1 
for mitral valve and S2 for aortic valve. Abnormal or new 
heart sounds should be possible markers of possible valve 
dysfunction, complications, or a new onset of congestive 
heart failure related to the valve.

Echocardiography

Echocardiography is the mainstay of both short-term 
and long-term monitoring of artificial heart valve struc-
ture and function. An echocardiographic examination 
of a prosthetic valve should include assessment of the 

underlying valve structure and a unique hemodynamic 
profile, depending on type, size, and location of valve, 
while taking into consideration the potential challenges/
complications of imaging prosthetic valves. The echocar-
diographic evaluation of a prosthetic valve should include 
the two-dimensional (2D) evaluation of the structure, 
paying particular attention to the valve housing stability 
and leaflet motion. Doppler evaluation allows for hemo-
dynamic assessment of the valve and should include evalu-
ation of peak flow velocity, mean gradient, and evaluation 
of possible stenosis or regurgitation. Reference values for 
the hemodynamic profile of various prosthetic valves are 
available in the literature and are based on valve type 
and size as well as valve position. These reference val-
ues should be taken into consideration when evaluating a 
valve for stenosis or regurgitation. Aortic valve obstruc-
tion or stenosis can be ascertained by using the continu-
ity equation; however, more common, the left ventricular 
outflow tract time-velocity integral (LVOT TVI)/aortic 
valve TVI ratio is utilized for aortic valve evaluation be-
cause often the LVOT diameter cannot be well-visualized. 
Regurgitation can be evaluated for native valves, using 
various Doppler techniques, however, it is important to 
pay close attention to physiologic versus pathologic re-
gurgitation. Complications of prosthetic valves can often 
be visualized or considered based on Doppler evaluation. 
These include thrombus formation, dehiscence, vegeta-
tion, pannus formation, or frank valve dysfunction.

Other Options

There are limitations of transthoracic echocardiography 
and often transesophageal echocardiography may offer 
the benefits of better leaflet visualization, improved he-
modynamic assessment, and more thorough evaluation for 
complications such as paravalvular regurgitation, dehis-
cence, vegetation, and thrombus. For those patients with 
possible hemodynamically important valve obstruction 
due to leaflet immobility (dysfunction or thrombus), fluo-
roscopy can be utilized for visualization of leaflet motion. 
Of course, in certain cases where it is clinically important 
to further evaluate valve-related complications, cardiac 
catheterization for hemodynamics can be utilized as ap-
propriate to the clinical situation.

MANAGEMENT

Endocarditis Prophylaxis

As per recent ACC/AHA guideline statements, patients 
with prosthetic valves and or with prosthetic material are 
still considered to be high risk and should be given antibiotic 

Table 75-3 • Clinical Evaluation for Short- and 
Long-term Follow-up

Follow-up
Evaluation and Management 
Considerations

First postoperative visit

3-4 weeks after surgery Complete H & P
ECG, Chest X-ray

2D and Doppler 
echocardiography

Labs–CBC, serum chemistry, 
and INR

Long-term with no complications

Asymptomatic Yearly–Complete 
H & P and labs

Consider echocardiogram 
(2D and Doppler)

New murmur, CHF, 
or change in sx

Echocardiogram

Long-term with complications

No improvement after 
surgery or

2D and Doppler 
echocardiogram

deterioration of functional 
capacity

Consider transesophageal 
echocardiogram

and/or cardiac catheterization 
for diagnosis

Significant complication

Moderate-severe prosthetic 
dysfunction

Dehiscence
Prosthesis endocarditis
Recurrent

thromboembolism
Severe intravascular 

hemolysis
Severe bleeding from 

anticoagulant Rx
Thrombosed prosthetic 

valve
Prosthetic valve-patient 

mismatch

Reoperation should be 
considered
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prophylaxis for dental procedures that involve manipulation 
of gingival tissue. Prophylaxis is not necessarily needed for 
nondental procedures such as transesophageal echocardiog-
raphy, diagnostic bronchoscopy, esophagogastroscopy, or 
colonoscopy (in the absence of known active infection).

Antithrombotic Therapy

All mechanical valves require anticoagulation ther-
apy, primarily with warfarin, for the patient’s lifetime. 
With warfarin, the risk for thromboembolism is reduced 
but is still 1 to 2% per year. The risk is greatest in the 
 initial  postoperative and recovery periods. Table 75-4 
gives the ACC/AHA guideline targets for anticoagulation 
for  mechanical valves. Given the increased potential for 
mitral valve thromboembolism, the warfarin INR targets 
are higher. Aspirin can be added for those patients with 
increased risk of thromboembolism, and concomitant 
use for those with known vascular disease is warranted 
at the 81- to 100-mg dose without significant increase in 
bleeding.

Biological valves pose a 0.7% risk for thromboembolic 
events without warfarin use. The highest risk is during the 
initial 3 months; thus, heparin/warfarin therapy, especially 
for the mitral valve, is recommended soon after the opera-
tion. Once surgical bleeding risk is reduced (24-48 hours), 
warfarin should be initated and a heparin bridge with a 
goal partial thromboplastin time (PTT) of 55 to 70 seconds 
should be continued until the warfarin therapy INR reaches 
goal of 2.0 to 3.0.

Difficult Situations

There are several potential clinical situations in which an-
ticoagulation must be modified to assure both safety of the 
patient and the valve. Embolic events can occur despite 
appropriate anticoagulation and require changing the INR 
threshold and adding aspirin (Table 75-5). Excessive bleed-
ing can also occur on anticoagulant therapy, especially if 
the INR is excessively elevated. Usually, the warfarin can 
be held and the INR will self-correct. In emergency situa-
tions where there is significant bleeding, fresh frozen plasma 
is desirable over intravenous vitamin K, given the risk of 
overcorrection with vitamin K. Table 75-6 outlines the 
adjustment protocol for excessive  anticoagulation. Patients 
who undergo dental or surgical procedures should have their 
anticoagulant therapy adjusted according to the details 
in Table 75-7. Patients at high risk of thromboembolism 
should be considered for bridging with heparin and close 
monitoring of anticoagulation.

Last, perhaps one of the most concerning difficult situations 
is thrombus formation on the prosthetic valve. Depending 
on the severity of the clinical situation, options include re-
operation, thrombolytics, and/or additional anticoagulation 
options. Table 75-8 outlines the management strategy for 
the conditions of large or small thrombus on the prosthetic 
valve.

Table 75-4 • Antithrombotic Therapy

Mechanical Valve Anticoagulation

Aortic position

Bileaflet Warfarin INR–2.0–3.0
Tilting disc and  Starr-

Edwards
Warfarin INR–2.5–3.5

Higher risk of TE* (afib, 
prior TE, hypercoag 
state, and severe LV 
dysfunction)

Warfarin INR–2.5–3.5 and 
consider ASA 81-100 mg

Mitral valves 

All Valves Warfarin INR–2.5–3.5
Higher risk of TE* (afib, 
prior TE, hypercoag state, 
and severe LV dysfunction) 
*TE–thromboembolism

Warfarin INR–2.5–3.5 and 
consider ASA 81-100 mg

Biological valves

Higher risk of TE* (afib, 
prior TE, hypercoag state, 
and severe LV dysfunction)

Initially heparin goal PTT of 55–70
First 3 months–Warfarin INR–
2.0-3.0 and ASA 81-100 mg 
Chronic Warfarin INR–2.0-3.0

Table 75-5 • Modification of Antithrombotic Therapy 
for Those Patients with Thromboembolism

Current Anticoagulation Modification

Warfarin INR 2.0-3.0 Increase warfarin with goal 
INR of 2.5-3.5

Warfarin INR 2.5-3.5 Increase warfarin with goal 
INR of 3.5-4.5

Warfarin INR 3.5-4.5 Add ASA 80-100 mg per day

Warfarin INR 3.5-4.5 
and ASA 80-100 mg/day

Increase ASA to 325 mgqd

Table 75-6 • Modification of Antithrombotic Therapy 
for Patients with Excessive Anticoagulation

Excessive
 Anticoagulation Recommendation

INR 5-10 and not 
bleeding

Withhold warfarin and give 2.5 mg 
of vitamin K. Determine INR after 
24 hours and restart warfarin if 
appropriate.

Emergency situation Fresh frozen plasma is preferred 
over IV vitamin K because of 
overcorrection concern.
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Table 75-7 • Antithrombotic Therapy in Patients Requiring Noncardiac Surgery/Dental Care

Situation Details Management Plan 

Very low risk for bleeding Local skin surgery Continue current antithrombotic therapy
Teeth cleaning
Dental care treatment 
Eye surgery (glaucoma or cataracts)

On aspirin Hold 1 week prior to procedure
Restart within 24 hours of procedure

On warfarin Stop 72 hours before procedure 
Aim for INR <1.5
Restart within 24 hours of procedure

High risk of thromboembolism (TE) Risk factors:
Atrial fibrillation, Previous TE, etc.
Hypercoagulable
Mechanic prosthesis
LV dysfunction

Stop warfarin 72 hours prior to procedure
Any one of below Start heparin when INR falls below 2.0
1. Recent TE Hold heparin 4-6 hours prior to surgery
2. Bjork-Shiley valve Restart warfarin soon as possible after 
3.  3 risk factors

(nonmitral position)
surgery and aim for PTT of 55–70 sec. 

4.  Mechanical MVR 
and one risk factor

5.  Cardiac cath and 
≥1 risk factor

Special–cardiac cath with 
transeptal or LV puncture

Same as previous category, except INR < 1.2 and 
restart heparin 4 hours after procedure without a 
bolus after sheath removed

Table 75-8 • Management Strategy for Prosthetic 
Valve Thrombosis

Presentation Plan

Large thrombus 
with Evidence of 
obstruction NYHA 
Class III/IV CHF

1. Early reoperation
2.  If high surgical risk, then consider 

thrombolytic therapy –duration 
24 hours if no improvement 
Partial or complete improvement–
stop at 72 hours

3.  If #2 successful –I.V. heparin until 
INR of 3.0–4.0 for AVR or 3.5–4.5 
for MVR

4.  Partial success–Subcutaneous 
heparin (PTT 55–80) and warfarin 
INR of 2.5-3.5) for 3 months.

Small thrombus with 
NYHA Class I or II 
CHF LV dysfunction

1. Short-term I.V. heparin therapy
2.  If #1 unsuccessful, then continuous 

infusion of thrombolytics 
(48–72 hours) or SQ heparin 
(2× daily for PTT of 55–80) and 
warfarin (INR 2.5–3.5) for 3 months

3.  If #2 unsuccessful, then consider 
reoperation

4.  Long-term warfarin increased to 
3.0–4.0 for AVR and 3.5–2.4 for MVR 
and add ASA 80-100 mg per day

CONCLUSION

Prosthetic valves are an important and useful replacement 
technology for a variety of human valvular abnormalities. 
In considering the type of replacement valve, there should 
be an understanding of the valve hemodynamics, disadvan-
tages of particular valve types, and complexity of the op-
eration. Also important to take into consideration is the 
specific underlying valve to be replaced, anticoagulation 
issues, and special clinical situations. Valve replacement 
often does not give back normal native valve function, how-
ever, it does offer significant benefits and improves natural 
history of progressive valve disease. Management of a pros-
thetic valve is a lifelong issue and must include close moni-
toring of anticoagulation (for mechanical valves), clinical 
suspicion for valve complications, and an understanding of 
their management.
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Drug-Related Valvular 
Heart Disease

Ahmad A. Zankar

76

INTRODUCTION

Drugs and toxins are uncommon causes of valvular heart dis-
ease. Certain drug categories especially drugs used for the treat-
ment of obesity, Parkinson’s disease, and migraine headaches 
have been implicated. Given the epidemiologic importance of 
the problems of obesity and Parkinson’s disease, valvular heart 
disease related to these agents has been highly publicized. The 
evidence incriminating some of these drugs has been mostly 
derived from retrospective and observational studies. Few ran-
domized or prospective studies have been done regarding the 
relationship of some of these agents to valvular heart disease. 
As will be described later, pathways involving the neurotrans-
mitter serotonin play a key role in the pathogenesis.

PATHOGENESIS

Most drugs associated with valvular heart disease either 
have a structural similarity to serotonin or interfere with 
its metabolism (Figure 76-1). Major categories are drugs 

used for the treatment of obesity, Parkinson’s disease, and 
migraine headaches. Valvular heart disease related to these 
drugs has similar pathologic and echocardiographic features 
to carcinoid valvular heart disease. The neurotransmitter 
serotonin plays an important role in the pathogenesis of 
carcinoid heart disease as well. Animal studies have dem-
onstrated that excess serotonin can lead to valvular abnor-
malities that are histologically similar to those found in 

• Most drugs associated with valvular heart disease 
either have a structural similarity to serotonin or 
interfere with its metabolism.

• Migraine headaches, obesity and Parkinson’s dis-
ease are the most common indications for use of 
specific drugs that carry risk of drug-related valvu-
lar heart disease.

• Symptoms suggesting valvular heart disease or 
a pathologic murmur require further diagnostic 
testing.

d PRACTICAL POINTS

Figure 76-1. Structural similarity between drugs associated 
with valvular heart disease and serotonin.
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carcinoid heart disease. Fibroblast growth and fibrogenesis 
resulting from excess serotonin appear to underlie the valve 
pathology seen in carcinoid and drug-related valvular heart 
disease. 

DRUGS USED FOR THE 
TREATMENT OF HEADACHES

Ergot alkaloids such as ergotamine and methysergide are 
used in the treatment of headaches, especially migraine 
headaches. Both compounds have a similar chemical struc-
ture to serotonin, a neurotransmitter that is involved in the 
pathogenesis of vascular headaches. Methylsergide, for ex-
ample, is a partially synthetic ergot alkaloid that is a specific 
serotonin (5HT2) receptor antagonist. It is commonly used 
for migraine prophylaxis.

Epidemiology

The association between ergot alkaloids and cardiac valve 
dysfunction dates back to the 1970s. The incidence is low, 
and has been reported to be approximately 3.6% in those 
patients who are on a continuous regimen. Valvular disease 
seems to occur in patients who have taken the medications 
chronically over years. In 1992 Redfield et al. reported five 
patients who were treated either with ergotamine supposi-
tories or methylsergide tablets. All subjects took the medi-
cation for at least 6 years. All patients underwent aortic, 
mitral or tricuspid valve replacements. Three of five of 
these patients exceeded recommended doses of ergot al-
kaloids. On the other hand, there are multiple reports of 
valvular disease even with doses that did not exceed the 
recommended doses over a relatively brief duration. This 
suggests that the pathologic process is not necessarily dose-
dependent. 

Pathology and Echocardiography 

The gross appearance of ergot alkaloid-related valvular dis-
ease is indistinguishable from that of chronic rheumatic 
valvular disease. Unlike rheumatic heart disease, how-
ever, there is a lack of calcifications. Histologically, there 
is fibrotic thickening on the surface of what appears to be 
normal valve tissue (“stuck-on” plaques) (Figure 76-2). 
These lesions resemble lesions of carcinoid valve disease 
that result from stimulation of fibroblast growth and prolif-
eration by serotonin agonist effects. In contrast, rheumatic 
involvement of the valve leaflets causes disruption of the 
leaflet tissue architecture with fibrosis, neovascularization, 
and calcification (Table 76-1). On echocardiography there 
is usually thickening of one or more valves, especially the 
mitral and/or the aortic, with resultant regurgitation and 
sometimes stenosis. Rarely, isolated tricuspid and pulmonic 
valve disease have been reported.

Course

The true natural history of ergot-induced valvular disease 
is unknown. There have been no published studies in the 
echocardiography literature confirming resolution of valvu-
lar dysfunction following the termination of therapy. Bana 
et al. reported regression of murmurs in some patients after 
discontinuation of methylsergide for approximately 20 to 40 
months. Some cases, however, may go on to require surgi-
cal intervention. Most have undergone aortic and/or mitral 
valve replacements. Few patients have also had proximal 
coronary artery involvement, presumably secondary to the 
underlying fibrotic process. 

DRUGS USED IN THE 
TREATMENT OF OBESITY

The proportion of obese people in the United States has in-
creased at an alarming rate of approximately 50% per decade 
throughout the 1980s and 1990s. Two-thirds of American 
adults are now either obese or overweight. Pharmacologic 
options for the treatment of obesity are being sought to fight 

Figure 76-2. Histopathological examination of drug-related 
valvular heart disease demonstrates intact valve architecture 
and plaque-like lesions (“stuck-on” plaques). (Connolly H, et al. 
N Engl J Med. 1997;337:581–588.)

Cord

Table 76-1 • Features of Drug Related Valvular 
Disease Versus those of Chronic Rheumatic Valvular 
Disease and those of Carcinoid Valve Disease

Rheumatic
Heart Disease

Carcinoid 
Heart Disease

Drug Related 
Valve Disease

Intact leaflet 
architecture

No Yes Yes

Calcification Yes No No

Right or left 
sided lesions

Usually left Usually right Usually left
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this epidemic. Fenfluramine, dexfenfluramine, and phenter-
mine, among others, have been used as pharmacotherapy for 
this problem. Fenfluramine, a sympathomimetic amine that 
promotes the release of serotonin and prevents its neuronal 
uptake, was approved by the FDA as a short-term adjunct 
therapy for obesity in 1973. Dexfenfluramine, which is an 
isomer of fenfluramine, acts in a similar way. Phentermine, 
on the other hand, is a nonadrenergic stimulant that was 
approved in 1959 by the FDA as an adjunct short-term ther-
apy for obesity. In itself, phentermine has not been shown 
to cause valvular pathology, but its combination with fen-
fluramine (Fen-Fen) has been associated with valvular heart 
disease. 

Epidemiology

The use of these medications surged in the mid 1990s, and 
it is estimated that close to 18 million prescriptions have 
been written for these drugs. It is likely that several million 
Americans have been exposed. In 1997, 24 female patients 
(mean age ±SD, 44 ±8 years) with cardiac symptoms and/
or a heart murmur, who had been treated with the combina-
tion of fenfluramine and phentermine, were found to have 
aortic or mitral regurgitation or both. Twelve patients also 
had tricuspid regurgitation. The patients were evaluated a 
mean (±SD) of 12.3 (±7.1) months after the initiation of 
fenfluramine– phentermine treatment. Five patients required 
valve replacement. Additional cases were subsequently re-
ported by physicians from the Food and Drug Administration 
(FDA) and by other non-FDA providers. Valvulopathy was 
associated with the use of fenfluramine or dexfenfluramine, 
alone or in combination with phentermine. There were no 
cases involving the use of phentermine alone. As a result of 
these observations, the manufacturer withdrew fenfluramine 
and dexfenfluramine from the market (September 1997). 

The FDA describes a case of appetite suppressant-induced 
valve disease as a patient with no previously known valve 
disease who had used appetite suppressants and presented 
with mild or greater aortic regurgitation or moderate or 
greater mitral regurgitation (The prevalence of mild or 
greater aortic regurgitation and moderate or greater mi-
tral regurgitation is less than 1% in healthy subjects). The 
prevalence of valve disease meeting the case definition was 
similar across many echocardiography surveys ranging from 
30 to 38%. The prevalence of valve disease is higher with 
the combination therapy compared with single therapy, and 
with longer durations of treatment. The prevalence in most 
surveys is greater than 15%, except in studies when the du-
ration of treatment is short. Subsequent randomized and 
case-controlled studies provided additional information. In 
their study Gardin et al. demonstrated that the duration of 
therapy was a predictive factor of disease. Among patients 
who took these agents for 3 months or less, there was no 
statistically significant difference in prevalence of valve 

regurgitation by FDA criteria compared with untreated sub-
jects. A study by Jick et al. showed that the risk of develop-
ing valvular regurgitation was low in those who had received 
3 or fewer 1-month prescriptions for dexfenfluramine or 
fenfluramine (7.1 per 10,000 exposed subjects over a 5-year 
 period), whereas the risk for those who had received the 
drugs for 4 or more months was substantially higher (35.0 per 
10,000 exposed subjects over a 5-year period). The disparity 
between reported prevalence of valve regurgitation reflects 
differences in methods, single-agent versus combination of 
therapy, and duration of drug exposure. Initial reports sug-
gested a higher prevalence of cardiac valvular abnormalities 
among patients. These reports involved small groups of pa-
tients and lacked baseline data, blinded echocardiography 
readings, and an untreated cohort. Subsequent randomized 
and controlled prospective studies showed lower incidence 
of valvular regurgitation (5-15%). 

Gardin et al. demonstrated in their study that 
dexfenfluramine- treated patients with FDA-positive val-
vular regurgitation were more likely to have had a history 
of heart murmur, rheumatic fever, myocardial infarction, 
ventricular arrhythmia, or other cardiovascular history or 
to have had an echocardiogram or cardiac catheterization 
prior to anorexigen therapy. Shively et al. addressed the 
question of whether other factors contribute to valve regur-
gitation and found that age and diastolic blood pressure may 
affect the prevalence of regurgitation. Concomitant therapy 
with a selective serotonin reuptake inhibitor for depression 
or panic disorder does not appear to confer incremental risk. 
Fewer patients are now presenting for initial evaluation 
since the drugs were removed from the market in 1997.

Pathology

Grossly, the valve leaflets of patients treated with anorexi-
gens look tethered and the chordae appear shortened. The 
valves appear glistening white, have no rheumatic calcifica-
tion or yellowish discoloration, and resemble valves affected 
by carcinoid valve disease. Unlike rheumatic involvement, 
histopathological examination demonstrates intact valve ar-
chitecture and plaque-like lesions (“stuck-on” plaques) of ap-
parent myofibroblasts in an abundant extracellular matrix.

Echocardiography

The echocardiographic features of the valvulopathy related 
to anorexigen therapy are similar to those seen in some pa-
tients with rheumatic heart disease, but valve obstruction is 
absent. For the mitral valve there is an echocardiographic 
appearance that consists of thickening and immobility of 
the posterior mitral valve leaflet and doming with preserved 
mobility of the anterior leaflet. Similar to rheumatic valve 
disease, there is also thickening and shortening of the sub-
valvular apparatus. The combination of abnormalities results 
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in malcoaptation of valve leaflets and mitral regurgitation. 
As for the aortic valve, the cusps are usually thickened, re-
sulting in malcoaptation and central regurgitation. Also, 
tricuspid valve leaflets exhibit the same echocardiographic 
features with variable degree of thickening and immobility, 
resulting in tricuspid regurgitation. 

Course

Echocardiography has been used to evaluate the course of 
valvular heart disease associated with anorectic drugs. The 
valvular lesions stabilize or improve in the great majority of 
patients after the cessation of these drugs .The development 
or progression of valvular disease is unlikely after the cessa-
tion of therapy. The potential for stabilization or improve-
ment must be considered in the counseling of patients about 
the possible need for eventual valve replacement. The 2003 
Guidelines from the American College of Cardiology, the 
American Heart Association, and the American Society of 
Echocardiography (ACC/AHA/ASE) recommend echocar-
diography to assess valve morphology and regurgitation in 
patients with a history of use of anorectic drugs or any other 
drug known to be associated with valvular heart disease who 
are symptomatic, have a cardiac murmur, or have an inad-
equate or technically difficult cardiac examination. Routine 
screening of all patients who have taken anorectic drugs is 
not recommended.

DRUGS USED FOR THE TREATMENT 
OF PARKINSON’S DISEASE

Ergot-derived dopamine receptor agonists, often used in the 
treatment of Parkinson’s disease, have been associated with 
an increased risk of valvular heart disease. Evidence from 
population studies of patients with Parkinson’s disease and 
nonparkinsonian controls suggests a 5-6 times increased risk 
of substantial valve regurgitation in patients with Parkinson’s 
disease treated with cabergoline or pergolide. The findings 
are consistent across studies, despite differences in echocar-
diographic techniques and definitions of abnormality. 

Epidemiology

Studies of similar designs have demonstrated that the fre-
quency of moderate-to-severe regurgitation in at least one 
heart valve is higher in patients receiving cabergoline or 
pergolide than in patients taking non-ergot agonists or 
controls, and the incidence of new-onset valvulopathy is 
also higher in patients taking these drugs. These adverse 
events do not occur in all patients, however, and no clear 
susceptibility factors have been identified in patients. 
Thus, individual vulnerability seems to have a role in the 
process. The majority of patients who have been exposed 
to these agents did not develop valvulopathy, despite 

several years’ exposure. An echocardiographic prevalence 
study by Zannetti et al. included 155 patients taking dop-
amine agonists for Parkinson’s disease (pergolide, 64 pa-
tients; cabergoline, 49; and non-ergot-derived dopamine 
agonists, 42) and 90 control subjects. The relative risk for 
moderate or severe valve regurgitation in the pergolide 
group was 6.3 for mitral regurgitation (P = 0.008), 4.2 for 
aortic regurgitation (P = 0.01), and 5.6 for tricuspid regur-
gitation (P = 0.16). The relative risks in the cabergoline 
group were 4.6 (P = 0.09), 7.3 (P < 0.001), and 5.5 (P = 
0.12) respectively. Patients treated with ergot derivatives 
who had higher grades of regurgitation of any valve had re-
ceived a significantly higher mean cumulative dose of per-
golide or cabergoline than had patients with lower grades. 
Another study analyzed data from the United Kingdom 
General Practice Research Database. A population-based 
cohort comprising 11,417 subjects 40 to 80 years of age 
who were prescribed antiparkinsonian drugs between 1988 
and 2005 was identified. A nested case– control analysis 
within this cohort was done. Each patient with newly diag-
nosed cardiac valve regurgitation was matched with up to 
25 control subjects according to age, sex, and year of entry 
into the cohort. There were 31 case patients with newly 
diagnosed cardiac-valve regurgitation, 6 were exposed to 
pergolide, 6 were exposed to cabergoline, and 19 had not 
been exposed to any dopamine agonist within the previ-
ous year. The rate of cardiac valve regurgitation was in-
creased with current use of pergolide (incidence rate ratio, 
7.1; 95% confidence interval, 2.3 to 22.3) and cabergoline 
( incidence rate ratio, 4.9; 95% CI, 1.5 to 15.6), but not 
with current use of other dopamine agonists. The risk of 
cardiac valve regurgitation was increased only for patients 
taking pergolide or cabergoline for 6 months or longer, and 
was particularly increased for both medications at doses 
higher than 3 mg daily. 

In the United States, pergolide was voluntarily withdrawn 
from the market in March 2007 due to the potential risk of 
heart valve damage.

Pathology and Echocardiography

The exact pathway leading to valvulopathy is unknown. 
Pergolide and cabergoline have a high affinity for the se-
rotonin (5-hydroxytryptamine [5-HT]) receptor subtype 
5-HT2B, which are expressed in heart valves and have been 
shown to mediate fibroblast growth and proliferation. Other 
ergot-derived dopamine agonists, such as lisuride, and non-
ergot dopamine agonists are devoid of this agonistic activity 
and their use has not been shown to induce fibrotic changes 
in heart valves. The fibrotic changes cause thickening, re-
traction, and stiffening of valves, which result in incomplete 
leaflet coaptation and clinically significant regurgitation. 
This has necessitated surgical valve replacement in some 
patients.
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Course

It is unknown whether the valve pathology resulting from 
the use of pergolide and cabergoline is reversible. Further 
prospective studies are needed. Such studies should also 
clarify the clinical course of mild-to-moderate echocar-
diographic changes, their natural history and optimal 
follow-up schedules. For now follow-up clinical and 
echocardiographic monitoring is advisable in all patients 
with Parkinson’s disease who are treated with these agents. 
This is based on the ACC/AHA/ASE recommendations 
discussed below.

ACC/AHA/ASE RECOMMENDATIONS

Fenfluramine and dexfenfluramine were withdrawn from 
the market (September 1997). For patients who have been 
exposed to these agents, recommendations were made by the 
2003 ACC/AHA/ASE Guidelines. A similar approach may 
be adopted in the case of other agents with similar patho-
genesis. A cardiac history and physical examination is in-
dicated in all exposed patients. Symptoms of valvular heart 
disease or a pathologic murmur necessitate further work 
up. The absence of a murmur predicts absence of mild or 
worse regurgitation of any valve. Therefore, cardiac exami-
nation is the screening method of choice for detecting val-
vular regurgitation in patients with suspected drug- related 
valvular heart disease. Echocardiography is indicated in 
patients with a heart murmur, symptoms of valvular heart 
disease, or physical characteristics that preclude adequate 
cardiac examination. The optimal timing of follow-up 

echocardiography to determine the progression, regression, 
or stabilization of valvular lesions is not known. Depending 
on the severity of the lesion(s) a period of 6 to 12 months 
seems to be reasonable. Routine follow-up echocardiogra-
phy is not recommended with previously normal studies or 
known trivial valvular abnormalities. 
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OVERVIEW

Carcinoid tumors are rare malignancies of the neuroendo-
crine system. Carcinoid heart disease has been reported in 
more than half of patients with carcinoid syndrome and is 
related to vasoactive substances secreted by these tumors. 
Serotonin is implicated in the development of tricuspid and 
pulmonary valve lesions. Valves appear retracted and en-
cased in a white material. The resultant tricuspid regurgita-
tion and pulmonary stenosis may become severe with signs 
of right heart failure. The survival of patients with carcinoid 
heart disease has been improved over the past decade with 
combination of pharmacologic and surgical intervention. A 
multidisciplinary approach is needed for optimal manage-
ment of these patients.

DEFINITION AND PREVALENCE

Carcinoid tumors are rare malignant digestive tumors • 
derived from enterochromaffin cells of the GI tract, 
usually the ileum.
Their incidence is 1 in 100,000 of the general popu-• 
lation.
The neurosecretory granules of enterochromaf-• 
fin cells con tain vasoactive substances such as 5- -
hydroxytryptamin (serotonin) and tachykinins 
(substance P) responsible for cutaneous flushing and 
secretory diarrhea.

PATHOPHYSIOLOGY

Carcinoid heart disease is thought to relate to the va-• 
soactive substances secreted by the metastatic carci-
noid tumor cells in the liver, reaching the right heart.
Several series have reported carcinoid heart disease in • 
up to 70% of cases of carcinoid syndrome.
The pathogenesis of carcinoid heart disease is incom-• 
pletely understood. However, many studies support a 
key role for serotonin (5-HT) in the development of 
cardiac lesions.
Robiolo et al. have shown in patients with carcinoid • 
heart disease a correlation between the serum level of 
serotonin and the extent of valvular involvement.
Long-term exposure to 5-HT in animal models in-• 
duces valvular fibrosis similar to those seen in human 
CHD. 
Similar valvular lesions have been caused by the appe-• 
tite suppressants fenfluramine and phentermine, now 
withdrawn from the market in the United States.

CLINICAL PRESENTATION

The classical symptoms of carcinoid tumor are cuta-• 
neous flushing, secretory diarrhea, and bronchospasm. 
At the time of diagnosis, 50% of patients have clinical 

• Carcinoid tumors are rare malignant digestive 
 tumors derived from enterochromaffin cells of GI 
tract usually the ileum.

• Carcinoid heart disease is characterized by the de-
position of a white plaque-like material on the 
endocardium of right-sided valves as well as the 
right atrium and right ventricle.

• A major advance in the treatment of carcinoid 
syndrome was achieved with the discovery of 
 somatostatin analogues, especially octreotide 
and its long-acting formulation.

• Tricuspid valve replacement provides good pallia-
tion in selected patients.

• Pulmonary valve replacement is advised in some 
cases to prevent RV remodeling. However, it has 
not been shown to prolong survival.

d PRACTICAL POINTS
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cardiac pathology manifesting with symptoms such as 
fatigue and dyspnea on exertion.
Physical exam shows signs of right heart failure, in-• 
cluding murmur of tricuspid regurgitation and pulmo-
nary stenosis, and hepatomegaly with pulsatile liver 
due to severe tricuspid regurgitation.

BIOCHEMICAL MARKERS

Carcinoid tumor cells contain many different peptides • 
and vasoactive substances.
One of the main secretory products is serotonin or • 
5-hydroxytryptamine. Following its release from the 
tumor, serotonin is inactivated in the liver. The final 
byproduct of serotonin is 5-hydroxy-indolacetic acid 
(5-HIAA), which is excreted into the urine.

ECHOCARDIOGRAPHIC FEATURES

Carcinoid heart disease is characterized by the deposi-• 
tion of a white plaque-like material on the endocar-
dium of right-sided valves as well as the right atrium 
and right ventricle. Left-sided valve involvement may 
rarely occur via a patent foramen ovale.

2-D echocardiography reveals the tricuspid valve to be 
thickened and retracted. The leaflets become shortened and 
less mobile with a great degree of non coaptation, leaving a 
large regurgitant orifice (Figure 77-1). 

With progression of the disease, the septal and the an-• 
terior leaflets become more retracted and immobile, 
whereas the posterior leaflet may exhibit a relatively 
preserved mobility. In advanced stages, the tricuspid 
valve leaflets become fixed in a semi-open position as-

sociated with severe tricuspid regurgitation and some 
degree of stenosis.
On color-flow Doppler, the regurgitation appears se-• 
vere or torrential (Figure 77-2), with systolic flow 
reversal into the hepatic veins.
Continuous-wave Doppler across the tricuspid valve • 
shows a dagger-shaped spectral envelope with early 
peak and rapid decline, consistent with equalization 
of pressures between the right atrium and ventricle.
The pulmonary valve cusps appear thick and retracted • 
as well, although they are more difficult to visualize 
by 2-D imaging. They exhibit both stenosis and re-
gurgitation with increased peak systolic velocity due 
to stenosis and dense spectral signal with rapid P1/2 
time secondary to significant regurgitation. Often, by 
the time the patient presents with carcinoid heart, the 
right chambers are dilated due to volume overload. 
Echocardiography is the technique of choice for mak-• 
ing the diagnosis of carcinoid heart disease.
In one study involving 74 patients, tricuspid valve dis-• 
ease was present in 97% of patients by 2-D echocar-
diography, and pulmonary valve was present in 49%.

PROGNOSIS AND FACTORS 
ASSOCIATED WITH PROGRESSION 
OF CARCINOID HEART DISEASE

Some studies have looked at factors associated with • 
the progression of carcinoid heart.
In one study, patients who had higher urinary • 
5-HIAA exhibited an increased risk of progressive 
heart  disease.
In another study, it was demonstrated that left-side valve • 
involvement occurs only if there is an associated PFO. 
The authors recommend that a PFO should be systemat-
ically searched in all patients with carcinoid syndrome.

Figure 77-1. 2-D echocardiography of a tricuspid valve. In real-
time one can note that the valve is immobile in a semi-open 
position with non coaptation of leaflets.

Figure 77-2. Severe tricuspid regurgitation on color-flow  Doppler. 
(Courtesy of Dr. Navin Nanada.)
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DIAGNOSIS OF CARCINOID 
SYNDROME AND CARCINOID 
HEART DISEASE

When all clinical features of carcinoid syndrome are • 
present, a diagnosis is easy to establish. This diagnosis 
also should be considered when any one of its clinical 
manifestations is present.
The diagnosis of carcinoid syndrome is confirmed • 
when 24-hour urinary excretion of 5-HIAA is el-
evated (>25 mg/24h; normal < 9 mg/24h). Carcinoid 
heart disease is diagnosed primarily by echocardiogra-
phy performed initially or during the clinical course.
Patients with cardiac involvement tend to have higher • 
circulating concentrations of 5-HIAA.

NATURAL HISTORY

Carcinoid tumors are slow-growing tumors.• 
However, the development of carcinoid heart disease • 
heralds a decline in clinical outcome. In one study, the 
mean survival in patients with carcinoid heart disease 
was 1.6 years from the time of diagnosis, compared to 
4.6 years in those without cardiac involvement.

TREATMENT

The treatment of carcinoid syndrome and of carcinoid • 
heart disease has evolved during the past decade. It 
has two objectives: 1- pharmacologic therapy directed 
toward reducing the secretory function of the tumor, 
and 2- surgical therapy to reduce the tumor mass and 
to replace cardiac valve(s).

Pharmacologic treatment

A major advance in the treatment of carcinoid syn-• 
drome has been achieved with the discovery of so-
matostatin analogues, especially octreotide and its 
long-acting formulation.
Octreotides decrease blood level and urinary excre-• 
tion of 5-HIAA and other tachykinins improving cu-
taneous flushing and other endocrine manifestations 
of carcinoid syndrome. 
Octreotides can also slow down the progression of the • 
tumor mass and carcinoid heart disease.

Common side effects of octreotides are hypoglyce-• 
mia as a result of inhibition of glucagon and growth 
hormone secretion, and rarely steatorrhea and chole-
lithiasis.

Surgical treatment

In selected patients with unilateral liver metastases, • 
hemihepatectomy and removal of the primary tumor 
and affected lymph nodes has led to complete surgical 
cure.
Hepatic resection results in improved outcome (62% • 
survival at 5 years) in those who are amenable to sur-
gical resection. Hepatic artery embolization performed 
preoperatively may reduce the tumor mass.
However, the recurrence rate after tumor resection is • 
high (82% at 5 years).
Tricuspid valve replacement provides good palliation • 
in selected patients.
Pulmonary valve replacement is advised in some cases • 
to prevent RV remodeling. However, it has not been 
shown to prolong survival.
Indications for cardiac valve replacement surgery are • 
right heart failure with RV enlargement and RV sys-
tolic dysfunction, as survival of these patients is poor 
(median survival 11 months).

Suggested Readings
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• Symptomatic Aortic Stenosis is associated with an-
gina, syncope or dyspenea with exertion.

• Patients with symptomatic critical AS benefit from 
surgery. Asymptomatic patients with critical AS need 
further evaluation including exercise testing.

• LV dimensions are an important criteria in evaluating 
patients with chronic aortic regurgitation.

• Aortic Root enlargement procedures are occasionally 
necessary to insert an adequately sized valve to avoid 
patient-prosthetic mismatch.

• Indications for surgery in patients with mitral steno-
sis depends on their functional class.

• Chronic mitral regurgitation is well tolerated. Specific 
guidelines have been developed for the timing of 
surgery.

• Systolic anterior motion (SAM) of the anterior leaflet 
of the mitral valve results in significant left ventricu-
lar outflow tract obstruction and a low cardiac output 
state. Treatment options include beta-blockade and 
volume loading.

• Acute aortic or mitral regurgitation are considered to 
be surgical emergencies.

• Bioprosthetic valves in the aortic position have more 
durability than in the mitral position likely due to the 
transvalvular gradients encountered. 

• Robotic assisted mitral valve surgery is gaining favor 
in some highly specialized centers.

d PRACTICAL POINTS

Aortic valve pathology can result in stenosis or regurgita-
tion. Degenerative valve disease is the most common cause 
of aortic stenosis (AS) and includes calcific aortic stenosis 
observed in congenital bicuspid valves and senile calcific 
stenosis. In addition, rheumatic heart disease causes thick-
ened leaflets and fused commissures resulting in aortic 
stenosis. In contrast, common causes of aortic regurgitation 
include rheumatic heart disease, aortic dissection, chronic 
aortic aneurysm, or destruction of the valve leaflets by infec-
tive endocarditis.

Indications for surgery for aortic stenosis include symptom-
atic disease, left ventricular dysfunction and, in some cases, 
hemodynamic severity observed on echocardiography. 

Symptomatic aortic stenosis is associated with angina, syn-
cope, and dyspnea.  Asymptomatic patients require consid-
eration of surgery when the valve area is ≤1 cm2 or mean 
transvalvular gradient is ≥40 mm Hg. Patients with moder-
ate aortic stenosis have a relative indication for aortic valve 
replacement if they are undergoing a concomitant cardiac 
procedure. (Figure 78-1) Patients requiring aortic valve re-
placement for stenosis will almost always benefit from an 
operation regardless of the ejection fraction. Perioperative 
risk is elevated in patients with a low transvalvular gradient, 
low ejection fraction, and a calcified ascending aorta. It is 
recommended that patients over the age of 40 should un-
dergo cardiac catheterization prior to aortic valve replace-
ment to rule out significant coronary artery disease.
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Indications for surgery in patients with aortic regurgitation 
are NYHA Class III or IV heart failure in the presence of 
preserved left ventricular function. However, in patients in 
NYHA Class I or II heart failure, surgery is indicated if LVEF 
is <50%, ventricular function worsens with a stress test, left 
ventricular end-systolic dimension is >55 mm, or left ven-
tricular end-diastolic dimension is >75 mm (Figure 78-2). 
Aortic regurgitation is significantly insidious and onset of 
symptoms indicates advanced stage of the disease process. 
Patients with severely depressed ejection fraction may not 
benefit from aortic valve replacement. Aortic regurgitation 
secondary to annular ectasia requires a valve sparing aor-
tic root reconstruction or an aortic root replacement, and 
in this situation, the timing of surgery should take into ac-
count the concomitant aortic root and the ascending aortic 
pathology. Acute aortic regurgitation caused by infective 

endocarditis necessitates operative intervention in the pres-
ence of intractable heart failure, persistent sepsis, embolic 
events, heart block, or extension of the infection into adja-
cent cardiac structures.

AORTIC VALVE SURGERY

Standard open aortic valve replacement is performed via a 
median sternotomy. Partial sternotomy incisions or small 
right anterior thoracotomy can also be utilized. Currently, 
aortic valve surgery requires placement of the patient on 
full cardiopulmonary bypass (CPB). The choice of sites for 
arterial cannulation include the ascending aorta, axillary ar-
tery or femoral artery and is based on several factors such as 
the degree of calcification or atheromatous involvement of 

Class IIb Class IIbClass I

Undergoing CABG
or other heart surgery?

Exercise test

Clinical follow-up, patient education,
risk factor modification, annual echo

Preoperative coronary angiography

Aortic valve replacement

Severe valve calcification,
rapid progression, and/or

expected delays in surgery

LV ejection fraction

Re-evaluation

Yes

Yes

Symptoms
↓BP

Less than 0.50

Equivocal

Normal

Normal

No

No

Symptoms?

Severe aortic stenosis
Vmax greater than 4 m/s
AVA less than 1.0 cm2

Mean gradient  > 40 mm Hg
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Figure 78-1. Management strategy for patients with severe aortic stenosis. Preoperative coronary angiography should be performed 
routinely as determined by age, symptoms, and coronary risk factors. Cardiac catheterization and angiography may also be helpful
when there is discordance between clinical findings and echocardiography. (Modified from Otto. J Am Coll Cardiol. 2006;47. AVA, aortic 
valve area; BP, blood pressure; CABG, coronary artery bypass graft surgery; echo, echocardiography; LV, left ventricular; Vmax, maximal 
velocity across aortic valve by Doppler echocardiography.)
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Figure 78-2. Management strategy for patients with chronic severe aortic regurgitation. Preoperative coronary angiography should 
be performed routinely as determined by age, symptoms, and coronary risk factors. Cardiac catheterization and angiography may also
be helpful when there is discordance between clinical findings and echocardiography. “Stable” refers to stable echocardiographic mea-
surements. In some centers, serial follow-up may be performed with radionuclide ventriculography (RVG) or magnetic resonance imag-
ing (MRI) rather than echocardiography (Echo) to assess left ventricular (LV) volume and systolic function. AVR indicates aortic valve 
replacement; DD, end-diastolic dimension; EF, ejection fraction; eval, evaluation; and SD, end-systolic dimension.
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the ascending aorta, or if mini-access surgery is considered. 
Venous drainage is obtained by cannulating the right atrium 
(Figure 78-3) and after cross-clamping the aorta, the heart 
is arrested by infusion of a potassium-rich cardioplegia solu-
tion into the aortic root. In addition, some surgeons prefer 
retrograde delivery of cardioplegia into the coronary sinus 
through a cannula placed in the right atrium. Myocardial 
protection is crucial for successful outcomes, especially in 
the presence of left ventricular hypertrophy. The aortic 
valve is approached via an oblique aortotomy created 2 cm 
proximal to the annulus and continued towards the noncor-
onary sinus. The valve is then excised. For calcific processes, 
the aortic annulus is then mechanically debrided, with care 
taken not to lose any debris into the ventricle. Removal of 
the calcium from the annulus allows better seating of the 
valve. Forceful flushing of the left ventricle and administra-
tion of retrograde cardioplegia facilitates removal of loose 
debris from the ventricle and coronary ostia, respectively. 
The annulus is sized with valve sizers, the appropriate valve 
is chosen and sutured to the annulus. Occasionally, root 
enlargement procedures are performed to accommodate a 
larger-sized valve and to avoid patient–prosthetic valve size 
mismatch. 

Valve Choice 

Life expectancy of the patient, willingness to take warfa-
rin, and the ability to undergo another open heart surgery 
are factors in the decision-making process involving the 
choice of valves. In general, a mechanical valve has ex-
cellent durability and should be expected to last the pa-
tient’s lifetime. Lifelong anticoagulation with warfarin is 
necessary for mechanical valves so thrombosis is avoided. 

The 5-year mechanical valve complication rate includes 
about a 5% thromboembolism rate and a 3% risk of an 
anticoagulation- related issue. The bioprosthetic valves 
have low thrombotic rates and do not require antico-
agulation. In all comers, 50% of patients will need valve 
replacement by 15 years. Tissue valves deteriorate by be-
coming calcified and stenotic; or, the leaflet could tear 
in the region of the strut. Paradoxically, younger patients 
have a faster rate of deterioration of a prosthetic valve. 
Yet, a 65-year-old patient would have a 15-year freedom 
from structural deterioration of 85% and a 75-year-old 
would have a 93% chance of freedom from reoperation. 
Bioprosthetic valves in the aortic position have more du-
rability then in the mitral position likely due to the trans-
valvular gradients encountered.

Patient–prosthetic Mismatch

Patient prosthesis mismatch occurs when the orifice area 
of the prosthesis is inadequate, as compared to the body 
surface area of the patient. A 23-mm or larger valve should 
be hemodynamically appropriate for an adult patient. A 
21-mm valve may be used in a sedentary adult or with a 
body surface area (BSA) <1.5. Root enlargement proce-
dures are performed for small aortic annuli in addition to 
the supra-annular placement of the aortic valve. A supra-
annular patch can be placed in the middle of the noncoro-
nary sinus to upsize by 2 mm. A Manouguian procedure 
involves cutting into the noncoronary sinus and entering 
the left atrium laterally. An extension can be made into 
the anterior leaflet of the mitral valve, but it will need to be 
curved to the midpoint of the leaflet, as the incision starts 
off center. A patch is used to reconstruct the leaflet and 
the atrium. An upsize of 1-2 valve sizes or 2-4 mm can be 
accomplished. A Nicks procedure involves cutting between 
the noncoronary and left coronary cusp into the annulus. 
This can be extended to the anterior leaflet of the mitral 
valve with reconstruction with a patch. This can enlarge 
the root one valve size or 2 mm. (Figure 78-4). A Konno 
aorto-ventriculoplasty opens to the right of the commissure 
between the right and left coronary cusp. The interven-
tricular septum and right ventricle are both incised. Two 
patches are used to close the openings. Survival benefit has 
not been shown with a larger sized valve. Exercise capac-
ity may be improved and quality of life made better with a 
larger valve in younger patients.

Aortic valve repair can be performed in some patients 
with aortic regurgitation. Patients with regurgitation as-
sociated with a bicuspid valve are more amendable to a 
repair, while a valve with three leaflets would need to 
be replaced. Occasionally, regurgitation associated with 
dilation of the annulus or sinus of Valsalva can be cor-
rected with a valve-sparing procedure or resuspension of 
the leaflets.

Figure 78-3. Right atrial cannulation with a dual-staged can-
nula through the right atrial appendage.
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Minimally invasive aortic valve replacements are ap-
proached with a different incision but similar operative 
techniques. Percutaneously delivered aortic valves or apical 
catheter-delivered aortic valves are still under study. Both 
are currently reserved for patients who are deemed very high 
risk or who are not operative candidates.

Mitral valve pathology results in stenosis or regurgitation. 
Rheumatic heart disease causes significant thickening of the 
mitral valve leaflets and fusion of the commissures and is a 
major cause of mitral stenosis worldwide. On the other hand, 
mitral regurgitation is caused by several disease processes 
(Figure 78-5). Mitral valve prolapse, rheumatic heart dis-
ease, and left ventricular dysfunction are common causes of 
mitral incompetence. In the acute stages of rheumatic fever, 
myocarditis and annular dilatation contribute to the devel-
opment of mitral regurgitation. The late sequale include 
severe valve-thickening, especially of the posterior leaflet; 
shortening and fusion of the chordae tendinae, resulting in 
incompetence; and, occasionally, the combined pathology 
of mitral stenosis and regurgitation. With the epidemic of 
intravenous drug abuse and increasing invasive monitoring 
of critically ill patients, valve endocarditis contributes to a 
significant number of patients suffering from insufficiency.

Indications for surgery in patients with mitral stenosis de-
pends on their functional class and is considered for pa-
tients in NYHA Class III or IV heart failure. In such cases, 
a valve replacement is indicated. However, for patients in 
NYHA Class II heart failure, a percutaneous mitral commis-
surotomy should be considered, depending on the degree of 

calcification of the valve and with surgical back-up in the 
event of the development of significant acute mitral regur-
gitation from the procedure. From an anatomic standpoint, 
the area of a normal mitral valve area is 4-6 cm2. A valve area 
<1.5 cm2, a gradient >15 mm, or pulmonary artery pressure 
>60 mm Hg are considered indications for intervention. 

In mitral regurgitation, as with aortic insufficiency, the un-
derlying pathophysiology is volume overload of the left ven-
tricle. A patient presenting with acute mitral regurgitation 
usually from a ruptured papillary muscle, ruptured chord, 
or endocarditis should be stabilized with an intraaortic bal-
loon pump to decrease the afterload; this patient requires 
emergent surgery. In contrast, chronic mitral regurgitation is 
well tolerated, and specific guidelines have been developed 

Figure 78-4. Aortic annulus enlargement. A. Aortotomy incision 
is extended at the midpoint of the noncoronary leaflet. B. Patch 
material is sewn into position. C. Valve is implanted. D. Patch ma-
terial used to help with aortotomy closure.

Type I

Type II

Type IIIb

Figure 78-5. Carpentier’s functional classification in ischemic 
mitral regurgitation (MR). Type I has normal leaflet motion, and 
MR is on the basis of annular dilation. Type II dysfunction im-
plies excess leaflet motion with the free edge of the leaflet travel-
ing above the annular plane during systole with papillary muscle 
rupture or papillary elongation. Type IIIb is the most common 
form of ischemic MR, and results from restricted leaflet motion 
during systole secondary to apical and lateral papillary muscle 
displacement. (Adapted from Adams, Filsoufi. J Thorac Cardio-
vasc Surg. 2003;125.)
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regarding the timing of surgery. For chronic mitral regurgita-
tion, NYHA Class III or IV would require a valve replace-
ment or repair. In asymptomatic patients with severe mitral 
regurgitation, a large study from the Mayo clinic demon-
strated a 10-year survival of 70% if the ejection fraction 
was greater than 60% at the time of surgery as compared 

to 41% if the ejection fraction was less than 60%. Surgery 
is indicated for patients in NYHA Class II heart failure if 
they develop signs of impending left ventricular failure, left 
ventricular EF <40%, left ventricular end-systolic dimen-
sion >45 mm, or a worsening ejection fraction following a 
stress test (Figure 78-6). The development of heart failure 

Chronic severe mitral regurgitation

Clinical evaluation + Echo

LV dysfunction
EF ≤ 0.60

and/or
ESD ≥ 40 mm

EF > 0.30
ESD ≤ 55 mm

EF < 0.30 and/or
ESD > 55 mm

MV repair
if not possible,

MVR

Clinical eval every
6 mos

Echo every 6 mo

Medical therapy

MV repair

Reevaluation

Yes

Yes Yes

Yes∗

No

No No

No

LV function?

New onset AF?
Pulmonary HT?

Chordal preservation
likely?

MV repair
likely?∗

LV function?

Symptoms?

Normal LV function
EF > 0.60

ESD < 40 mm

Class I Class I

Class IIa Class IIa

Class IIa

Figure 78-6. Management strategy for patients with chronic severe mitral regurgitation. *Mitral valve (MV) repair may be performed in as-
ymptomatic patients with normal left ventricular (LV) function if performed by an experienced surgical team and if the likelihood of success-
ful MV repair is greater than 90%. AF, atrial fibrillation; Echo, echocardiography; EF, ejection fraction; ESD, end-systolic dimension; eval, 
evaluation; HT, hypertension; and MVR, mitral valve replacement.
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secondary to mitral regurgitation carries a grave prognosis 
and may signify that the anatomic and pathophysiological 
changes in the left ventricle may not be entirely reversible. 
After repair of the mitral valve, the patient’s ejection frac-
tion may actually worsen for a time. The increased afterload 
occurs in the left ventricle due to the pop-off valve of the 
mitral regurgitation being corrected. Preservation of the 
chordae and subvalvular apparatus maintains left ventricular 
geometry and can prevent the increase in the left ventricle 
and diastolic filling pressure. In comparison, after correc-
tion of aortic insufficiency, the ejection fraction improves 
as left ventricular filling pressures decrease by eliminating 
regurgitation from the aorta. Ischemic mitral regurgitation 
is associated with a higher mortality rate independent of the 
baseline ejection fraction.

Mitral regurgitation secondary to degenerative condi-
tions can be repaired with good durability in most cases. 
Commissurotomy is a type of mitral valve repair to treat 
fused commissures that would be a viable option if the leaf-
lets were pliable, only mildly thickened, and the edges of 
the leaflets not deformed. Myxomatous degeneration results 
in ruptured or elongated chordae tendinae, dilated annu-
lus, and redundant leaflet tissue. The redundancy extends 
to both the anterior and posterior leaflets in Barlow’s mitral 
valve. Ischemic cardiomyopathy results in a dilated annulus 
and the valve leaflets are usually normal. Mitral valve re-
placement is reserved for a majority of rheumatic cases or for 
elderly patients with ischemic mitral regurgitation. Recent 
data have demonstrated the superiority of mitral valve re-
pair in contrast to replacement. The Mayo clinic data point 
to 10-year survival of 68% for repair versus 52% for replace-
ment. Also, patients with recent onset of atrial fibrillation 
appear to fare better with mitral valve repair when feasible. 
Isolated mitral valve repair carries a 2% mortality in degen-
erative diseases in contrast to a 13% mortality with a valve 
replacement and coronary artery bypass grafting in ischemic 
mitral regurgitation.

MITRAL VALVE SURGERY

A median sternotomy is the preferred approach by the ma-
jority of surgeons for operations on the mitral valve. The 
procedure is performed by placing the patient on cardio-
pulmonary bypass and subsequently arresting the heart 
(Figure 78-7). Occasionally, the surgery is performed with-
out inducing a cardioplegic arrest.

Access to mitral valve is obtained though any one of the 
three main approaches. (Figure 78-8). The most common 
is the right lateral approach, which is facilitated by open-
ing Sondergaard’s groove. Sondergaard’s groove is located 
between the right and left atrium anterior to the right pul-
monary veins. The incision can be extended superiorly and 

inferiorly behind the vena cavae. A second approach, popu-
larized by Dubost, is a transatrial, transseptal approach and 
consists of a perpendicular incision from the superior pulmo-
nary vein to the right atrium; it is preferred in patients who 
have a small left atrium, an atrial septal defect (ASD), or for 
those who need simultaneous tricuspid valve surgery. The 
incision would be extended across the interatrial septum 
through the fossa ovalis. Thirdly, a superior septal approach 
is performed by cutting the right atrium longitudinally 
into the right atrial appendage. The incision is extended 
to the dome of the left atrium and vertically through the 
fossa  ovalis. Recently reported has been a further extension 
through the dome of the left atrium by division of the aorta 
and the superior vena cava. While this more complex inci-
sion allows great exposure, higher risk of sinus dysfunction 
exists due to the sinus node artery being transected.

The valve is thoroughly evaluated to determine the feasi-
bility for repair. The relationship of the mitral annulus to 
the surrounding structures (including the circumflex artery 
and the coronary sinus in the atrio-ventricular groove) 
the atrio-ventricular node in the vicinity of the postero-
medial commissure, and the close anatomic relationship to 

Figure 78-7. Bicaval cannulation can allow more mobility to 
expose the mitral valve.

b

a

c

Figure 78-8. Atrial incisions for mitral valve operations include 
(a) standard vertical atriotomy in Sondergaard’s groove anterior 
to the right pulmonary veins; (b) extended vertical transseptal 
biatriotomy approach; or (c) Khonsari oblique biatriotomy 
 technique.



908 SECTION IX /  Valvular Heart Disease

the aortic valve make these structures susceptible to injury, 
resulting in acute myocardial infarction or complete heart 
block or acute aortic insufficiency (Figure 78-9). 

Several techniques of mitral valve repair have been de-
scribed. With newer three-dimensional ECHO and intra-
operative TEE, the pathology of the mitral regurgitation 
and the proposed repair techniques can be narrowed down 
prior to opening of the atrium. Once the valve has been 
exposed, the valve is inspected and examined to determine 
the amount of leaflet fibrosis, commissural fusion, leaflet 
edges, chordae and papillary muscle integrity and length, 
and coaptation point. Regardless of the etiology, the prin-
cipals of mitral valve repair are to create apposition of the 
anterior and posterior leaflets at systole, increase valve 
mobility, prevent valve stenosis, reduce annular dilation, 
and remodel the annulus. Techniques of mitral valve re-
pair include resection of the anterior and posterior leaflets, 
leaflet advancement, patching of leaflets, transposition 
of chords, and ring reinforcement. Artificial chords or 
chordal transposition can be used for chordal rupture or 
elongated chords (Figure 78-10). Quadrangular or tri-
angular resections of the posterior leaflet with or without 
sliding plasty of the annulus can be performed for redun-
dant or prolapsing posterior leaflet (Figure 78-11). These 
repairs should be accompanied with an annuloplasty band 

or ring for proven improved durability. More complex or 
combination repairs should be performed in centers with 
good track records of repair. 

A dreaded complication of mitral valve surgery with a sig-
nificant mortality is complete anatomic disruption at the 
atrio-ventricular junction. A heavily calcified mitral annu-
lus is a risk factor for this complication. Excessive traction 
to expose the valve, especially in small elderly females with 
small atria, is also a contributory factor. The region of the 
posterior tear occurs in the area of the circumflex coronary 
artery and the coronary sinus. A sudden gush of blood from 
the back of the heart after mitral valve replacement is most 
often the first and only indicator of this complication. The 
patient should be placed on cardiopulmonary bypass and the 
heart re-arrested. The mitral valve is exposed and the valve 
is removed. The heart should not be lifted with the valve in 
place as the injury may progress beyond capacity for repair. 
Repair of the disruption should occur from both within and 
outside the heart. 

Another complication that is observed following mitral 
valve repair is systolic anterior motion (SAM) of the 
anterior leaflet of the mitral valve resulting in left ven-
tricular outflow tract obstruction and hence a low cardiac 
output state. SAM is caused by the displacement of the 
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coronary artery
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coronary artery

Mitral valve:
Aortic (anterior)
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leaflet
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atrioventricular node
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Figure 78-9. Notice close anatomic relationships of the mitral annulus with the aortic valve, the circum-
flex coronary artery, and the atrioventricular node.
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anterior leaflet toward the septum during systole. In addi-
tion, SAM can also lead to severe mitral regurgitation. A 
redundant posterior leaflet leads to the coaptation point 
at the middle of the anterior leaflet, which forces it to-
ward the ventricular septum. A small and hyperdynamic 
ventricle is an additional contributory factor. Inotropes 
or afterload reduction with an intraaortic balloon pump 
make the condition worse. Treatment options include 
beta-blockade and volume-loading. Surgical maneuvers 
consist of reducing the height of the posterior leaflet with 
a larger quadrangular resection and sliding annuloplasty. 
A valve replacement should be considered in patients 
with refractory SAM.

With improvements in alternate cannulation methods, dif-
ferent approaches to the mitral valve have evolved. Partial 
sternotomy, right thoracotomy, robotic assisted, and robotic 
closed chest mitral repair and replacement are current op-
tions. The robotic assisted and robotic closed chest mitral 
procedures utilize a series of small ports and a working port 
to perform the replacement or repair. The robotic endowrist 
instruments provide 7 degrees of freedom for the manipula-
tion of the instruments within the chest and provide superb 
three-dimensional vision and unparalleled precision for the 
conduct of the operation. Tremor modulation, movement 
scaling, and significant magnification (up to 10 times) are 
further refinements to improve the operative efficiency. The 
robot-assisted procedures have been shown to be cost effec-
tive, and in addition to a quicker postoperative recovery and 
decreased hospital stay, provide a better cosmetic outcome 
than a standard median sternotomy with its attendant risk 
of wound infection.

Figure 78-10. Chordal transposition from posterior leaflet with attached viable chordae to the anterior 
leaflet with ruptured chordae.

A B

C D

E

Figure 78-11. Repair of the myxomatous floppy mitral valve 
using the leaflet advancement technique. This depicts a valve with 
ruptured chordae from the middle segment (P2) of the posterior 
leaflet.
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CARDIOMYOPATHIES

Dilated Cardiomyopathy

Idiopathic dilated cardiomyopathy (IDC) is characterized 
by left ventricular dilation and systolic dysfunction in the 
absence of secondary etiologies, such as coronary ischemia, 
myocarditis, excessive alcohol exposure, severe hyperten-
sion, or other toxic/metabolic causes. It is more frequently 

observed in male patients. The annual incidence is ap-
proximately 5 to 8 cases per 100,000 population, and IDC 
is responsible for more than 10,000 deaths per year. 25% 
to 50% of patients with IDC have an inherited form of the 
disease. Familial dilated cardiomyopathy (FDC) is defined 
by the presence of two or more family members with IDC. 
No particular clinical or morphologic features of individual 
patients can distinguish FDC from IDC. More challenging 
is the screening of asymptomatic relatives and determining 

• Hypertrophic cardiomyopathy (HCM) is one of the 
most common causes of sudden cardiac death in 
young people (with an estimated prevalence of 1:500) 
and is the leading cause of death in competitive ath-
letes in the United States. 

• Considering the variable onset of disease and the 
phenotypic expression of ARVC, genetic testing can 
have an important role allowing presymptomatic 
diagnosis in order to monitor the development of 
disease in the affected family members.

• Aortic root involvement is the leading cause of deaths 
in patients with Marfan syndrome and they should 
be routinely followed up with echocardiography. All 
first-degree relatives of a patient should also have 
screening echocardiography.

• Bicuspid aortic valve is one of the most com-
mon congenital cardiac disorders with a frequency 
of 1–2% in general population. Bicuspid aortic valve 
is associated with many other cardiac disorders in-
cluding coarctation of the aorta and aortic dilatation/
aneurysm.

• Implantable cardioverter-defibrillator remains the 
therapy of choice in high-risk patients with long QT 

syndrome. High-risk features include cardiac arrest, 
extremely prolonged QT, history of recurrent syn-
cope, and genotypes associated with high risk of 
sudden cardiac death. 

• Carney complex is an autosomal dominant disor-
der in which cardiac myxomas occur in the setting 
of spotty pigmentation of the skin, extracardiac 
myxomas, rare nonmyxomatous tumors, and endo-
crinopathy. Affected individuals should have annual 
echocardiography, and first-degree relatives need to 
be screened not only with echocardiography but also 
with physical exam including careful evaluation for 
skin findings.

• Tetralogy of Fallot represents approximately 10% of 
congenital heart diseases, and is characterized by 
subaortic ventricular septal defect, right ventricular 
infundibular stenosis, overriding aorta, and right 
ventricular hypertrophy. 

• Aorta and pulmonary arteries arise as a single ves-
sel from the heart in truncus arteriosus, resulting in 
cyanosis at birth along with poor feeding and tachyp-
nea. Diagnosis is confirmed with echocardiography, 
and the treatment is operative repair.

d PRACTICAL POINTS
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whether subtle findings represent early signs of FDC. 
Left ventricular enlargement has been suggested as the 
most useful indication of preclinical disease, but patients 
should also be classified based on the presence or absence 
of atrioventricular block and other electrocardiographic 
abnormalities.

Approximately 90% of FDC is inherited in an autosomal 
dominant pattern. Sixteen autosomal genes have been iden-
tified so far, and discovery of more genes will likely ensue. 
Mutations in the beta-myosin heavy chain and lamin A/C 
genes appear to be the most common and are responsible for 
5 to 10% of FDC cases, but other mutations in genes encod-
ing for structural proteins had been reported (Table 79-1). 
X-linked FDC also accounts for 5 to 10% of FDC, and the 
most common causes are mutations in the dystrophin gene. 
Mutations in the dystrophin gene are associated with car-
diomyopathy in conjunction with Duchenne or Becker’s 
muscular dystrophy. Autosomal recessive FDC has been 
reported as mutations in cardiac troponin I. FDC appears 
to be genetically heterogeneous, and the role of additional 
genes will likely be discovered.

FDC demonstrates incomplete penetrance and variable 
expressivity; therefore, families usually demonstrate a wide 
range of mild to severe disease across generations, underly-
ing the importance of careful family history and pedigree 
analysis in the care of patients with IDC. Diagnostically, 
electrocardiography and echocardiography allow a safe 
and noninvasive risk assessment. It is recommended that 
all first-degree relatives of patients with IDC undergo 
electrocardiography and echocardiography screening. It 

has been shown that such clinical screening in association 
with family history has a greater sensitivity than family 
history alone. Second-degree relatives should be screened 
in X-linked FDC. Presence of atrioventricular block 
should suggest the potential for lamin A/C mutation. The 
recent American College of Cardiology/American Heart 
Association HF guidelines suggest that for a highly positive 
family history of DCM, referral to a cardiovascular genetics 
center is indicated.

FDC is clinically managed the same way as IDC with sup-
portive care for cardiac dysfunction, atrioventricular block, 
and atrial/ventricular dysrhythmia. Genetic counseling 
can be beneficial for patients with FDC and their family 
members. Genetic testing is not currently widely available 
because of the genetic and locus heterogeneity and the 
given insensitivity due to the number of genes that have 
not been discovered yet. Genetic testing is still useful in 
screening family members of patients with mutations in 
identified genes. However, vigilant clinical screening will 
still be the keystone of disease monitoring in mutation posi-
tive individuals.

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a relatively com-
mon genetic cardiovascular disorder with an estimated 
prevalence of 1:500 in the United States. HCM is one of 
the most frequent causes of sudden cardiac death in young 
people and the leading cause of death in competitive athletes. 
It is characterized by ventricular hypertrophy with mark-
edly variable clinical manifestations. Histopathologically, 
this disorder is characterized by myocyte hypertrophy with 
myocardial disarray and increased fibrosis. The age of onset 
varies from early childhood to late adulthood and can pres-
ent with dyspnea, chest pain, and exercise intolerance. The 
disorder may also be an incidental finding during an inves-
tigation of an asymptomatic murmur. Symptoms may arise 
from either diastolic dysfunction or left ventricular outflow 
tract (LVOT) obstruction. LVOT obstruction occurs at rest 
in about 25% of patients, and more than half of these pa-
tients without obstruction at rest can generate significant 
obstruction with exercise.

HCM is mainly caused by autosomal dominant mutations 
in sarcomeric genes that encode myocardial contractile 
proteins, and numerous mutations have been identified to 
date in 12 different genes (Table 79-2). Hypertrophy in the 
context of Noonan syndrome (particularly important in the 
pediatric population) has been associated with mutations in 
the PTPN11 and related genes. (See Section Noonan syn-
drome below.) Although many attempts have been made 
to predict the genotype-phenotype correlation, a clear as-
sociation of specific genes and their severity has been diffi-
cult to establish due to variable penetrance and expressivity 

Table 79-1 • Autosomal Dominant Genes in Familial 
Dilated Cardiomyopathy

ACTC (cardiac actin)

MYH7 (beta-myosin heavy chain)

TNNT-2 (cardiac troponin T)

TPM1 (alpha-tropomyosin)

MYBPC (myosin binding protein C)

MYH6 (alpha-myosin heavy chain)

sarcomeric proteins 
with role in muscle 
contraction

TTN (titin)

VCL (vinculin)

ACTN2 (alpha-actinin-2)

sarcomeric structural 
protein

DES (desmin)

SGCD (delta-sarcoglycan) 

dystrophin associated 
glycoprotein complex

PLN (phospholamban) regulator of Kir6.2

LMNA (lamin A/C) associated with 
conduction defects

ABCC (sulfonylurea receptor 2A 
protein)

regulatory subunit of 
Kir6.2
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of these genes. Different genetic forms of HCM, associated 
with WPW syndrome and other conduction anomalies, 
have been associated with mutations in the PRKAG2 (the 
gene encoding for the gamma2 regulatory subunit of AMP-
activated protein kinase) or the LAMP2 gene (encoding for 
the lysosome-associated membrane protein). It is important 
to distinguish “pseudo” hypertrophy due to glycogen stor-
age disease in the setting of PRKAG2 or LAMP2 mutations 
from true sarcomeric gene derived primary hypertrophic 
cardiomyopathy. Glycogen storage disease derived hyper-
trophy may have some therapeutic response to treatment of 
the underlying disorder.

The screening of HCM includes physical examination, 
electrocardiogram, and echocardiography. First-degree rela-
tives of HCM patients younger than 12 years of age should 
be screened every 5 years. In patients age 12 to 22 years, 
screening should be repeated every 12 to 24 months, and if 
patients are older than 23 years, it should be repeated every 
5 years or until genetic testing confirms the diagnosis. It is 
unfortunate that currently available genetic testing has a 
detection rate of less than 70%. Nevertheless, the identifi-
cation of a gene mutation provides a definitive diagnosis of 
HCM in affected individuals and identifies carriers at risk 
for developing HCM. These carriers should be counseled, 
since there is a 50% probability of transmitting the muta-
tion to their offspring. Thus, genetic testing is most often 
useful in determining risk in relatives of an affected indi-
vidual, rather than in establishing the primary diagnosis of 
HCM in a given family.

HCM is typically diagnosed by asymmetric, marked left 
ventricular hypertrophy (LVH) on echocardiography. 
Athlete’s heart can mimic HCM with significant LVH. 
It is important to carefully distinguish these two separate 
entities, as these conditions require different manage-
ment. Temporary deconditioning with regression of LVH 
can aid in the diagnosis of athlete’s heart. Mortality from 
HCM is primarily attributed to stroke, heart failure, and 
sudden cardiac death (SCD). Some of the risk factors for 
SCD include family history of SCD, unexplained syncope, 
abnormal blood pressure response to exercise, ventricular 
tachycardia on Holter monitoring, and massive (30 mm) 
LVH. Patients with two or more risk factors should be 
referred for implantable cardioverter-defibrillator place-
ment. In terms of symptoms from LVOT obstruction, 
medical treatment consists of beta-blockers, verapamil, 
and disopyramide. In patients with marked intracavitary 
gradients and NYHA class III/IV symptoms refractory 
to maximal medical therapy, invasive therapy including 
surgical myectomy and alcohol septal ablation can be 
considered.

Arrhythmogenic Right Ventricular 
Cardiomyopathy (ARVC)

ARVC is characterized by replacement of the ventricular 
myocardium with fatty and fibrous elements, preferentially 
involving the right ventricular (RV) free wall. This disor-
der has a frequency of 1:5000 in the general population. 
ARVC is more common in men and often diagnosed be-
tween the second and fourth decades of life. Phenotypic 
expressions can range from palpitations and syncope 
to sudden cardiac death. ARVC is one of the main, and 
increasingly more recognized, causes of ventricular tach-
yarrhythmias leading to sudden cardiac death. Familial 
disorders account for about 50% of the cases, mostly in 
an autosomal dominant pattern. Ten different genes and 
two different loci have been associated with the develop-
ment of ARVD, including mutations of TGFß3, RYR2, 
and components of the cardiac desmosomes (i.e., PKP2, 
DSP, DSG2, and DSC2). Considering variable phenotypic 
expressions of the disorder, genetic analysis is very impor-
tant in families with ARVD as it allows a presymptomatic 
diagnosis in order to monitor the development of disease 
in the affected family members.

Diagnostic criteria are based on characteristic structural 
abnormalities, tissue characterization, electrocardiographic 
changes, arrhythmias, and family history. This is accom-
plished utilizing multiple diagnostic modalities including 
ECG, echocardiography, cardiac MRI (CMR) and CT, and 
endomyocardial biopsy. Advances in CMR have improved 
diagnosis of ARVC. Major criteria for the diagnosis of ARVD 
by CMR are severe global RV dilation, global RV systolic 

Table 79-2 • Genes Associated with Hypertrophic 
Cardiomyopathy

beta-MHC (beta-myosin heavy chain)

alpha-MHC (alpha-myosin heavy 
chain)

cMYBPC (cardiac myosin binding 
protein C)

cTnT (cardiac troponin T)

cTnI (cardiac troponin I)

cTnC (cardiac troponin C)

alpha-TM (alpha-tropomyosin)

MLC-1 (myosin essential light chain)

MLC-2 (myosin essential light chain)

Actin

Titin

sarcomeric proteins 

PRKAG2 (protein kinase, AMP-
activated, gamma-2 subunit)

LAMP2 (linked lysosome-associated 
membrane protein-2)

metabolic
cardiomyopathies
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dysfunction, RV wall thickening, and localized aneurisms of 
RV and RVOT. Although a point scoring scheme has been 
frequently used to establish the diagnosis of ARVC, it has 
more recently become clear that there is only a moderate 
correlation between this scheme and the molecular genetic 
diagnosis of ARVC. The clinical implications of carrying an 
ARVC mutation without fully meeting the consensus point 
scoring scheme cutoffs are unclear.

The therapeutic aim is to detect the patients at high risk 
and prevent sudden cardiac death. Patients diagnosed with 
ARVC should be counseled to minimize vigorous activity. 
Although low risk patients may be managed with beta-
blockers, patients with high risk factors need to be evaluated 
for ICD along with antiarrhythmics. In patients with end 
stage ARVC, transplant can be considered.

Noncompaction of the Left Ventricle (NCLV)

NCLV is an anatomical condition of the myocardial wall 
characterized by prominent LV trabeculae and deep inter-
trabecular recesses. It can present as an isolated cardiac fea-
ture or in association with other cardiac conditions such as 
HCM, DCM, Barth syndrome, or Ebstein anomaly. It may 
also be a feature of mitochondrial or metabolic diseases 
and neuromuscular disorders. NCLV usually manifests it-
self with ventricular arrhythmias, systemic embolization, or 
heart failure. The diagnosis of NCLV is typically made by 
echocardiography, cardiac MRI, and 64-slice CT.

NCLV may be either sporadic or familial with an autosomal 
dominant or recessive inheritance. As with other cardio-
myopathies, NCLV demonstrates genetic heterogeneity. 
Several genes have been implicated in the pathogenesis in-
cluding the TAZ gene encoding for the G4.5 protein, which 
plays a role in the biosynthesis of the mitochondrial inner 
membrane, cardiolipin. Mutations of other genes encoding 
muscle proteins like α-dystrobrevin and LIM domain bind-
ing protein 3/ZASP have been reported in some familial or 
sporadic cases. Recently, sarcomeric protein genes, namely, 
β-myosin heavy chain, α-cardiac actin, and cardiac tro-
ponin T, have been proposed to be associated with NCLV, 
possibly adding NCLV to a broad spectrum of cardiac disor-
ders caused by sarcomeric gene mutations.

Restrictive Cardiomyopathy (RCM)

Restrictive cardiomyopathy is characterized by impaired di-
astolic filling with normal or mildly abnormal systolic func-
tion. Idiopathic restrictive cardiomyopathy is a diagnosis of 
exclusion when secondary causes such as amyloidosis, sarcoi-
dosis, and hemochromatosis have been excluded. Familial 
restrictive cardiomyopathy is extremely rare in the absence 
of the above secondary causes. However, sarcomeric gene 
mutations also have been implicated in RCM including in 

genes encoding cardiac troponin T, cardiac troponin I, and 
α-cardiac actin.

CONNECTIVE TISSUE DISORDERS

Marfan Syndrome

Marfan syndrome is a systemic connective tissue disorder 
with a frequency of 2 to 3 in 10,000. The disorder is charac-
terized by manifestations involving the cardiovascular, skel-
etal, and ocular systems. Current diagnostic criteria are based 
on involvement of above organ systems and family history. 
Cardiovascular manifestations include mitral valve prolapse, 
progressive aortic root enlargement, and ascending aortic an-
eurisms, possibly leading to aortic regurgitation, dissection, or 
rupture. Some characteristic skeletal manifestations of this 
syndrome include disproportional increase of linear bone 
growth resulting in malformations of the digits (arachnodac-
tyly), craniofacial abnormalities, pectus excavatum/carinatum, 
and scoliosis. A common ocular involvement is severe myopia 
and lens dislocation in one or both eyes (ectopia lentis).

Marfan syndrome is an autosomal dominant disorder caused 
by fibrillin-1 gene mutations encoding for the extracellular 
matrix protein fibrillin (Fbn-1). Fibrillin is an integral com-
ponent of both elastic and nonelastic connective tissue. The 
mechanism of fibrillin mutation in Marfan syndrome re-
mains unclear. However, animal models of Fbn-1 have dem-
onstrated a role of TGF-beta signaling. In some patients with 
phenotypes similar to Marfan syndrome but without fibril-
lin-1 gene mutations, TGF-beta receptor mutations have 
been identified, suggesting a significant role of TGF-beta 
pathway in the pathogenesis of Marfan syndrome features.

Aortic root involvement remains the leading cause of death 
in patients with Marfan syndrome. Echocardiography is 
recommended to routinely screen and to follow aortic root 
dilation. In addition, all first-degree relatives of the family 
should have screening echocardiography. Patients should 
be advised against strenuous exercises. Medical therapy for 
Marfan syndrome includes beta-blockers to reduce myo-
cardial contractility and pulse pressure. Animal models of 
Marfan syndrome have demonstrated a possible benefit of 
losartan in preventing progression of the disease by inhibit-
ing the TGF-beta pathway, and this therapy is the subject 
of an active clinical trial. Elective aortic root replacement 
remains the therapy of choice once the aortic root becomes 
significantly enlarged. Marfan patients who become preg-
nant need to be counseled not only about the 50% chance 
of transmitting the disease but also the substantially in-
creased risk of aortic rupture/dissection during and after 
pregnancy. Important components of Marfan syndrome 
counseling are consideration of contraception and preg-
nancy management.
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Loeys-Dietz Syndrome

Recently, an aortic aneurysm syndrome has been identified 
with TGF-beta receptor mutations. Loeys-Dietz syndrome 
is an autosomal dominant condition with a characteristic 
triad of arterial tortuosity/aneurysm, hypertelorism, and 
bifid uvula or cleft palate. There is significant overlap with 
Marfan syndrome, and the management is similar in terms 
of cardiovascular manifestation. Early, elective, surgical in-
tervention should be considered in patients with significant 
aneurysmal dilation of the aorta. Some clinicians have ar-
gued for much earlier surgical intervention for the dilated 
aorta in this condition, compared with Marfan syndrome, 
since there appears to be a much greater risk of rupture and 
dissection at earlier ages and smaller aortic sizes. Pregnancy 
counseling is also an integral part of therapy.

Ehlers-Danlos Syndrome

Ehlers-Danlos syndrome is a group of disorders that affect 
connective tissue development due to defects in collagen 
and connective tissue biosynthesis. Prevalence of the dis-
ease is about 1 in 400,000 people in the United States. 
Cardiac manifestations include spontaneous rupture of me-
dium to large sized arteries including the aorta. Frequently, 
extracardiac presentations include hyperextensible skin and 
hypermobile joints.

To date, 11 types of the disorder have been recognized, but col-
lagen defects have been described in only 6 types. Although 
all types of Ehlers-Danlos syndrome affect the joints and the 
skin, clinical features vary by type. Different features charac-
terize each type of the syndrome. Type IV carries the poorest 
prognosis, especially due to spontaneous ruptures of arteries 
and organs. Extreme caution needs to be taken if surgical 
intervention is needed due to weakened connective tissue 
structures. Many genes, including ADAMTS2, COL1A1, 
COL1A2, COL3A1, COL5A1, COL5A2, PLOD1, and 
TNXB, have been implicated in the pathogenesis of Ehlers-
Danlos syndrome, but the predominant cardiovascular con-
cern exists in the Type IV vascular form of Ehlers-Danlos 
associated with mutations in the COL3A1 gene.

VALVULAR DISORDERS

Bicuspid Aortic Valve

Bicuspid aortic valve is one of the most common congenital 
cardiac disorders with a frequency of 1 to 2% in the general 
population. It affects males more commonly and frequently 
is undiagnosed until adulthood due to a functionally normal 
valve. Bicuspid aortic valve is formed by two functional leaf-
lets with two complete fissures. It is associated with many 
other cardiac disorders including coarctation of the aorta 

and aortic dilation/aneurysms. Other less commonly asso-
ciated anomalies include ventricular septal defect, patent 
ductus arteriosus, bicuspid pulmonic valve, and Ebstein’s 
anomaly. Bicuspid aortic valve has been shown to demon-
strate familial clustering. However, identifying culprit genes 
have been difficult due to variable penetrance and the com-
mon nature of the disorder.

Aortic stenosis and infective endocarditis play a major 
role in morbidity and mortality from bicuspid aortic valve. 
Most patients will eventually develop symptoms related to 
stenosis of the aortic valve, requiring surgical intervention. 
Aortic regurgitation is also common, independent of aor-
tic stenosis. Serial echocardiography is recommended in all 
patients with bicuspid aortic valve. Although endocardi-
tis prophylaxis is no longer recommended by ACC/AHA 
guidelines, patients with bicuspid aortic valves are often 
considered at a higher risk of endocarditis than the general 
population, and caution needs to be taken in the appropri-
ate circumstances.

Mitral Valve Prolapse

Mitral valve prolapse (MVP) is characterized by myxomatous 
degeneration of mitral valve leaflets and valvular apparatus. 
It is a relatively frequent finding in the general population 
and the most common cause of isolated mitral regurgitation 
requiring surgical repair. MVP can be an isolated nonsyndro-
mic valvular disease, such as idiopathic mitral valve prolapse 
and the X-linked myxomatous valvular dystrophy. It can be 
associated with other syndromic entities, such as Marfan 
syndrome, Ehlers-Danlos syndrome, osteogenesis imperfecta, 
and other collagen-related disorders. Idiopathic MVP exhib-
its an autosomal dominant inheritance with variable pen-
etrance and expressivity. It has been linked to three different 
loci, at 16p.11–p.12, 11p.15.4, and 13q.31–32. Recently, 
mutations in the filamin A gene have been identified in 
families with X-linked myxomatous valvular dystrophy.

Echocardiography is the most useful tool in the diagnosis 
of MVP. Two-dimensional images may clearly show the 
abnormal displacement of the valvular leaflets relative to 
the surrounding structures. Prognosis depends on severity of 
the associated mitral regurgitation. Therefore, the manage-
ment of this condition requires adequate follow-up for the 
early identification of the patients requiring intervention 
for mitral regurgitation and genetic counseling in cases of 
familial MVP.

Williams Syndrome

Williams syndrome is a contiguous gene-deletion syndrome 
in which de novo chromosomal microdeletions of chromo-
some 7q.11.23 have been reported, but autosomal dominant 
inheritance has been reported as well. It has a frequency of 
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1:10,000 to 1:20,000 per population. The clinical spectrum 
varies depending on the deletion size with larger deletions as-
sociated with more severe phenotypes. Characteristic cardio-
vascular abnormalities include supravalvular aortic stenosis 
often in conjunction with pulmonary artery stenosis. Other 
manifestations involve infantile hypercalcemia, skeletal and 
renal abnormalities, mild mental retardation, and elfin faces.

The diagnosis of the cardiovascular manifestations is done 
by echocardiography to look for supravalvular aortic steno-
sis. Given the wide phenotypic variability of Williams 
syndrome, it is appropriate to consider genetic testing for 
microdeletions by fluorescent in situ hybridization (FISH) 
in patients suspected of having Williams syndrome. Early 
detection is very important to prevent nephrocalcinosis and 
further kidney damage from hypercalcemia with the appro-
priate diet and medication. Surgical intervention for su-
praaortic valvular stenosis depends on the severity and the 
gradient across the stenosis. Genetic testing and counseling 
are appropriate for the rest of the family members.

Noonan Syndrome

Noonan syndrome is a genetic disorder with a variable 
clinical phenotype including typical facial dysmorphia with 
epicanthian folds, low set ears, webbed neck, and chest de-
formity. In 80 to 90% of the cases, there are cardiovascu-
lar abnormalities that include valvular pulmonary stenosis, 
hypertrophic cardiomyopathy, VSD, PDA, and AV septal 
defects. These individuals also have developmental delays, 
short stature, cryptorchidism, and bleeding diathesis. The 
frequency of NS is 1:1,000 to 1:2,500 live births.

Noonan syndrome is a genetically heterogeneous disorder, 
and more than three genes have been implicated in the 
pathogenesis. Mutations of the PTPN11 gene encoding for 
the SHP-2 tyrosine kinase have been identified in 40 to 
50% of NS cases and are usually associated with pulmonary 
valve stenosis. The penetrance among the cases of NS with 
PTPN11 mutations is nearly 100%, but with variable ex-
pressivity. Other genes implicated include SOS1, RAF, and 
KRAS. DNA mutation testing is now available for all the NS 
genes and can confirm but not exclude the diagnosis. Genetic 
testing is indicated in borderline cases, especially in neonates 
and adults where the facial and skeletal features may not be 
obvious, and in the prenatal diagnosis of a possible transmis-
sion of the mutation from a Noonan affected parent.

ARRHYTHMIA

Long QT Syndrome

Congenital long QT syndrome is one of the most com-
mon genetic arrhythmic syndromes and is annually respon-
sible for at least 3,000 to 4,000 deaths during childhood. 

The disorder is characterized by a prolonged QT interval 
on surface electrocardiogram and associated with sudden 
cardiac death due to ventricular tachycardia and ventric-
ular fibrillation. Sudden cardiac death is usually triggered 
by physical/emotional stress, bradyarrhythmia, electrolyte 
imbalance, and medications. Two distinct syndromes have 
been described for congenital long QT syndrome due to dif-
ferent phenotypes and inheritance patterns. Romano-Ward 
syndrome is inherited in an autosomal dominant pattern 
and characterized by a long QT segment without deafness 
as a manifestation of the disorder. However, Jervell and 
Lange-Nielsen syndrome is associated with characteristic 
sensorineural hearing loss and transmitted in an autosomal 
recessive pattern. This syndrome is typically more malignant 
than the autosomal dominant form and is associated with a 
significantly higher risk of sudden cardiac death.

Ten genes, most of which encode cardiac ionic channels, 
have been linked with the long QT syndrome, and the syn-
drome has been divided into subgroups depending on the 
genotype. Long QT types 1 through 3 (LQT1–3) are the 
more common forms and account for more than 90% of the 
syndrome. LQT1 is the most common form and linked with 
loss of function mutations in the KVLQT1 gene, which en-
codes a protein responsible for the slow component of the 
outward-rectifying potassium current. QT prolongation can 
be triggered by exercise and epinephrine challenge. LQT2 is 
caused by a loss of function mutation in the KCNH2 gene, 
encoding the rapid component of the outward-rectifying 
potassium current. Phenotypically, sudden cardiac death 
can be triggered by loud noise. LQT3 results from activating 
mutations in SCN5A, which perturbs the fast inactivation 
of the cardiac sodium channel. Events are frequently trig-
gered during rest or sleep in LQT3. Other rare forms of long 
QT syndrome have been associated with mutations in the 
genes ankyrin-B, KCNE1, MiRP1, KCNJ2, CACNA1C, 
CAV3, and SCN4B. Although long QT syndrome is a clini-
cal diagnosis, genetic testing may provide a valuable role in 
the diagnosis and management of the disorder. Genotyping 
can assist in risk stratification of the affected individuals. 
In patients with questionable QT prolongation, identifying 
mutations in the above genes can certainly assist with con-
firming the diagnosis. In addition, screening family members 
of patients with identified mutations can aid in identifying 
members at risk.

In terms of management, beta-blockers remain an effective 
tool, especially in patients with LQT1. Although mexi-
letine and flecainide are effective in reducing QT intervals 
on the surface electrocardiogram in LQT3, caution needs 
to be taken in patients with overlapping Brugada syndrome. 
An implantable cardioverter-defibrillator remains the ther-
apy of choice in patients with high risk features. High risk 
features include a survivor of cardiac arrest, an extremely 
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prolonged QT, a history of recurrent syncope, and geno-
types with a high risk of sudden cardiac death (e.g., LQT2 
and LQT3).

Short QT Syndrome

Short QT syndrome has recently been implicated in sud-
den cardiac deaths. It is characterized by a shortened QT 
segment on the surface electrocardiogram, and individuals 
with the disorder may suffer with symptoms from syncope 
to life-threatening arrhythmia. On an electrophysiology 
study, individuals with the syndrome will often have induc-
ible ventricular fibrillation. To date, three genes—KCNH2, 
KCNQ1, and KCNJ2—have been linked with the disease. 
Due to the heterogeneous nature of the disease with vari-
able expressivity, management of individuals with short 
QT syndrome remains to be cleared. However, quinidine 
has been reported to prolong QT segments in individuals 
with short QT syndrome and decreased inducibility of ven-
tricular fibrillation. In individuals with recurrent syncope or 
aborted sudden cardiac death, an implantable cardioverter-
defibrillator remains the first line of therapy.

Brugada Syndrome

Brugada syndrome is another disorder that plays a significant 
role in sudden cardiac death in a structurally normal heart. 
Prevalence of the disease ranges from 0.05 to 0.6% depend-
ing on the ethnicity. Asians have been reported to have the 
highest prevalence. Males are more frequently affected than 
females. Brugada syndrome is inherited in an autosomal 
dominant pattern with variable penetrance, contributing to 
the heterogeneity of the disorder. The same gene implicated 
in LQT3 and SCN5A is implicated in the pathogenesis of 
Brugada syndrome. Inactivating the mutations in SCN5A 
contributes to a reduced sodium inflow current. Additional 
loci have been described including chromosome 3 p.22–25.

An electrocardiogram demonstrates characteristic pseudo-
right bundle branch block with ST segment elevation in 
leads V1 to V3. Three different types of Brugada syndrome 
have been described, depending on the manifestation on 
the electrocardiogram. Type I typically demonstrates coved 
ST elevation with inverted T waves in V1 to V3. Types 2 
and 3 are associated with saddle back morphology, where 
the ST segment descends toward the baseline but then rises 
again with biphasic or upright T waves. ST segment eleva-
tion is greater than 1 mm in type 2 and less than 1 mm 
in type 3. Electrocardiogram manifestations may be tran-
sient and may be unmasked by medications, namely, sodium 
channel blockers.

Pharmacological therapy including quinidine has been de-
scribed as a potential tool. However, an implantable cardio-
verter-defibrillator needs to be considered in patients with 

high risk factors for sudden cardiac death including syncope 
and a family history of sudden cardiac death.

Catecholaminergic Polymorphic VT

Catecholaminergic polymorphic VT (CP-VT) is a rare 
arrhythmogenic disease seen usually in the pediatric popu-
lation and is characterized by exercise or stress-induced ven-
tricular tachyarrhythmias, syncope, or SCD in the absence 
of structural heart disease. The onset is usually after the age 
of 3. Typically, polymorphic VT without QT prolongation 
and bidirectional VT appears during stress, isoproterenol 
infusion, or other forms of adrenergic stimulation.

The disease is inherited in about 30% of cases. Mutations 
in the RYR2 gene are inherited in autosomal dominant pat-
terns, whereas mutations in calsequestrin gene (CASQ2) are 
associated with autosomal recessive inheritance. Recently, 
ankyrin-B mutations have been linked with CP-VT as 
well. The diagnosis is usually suggested by the history of an 
exercise or stress-induced syncope in a child. The ECG is 
characteristically normal at rest. However, CP-VT can be 
induced by exercise or isoproterenol infusion.

A pharmacological therapeutic option includes beta-block-
ers, but ICD implantation should be considered in medically 
refractory cases. Early diagnosis and genetic counseling are 
very important in preventing syncope and SCD. Genetic 
screening in the rest of the family members for the genes 
implicated is recommended.

Familial Atrial Fibrillation

Atrial fibrillation is a relatively common arrhythmia 
affecting close to two million people in the United States. 
In some studies, a family history of atrial fibrillation has 
demonstrated genetic susceptibilities. Although most of 
inheritance appears to be polygenic, two genes have been 
associated with familial atrial fibrillation. The KCNQ1 
gene and SNC5A gene, also linked with other inherited 
arrhythmias, have been associated with a familial form of 
atrial fibrillation in an autosomal dominant pattern. PITX2 
polymorphisms may also confer risk of atrial fibrillation.

CARDIAC TUMORS

Myxoma

Cardiac myxomas are the most common type of primary 
cardiac tumor in adults. They are slowly growing neoplasms 
that causes morbidity and mortality through embolism, 
stroke, and heart failure due to intracardiac obstruction. 
Echocardiography reveals the characteristic narrow stalk, 
usually with a mobile mass. Cardiac myxomas are generally 
sporadic tumors that arise from the interatrial septum in 
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middle-age females. They are usually amenable to surgical 
resection without recurrence. However, approximately 7% 
of individuals with cardiac myxomas have a familial syn-
drome, Carney complex. Carney complex is an autosomal 
dominant disorder in which cardiac myxomas occur in the 
setting of spotty pigmentation of the skin, extracardiac 
myxomas, rare nonmyxomatous tumors, and endocrinopa-
thy. Carney complex occurs equally in males and females. 
Cardiac myxomas in Carney complex can occur in any car-
diac chamber and often recur at remote locations despite 
adequate surgical resection.

Two genes have been implicated in the pathogenesis of fa-
milial cardiac myxomas. Mutations in PRKAR1A, the gene 
encoding for the R1a regulatory subunit of protein kinase A 
(PKA), are responsible for 65% of Carney complex cases. 
Mutation of MYH8, the gene encoding for perinatal myosin, 
has been identified in a Carney complex variant where fa-
milial cardiac myxomas occur in the setting of the syndrome 
trismus pseudocamptodactyly. In Carney complex, given 
the propensity for recurrence, serial follow-up echocardiog-
raphy is recommended after surgical resection to diagnose 
new tumor formation.

Rhabdomyoma

Rhabdomyomas are the most common cardiac neoplasm in 
infants and children. The clinical manifestations of rhab-
domyomas depend on the location, size, and extent of the 
tumor and may be present as an obstruction of the ventricu-
lar inflow or outflow, congestive cardiac failure, arrhyth-
mia, pericardial effusion, and even sudden cardiac death. 
Rhabdomyomas may be seen by echocardiography as a pe-
dunculated mass, most commonly in the interventricular 
septum. In the setting of multiple cardiac rhabdomyomas, 
tuberous sclerosis should be suspected. Tuberous sclerosis is 
an autosomal dominant disorder with characteristic hama-
rtomas in various organs including brain, heart, skin, and 
kidneys. Patients may also present with mental retardation 
and seizure along with cutaneous lesions such as adenoma 
sebaceum, ash leaf-shaped hypopigmented macules, sha-
green patches, and depigmented nevi.

Two disease genes have been identified in tuberous scle-
rosis: TSC-1 at chromosome 9q34, encoding for a protein, 
hamartin, and TSC-2 at chromosome 16 p.13.3, encod-
ing for a protein, tuberin. Both genes appear to function 
as tumor suppressor genes in pathways that regulate nor-
mal embryonic and neonatal cardiomyocyte growth and 
differentiation.

Patients with rhabdomyoma can benefit from surgical treat-
ment, but the complete removal of the tumor is often not 
necessary. There have been many reports of spontaneous 
regression, and medical follow-up with echocardiography 

without surgical intervention is recommended when the 
tumor is small and not considered life threatening.

Cardiac Fibroma

Cardiac fibromas are the second most common cardiac 
tumor in infancy and childhood and may occur in the wall of 
any heart chamber. It usually presents with atrioventricular 
and ventricular conduction disturbances but also can cause 
cardiac chamber compression leading to outflow/inflow ob-
struction. On echocardiography, cardiac fibroma appears as a 
large, noncontractile, solid mass in a ventricular wall as a hy-
pertrophy of ventricular septum or a discrete nodular mass.

Cardiac fibromas may be associated with Gorlin syndrome, 
an autosomal dominant disease characterized by general-
ized body overgrowth, developmental abnormalities of the 
skeleton, and a predilection to certain neoplasm-like car-
diac fibromas. The responsible gene for this syndrome is 
the PTCH tumor suppressor gene encoding for the Sonic 
Hedgehog receptor.

Surgical resection results in favorable prognosis as recur-
rence is rare. However, in some cases, the tumor inter-
mingles with myocardial tissue, so that complete resection 
cannot be accomplished. For patients with tumors extend-
ing into critical locations, subtotal excision can also give 
excellent late survival.

SEPTATION DEFECTS

Holt-Oram Syndrome

Holt-Oram syndrome (HOS) is a heart-hand syndrome 
characterized by cardiac defects and upper limb deformities. 
It occurs in 1:100,000 individuals and can be inherited in 
an autosomal dominant pattern or as a sporadic mutation. 
Approximately two thirds of the patients with Holt-Oram 
syndrome have mutations of the TBX5 gene encoding for the 
transcription factor TBX5, a key regulator of gene expres-
sion in heart and limb during embryogenesis. It is interest-
ing that both TBX5 mutations that cause haploinsufficiency 
and 12q duplications that cause TBX5 overexpression have 
overlapping phenotypes. No genotype-phenotype correla-
tion has been shown yet, although missense mutations have 
a greater propensity to more severely affect the heart or the 
limb compared with haploinsufficient mutations that tend 
to severely affect both organs.

The key finding for the diagnosis of HOS is the symmetric 
or asymmetric presence of radial ray defects that may only 
be detected radiographically. The presence of other limb ab-
normalities without radial ray abnormalities makes the di-
agnosis of HOS unlikely. The structural cardiac defects are 
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usually ostium secundum (the most common type of atrial 
septal defect [ASD]) or muscular VSDs. A careful clinical 
examination alone is not enough to make the diagnosis 
of HOS and to distinguish it from other heart-hand syn-
dromes. However, genetic testing is useful in establishing 
diagnosis for family members of a patient with HOS and 
a TBX5 mutation. When invitro fertilization (IVF) is used 
as a reproductive strategy in a TBX5 positive mother with 
HOS, the blastocysts can be genetically tested for TBX5 
mutations before their transfer to uterus.

Familial ASD with or Without 
Progressive Atrioventricular Block

Atrial septal defects occur in about 1 in 1,500 live births. 
There are four different types of ASD, and they include 
ostium primum, ostium secundum, sinus venosus, and cor-
onary sinus septal defect. The clinical effects of isolated 
ASDs are usually related to the degree of left-to-right 
shunting and the resulting changes in the pulmonary and 
systemic circulation. Children with ASDs are typically 
asymptomatic and only diagnosed after a characteristic 
widely split, fixed S2 is detected during a routine exami-
nation. If ASD is unrecognized until late childhood, pa-
tients may develop arrhythmias, pulmonary hypertension, 
or heart failure. Diagnosis is made with two-dimensional 
and Doppler echocardiography, demonstrating both the 
extent of the defect and the degree of left-to-right shunt-
ing. However, a transesophageal echocardiogram or cardiac 
MR may be necessary to detect sinus venosus or coronary 
sinus defects.

Although most cases of ASD are sporadic, ASD may also 
be related to different genetic syndromes. Familial ASD 
with progressive AV block is an autosomal dominant syn-
drome associated with mutations of the homeodomain-
containing transcription factor Nkx2.5. It is characterized 
by variable degrees of AV conduction abnormality and can 
present along with other abnormalities, such as VSD and 
Tetralogy of Fallot (TOF). Familial ASD without progres-
sive AV block, on the other hand, has been associated with 
mutations in GATA4, a key transcription factor in cardiac 
development. Diagnosis of familial ASD can be made with 
the mutational analyses of NKX2.5 and GATA4 genes, 
respectively.

CONOTRUNCAL DEFECTS

Tetralogy of Fallot

TOF is a complex of anatomic abnormalities arising from 
the maldevelopment of the right ventricular infundibulum. 
The disorder consists of a subaortic ventricular septal de-
fect, a right ventricular infundibular stenosis, an overriding 

aorta, and a right ventricular hypertrophy. TOF represents 
approximately 10% of congenital heart diseases, and it oc-
curs at a frequency of 3 to 6 infants for every 10,000 births. 
The physiologic consequences of TOF are largely depen-
dent upon the degree of right ventricular outflow obstruc-
tion. Most children will present in the immediate newborn 
period with cyanosis. Squatting can help with the symptoms 
by increasing the peripheral vascular resistance and de-
creasing the magnitude of the right-to-left shunt across the 
VSD. Infants frequently suffer from hypoxic spells, which 
are characterized by unpredictable episodes of bluish pale 
skin during crying or feeding. Without treatment, mortal-
ity rates gradually increase, ranging from 30% at the age 
of 2 years to 50% by the age of 6 years. Rarely, 5 to 10% of 
patients may remain marginally cyanotic or even acyanotic 
into adult life, developing congestive heart failure by the 
age of 30 years. The diagnosis is typically made with color-
flow Doppler echocardiography or cardiac MRI, which pro-
vides anatomical information including delineation of the 
aorta, right ventricular outflow tract, VSDs, right ventricu-
lar hypertrophy, and the pulmonary artery. Furthermore, 
the above studies also provide physiologic data including 
intracardiac pressures and gradients. Cardiac catheteriza-
tion complements noninvasive imaging modalities by pro-
viding definitive anatomical and physiologic data. Almost 
all patients undergo intracardiac repair consisting of patch 
closure of the ventricular septal defect and the enlargement 
of the right ventricular outflow tract. The outcome of surgi-
cal repair is excellent with minimal morbidity and mortal-
ity. Some of the early postoperative complications include 
heart blocks and residual VSDs.

TOF can be associated with fetal alcohol syndrome and 
sometimes drugs such as phenytoin and carbamazepine. 
Furthermore, several genetic syndromes have been asso-
ciated with TOF. So-called 22q11 deletion syndrome has 
been associated with conotruncal defects, such as TOF, 
truncus arteriosus, and transposition of the great arteries. 
Genetic tests, such as FISH for the detection of 22q11 dele-
tion, and chromosome analyses for 22q rearrangement can 
aid in diagnosis. Cat-eye syndrome is associated with du-
plication of the chromosomal region 22pter22q11 and has 
variable clinical presentation, including TOF, anal atresia, 
coloboma, cleft palate, microphtalmia, and facial dysmor-
phia. Alagille syndrome is also associated with TOF. Its 
manifestations include cardiac features, such as TOF and 
pulmonary artery brunch stenosis, and noncardiac features 
like characteristic facies, growth retardation, cholestasis, 
and vertebral anomalies.

Truncus Arteriosus

Truncus arteriosus is a congenital anomaly resulting from 
incomplete or failed septation of the embryonic truncus 
arteriosus. Aorta and pulmonary arteries arise as a single 
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vessel from the heart by means of a single semilunar valve. 
This in turn results in cyanosis and systemic ventricular 
volume overload. Because the mixing of left and right ven-
tricular output occurs at the level of the common arterial 
trunk, systemic arterial oxygen saturation is usually low. 
Cyanosis is usually present at birth along with poor feed-
ing and tachypnea. Symptoms of heart failure manifest as 
pulmonary vascular resistance falls and pulmonary overcir-
culation increases. Other associated cardiac abnormalities 
include structural abnormalities of the truncal valve with 
resultant regurgitation, interruption of the right aortic arch, 
a left superior caval vein, an aberrant subclavian artery, and 
an atrial septal defect. Truncus arteriosus occurs in approx-
imately 5 to 15 per 100,000 live births. The median age 
at death ranges from 2 weeks to 3 months with mortality 
reaching close to 100% by 1 year without surgical repair. 
For patients undergoing complete repair in the neonatal or 
early infant periods, early postoperative mortality is gener-
ally less than 10%. As mentioned above, patients with trun-
cus arteriosus have a higher incidence of association with 
band 22q11 deletion and with trisomy of chromosome 8. 
Echocardiography with cross-sectional and Doppler flow 
analysis is usually sufficient to confirm diagnosis of trun-
cus arteriosus and fully characterize the various anatomic 
features. Truncus arteriosus invariably requires operative 
repair by closing the ventricular septal defect, committing 
the common arterial trunk to the left ventricle, and recon-
structing the right ventricular outflow tract.

Transposition of Great Arteries

Transposition of great arteries (TGA) involves placement 
of the great vessels across the plane of the interventricular 
septum, so that the aorta arises from the right ventricle and 
the pulmonary artery from the left ventricle, with resultant 
cyanosis apparent within hours of birth. Usually, the origin 
of the aorta is anterior and rightward to the origin of the 
pulmonary artery along with concomitant VSD, PFO, or 
PDA. It is the most common cyanotic congenital heart dis-
ease in neonates, and the overall annual incidence is 20 to 
30 per 100,000 live births. This disorder is associated with 
a poor prognosis with mortality reaching 90% by the end of 
the 1st year if untreated. As mentioned above, TGA is as-
sociated with 22q11 deletion syndrome and with trisomies 
18 and 21.

There are four different anatomic subtypes: TGA with 
intact ventricular septum, TGA with ventricular septal 
defect, TGA with ventricular septal defect and left ven-
tricular outflow tract obstruction, and TGA with ven-
tricular septal defect and pulmonary vascular obstructive 
disease. Echocardiography is usually diagnostic of TGA 
by demonstrating the characteristic anatomical presenta-
tions. Initial treatment consists of maintaining ductal pat-
ency with continuous intravenous (IV) prostaglandin E1 

infusion to promote left-to-right intercirculatory mixing at 
the atrial level. Most full-term neonates with uncompli-
cated TGA can undergo an arterial switch procedure with 
good prognosis.

DiGeorge Syndrome

DiGeorge syndrome is a relatively rare disorder associated 
with aplasia/hypoplasia of the thymus and parathyroid along 
with cardiac malformations and characteristic facial features. 
Most of the cases are due to microdeletion of chromosome 
22q11 and are detectable by FISH. Common cardiac defects 
include VSD, Tetralogy of Fallot, truncus arteriosus, and aor-
tic arch anomalies. Considering the variable expressivity of 
the microdeletion, FISH should be offered to patients with 
suspected DiGeorge’s syndrome to aid with diagnosis. The 
cardinal cardiac features of DiGeorge syndrome are recapitu-
lated by missense mutation of the TBX1 gene, which is usu-
ally included within DiGeorge syndrome 22q11 deletions.

Chromosomal Aberration

Many of the common chromosomal aberrations are as-
sociated with cardiac anomalies. Trisomy 21, or Down 
syndrome, is the most common cause of an ostium pri-
mum ASD, produced as a failure of fusion of the superior 
and inferior endocardial cushions around the 5th week of 
gestation. Commonly, ASDs coexist with a cleft in the 
anterior leaflet of the mitral valve. Other cardiac defects 
include aortic valve stenosis and transposition of the great 
arteries. More than 90% of the infants with Trisomy 18, 
or Edwards syndrome, have cardiac manifestations includ-
ing atrial and ventricular septal defects with polyvalvular 
heart disease (pulmonary and aortic valve defects), patent 
ductus arteriosus, overriding aorta, coarctation of aorta, 
hypoplastic left heart syndrome, Tetralogy of Fallot, and 
transposition of the great arteries. Trisomy 13, Patau syn-
drome, is the most severe of the viable autosomal trisomies 
with a median survival of less than 3 days. It is expressed 
prenatally and is fully evident at birth. Cardiac manifesta-
tions occur in 80% of the cases and include ASD, VSD, 
dextrocardia, and bicuspid semilunar valves. Therefore, 
in patients with chromosomal aberration, caution needs 
to be taken to rule out associated cardiac anomalies. 
Management will depend on the associated abnormality 
and the hemodynamic effect of the anomaly.
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Essential Echocardiographic 
Images in Adult Congenital 

Heart Disease
Alexander R. Opotowsky and Martin St. John Sutton
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• Bicuspid aortic valve is the most common type of 
congenial heart defect, present in ~1–2% of the pop-
ulation. Bicuspid aortic valve predisposes to aortic 
valve stenosis and regurgitation, aortic valve endo-
carditis, and proximal aortic dilation.

• Coarctation of the aorta is associated with bicuspid 
aortic valve. Approximately 50% of patients with co-
arctation have bicuspid aortic valve.

• Perimembranous (also called membranous) ventric-
ular septal defects (VSD), the most common type of 
VSD, often close spontaneously. 

• Transthoracic echocardiography with color Doppler 
flow imaging is highly sensitive for the detection of 
VSD. The type (location) of VSD can be well defined 
by transthoracic echocardiography.

• Ostium secundum atrial septal defect (ASD) is the 
most common type of ASD. It is the only type of ASD 
amenable to percutaneous closure.

• Patients with unexplained right atrial and right ven-
tricular dilatation on transthoracic echocardiogram 
should have further evaluation with transesopha-
geal echocardiogram, CT, or MRI for sinus venosus 

defect or partial anomalous pulmonary venous 
drainage. 

• Pulmonary regurgitation is a common sequela of in-
tracardiac repair of tetralogy of Fallot and can lead to 
progressive right ventricular dilation and dysfunction.

• Down syndrome is highly associated with congeni-
tal heart disease, most typically endocardial cushion 
(AV canal) defects.

• Ebstein anomaly is characterized by apical displace-
ment of the septal +/- posterior tricuspid valve leaf-
lets resulting in a portion of atrialized right ventricle 
and is highly associated with the presence of patent 
foramen ovale or ASD and with accessory pathways 
(i.e., Wolf–Parkinson–White syndrome) 

• The 20th century saw dramatic advances in surgical 
treatment of congenital heart disease, from palliative 
shunts aimed at increasing pulmonary blood flow 
(systemic arterial-to-pulmonary arterial: Blalock-
Taussig, Waterston, Potts; systemic venous-to-
pulmonary arterial: Glenn) to intracardiac repair of 
certain lesions to Fontan procedures that result in an 
acyanotic single ventricle circulation with essentially 
passive pulmonary blood flow.

d PRACTICAL POINTS
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INTRODUCTION

Congenital heart disease (CHD), defined as structural heart 
disease present at birth, occurs in approximately 0.8% of 
live births (excluding common simple lesions such as bicus-
pid aortic valve and mitral valve prolapse). Simple defects, 
such as small atrial septal defects (ASDs), may be asymp-
tomatic during childhood with symptoms developing later 
in life. However, many children with complex congenital 
heart defects previously fatal early in life are now living to 
adulthood after surgical and catheter-based interventions.

Echocardiographic assessment of adults with CHD includes 
the evaluation of the intracardiac anatomy of both uncor-
rected and corrected congenital defects. In addition, not 
only must the primary lesion or surgical correction be de-
fined, but there must also be a thorough evaluation of long-
term structural and hemodynamic sequelae.

GENERAL PRINCIPLES

Special Echocardiographic 
Techniques in CHD

The echocardiographic modalities (e.g., 2D Doppler) and 
basic principles (e.g., modified Bernoulli equation) used for 
CHD are the same as for acquired heart disease. However, a 
“standard protocol” for performing and interpreting the data 
is often inadequate.

2-Dimensional (2D) Echocardiography
Orientation to patient anatomy precedes the full eval-• 
uation in patients with adult congenital heart disease 
(ACHD).
Atypical views may be needed to define certain defects.• 
Knowledge of specific anatomy (native and post-• 
surgical) is required to correctly interpret images.
Contrast echocardiography can provide better endo-• 
cardial definition and precise determination of shunt 
location. This technology is especially useful for shunt 
locations that are difficult to visualize directly (e.g., 
sinus venosus defect) or those with a modest pressure 
gradient across the defect (e.g., any ASD).

Doppler Echocardiography
Pressure gradients are estimated using the modified • 
Bernoulli equation. Off-axis imaging and color flow 
velocity mapping are often required to align the ultra-
sound beam parallel to blood flow.
Shunt quantification is often a critical determinant of • 
patient management. 2D and Doppler echocardiogra-
phy can provide an estimate of shunt flow: and can be 
accurately estimated using 2D and Doppler echocar-
diography:
° Blood flow through the right ventricular out-

flow tract (RVOT) at the pulmonary annulus is 

estimated by multiplying the velocity time integral 
(VTI) by the cross-sectional area (πr2) of the flow 
stream at the level of the pulmonary annulus.

° Blood flow through the left ventricular outflow 
tract (LVOT) is estimated by multiplying the VTI 
by the cross-sectional area (πr2) at the level of the 
LVOT.

° The ratio of pulmonary to systemic flow (Qp:Qs) is 
calculated (Figure 80-1).

° Any right- and left-sided locations can theoreti-
cally be used to define right- and left-sided flow, but 
the outflow tracts are usually best because of their 
circular shape and relatively stable cross-sectional 
area throughout systole.

° The reliability of this technique depends on the 
accurate estimation of VTI and cross-sectional di-
ameter (especially important, because this term is 
raised to the second power).

Orientation

Proper orientation is an essential first step in interpreting 
congenital echocardiograms. Unlike standard echocar-
diography in acquired heart disease, the echocardiographer 
cannot assume normal apical position, atrial situs, atrioven-
tricular relationship, or ventriculoarterial relationship. The 
segmental approach to the diagnosis of congenital heart dis-
ease is described below.

Apical Position

A standard subcostal view demonstrates whether the apex 
is directed to the left (levocardia, normal), middle (meso-
cardia), or right (dextrocardia).

Atrial Situs

Atrial situs is determined using specific morphologic criteria 
(Table 80-1). Atrial situs is usually the same as abdominal 
situs (IVC/aortic relationship, side of liver, stomach and 
spleen, etc.) and is classified as situs solitus (right atrium 
on right side, normal), situs inversus, or situs ambiguous, or 
there can be right or left atrial isomerism (both atria have 
the same morphologic characteristics).

Ventricular Morphology 
and Atrioventricular Connection

As with the atria, the right and left ventricles are defined by 
morphologic criteria (Table 80-1). Atrioventricular concor-
dance is present when the morphologic right atrium (RA) 
empties into the morphologic right ventricle (RV) and the 
morphologic left atrium (LA) empties into the morphologic 
left ventricle (LV). Atrioventricular discordance is present 
when the morphologic RA empties into the morphologic LV 
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and the morphologic LA empties into the morphologic RV. 
Double inlet (right or left) ventricle is present when both 
atria empty into one ventricle (right or left, respectively).

Ventriculoarterial Relationship

The pulmonary artery (PA) and aorta differ in several ways:
The PA bifurcates soon after its origin into equal pri-• 
mary branches.

The aorta gives origin to the coronary arteries and • 
the aortic arch with its candy cane shape and major 
branches supplying the upper extremities, head, 
and neck ( brachiocephalic, carotid, and subclavian 
arteries).

Ventriculoarterial concordance is present when the morpho-
logic RV exits into the PA and the morphologic LV exits into 
the aorta. Ventriculoarterial discordance is present when the 

Figure 80-1. Calculation of the ratio of pulmonary blood flow to systemic blood flow (Qp:Qs) in a patient with a sinus venosus defect 
and partial anomalous pulmonary venous return. The RVOT diameter measures 2.1 cm (a), with an RVOT VTI of 26 cm (b). The LVOT 
diameter smeasures 1.8 cm (arrow, c), with an LVOT VTI of 13 cm (d). The estimated RV stroke volume is 90 mL (π * 1.052 × 26), as 
compared with an LV stroke volume of 33 mL (π * 0.92 × 13). Using these numbers, the Qp:Qs is approximately 2.7:1. LA, left atrium; 
LV, left ventricle; RV, right ventricle; MPA, main pulmonary artery; AV, aortic valve; Ao, aorta.
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morphologic LV exits into the PA and the morphologic RV 
exits into the aorta. Double outlet (right or left) ventricle is 
present when more than half of both great arteries exit from 
a single right or left ventricle, respectively.

SPECIFIC LESIONS

Bicuspid Aortic Valve and other 
Congenital Aortic Valve Defects

Bicuspid aortic valve is the most common form of CHD 
(1-2% of the general population), and is often found in 
multiple members of a kindred. Aortic regurgitation (AR), 
as the result of inadequate coaptation of the leaflets and 
prolapse of the fused leaflet, usually precedes the develop-
ment of aortic stenosis (AS). AR, on average, develops in 
the fourth and fifth decades, whereas AS, a more common 
sequala of bicuspid valve, resulting from accelerated calcifi-
cation develops later in life. Bicuspid aortic valve is associ-
ated with coarctation of the aorta as well as thoracic aortic 
aneurysm and other left-sided obstructive lesions (see below 
for discussion of the Shone complex).

Echocardiographic characteristics of bicuspid aortic valve 
include (Figure 80-2):

Parasternal long axis view demonstrates doming of the • 
leaflets during systole and asymmetric diastolic closure.
The parasternal short axis view at the level of the aor-• 
tic valve may clearly demonstrate a bicuspid valve, but 
there is often a ridge of tissue (raphe) at the location of 
leaflet fusion suggestive of an incomplete commissure. 
During systole, the aortic valve orifice is oval-shaped 
(fish mouth) instead of the usual triangular orifice.
With fusion of left and right coronary cusps, the most • 
common form of bicuspid aortic valve, the AR jet is o 
posteriorly directed due to the prolapse of the anterior 
fused leaflet.

Unicuspid, quadricuspid, and dysplastic aortic valves are 
less common and associated with earlier development of he-
modynamically significant disease (Figure 80-3).

Left Ventricular Outflow Tract and 
Nonvalvular Aortic Obstruction

Subaortic stenosis
Discrete subaortic stenosis due to obstruction to flow by a 
fibrous membrane across the LVOT (often attaching to the 
anterior mitral valve leaflet) just below the aortic valve is 
the most common cause of congenital subaortic stenosis 
(Figure 80-4). Because of the close proximity of the mem-
brane to the aortic valve, damage to the valve can result 
from the turbulent systolic jet and lead to AR.

The membrane may be difficult to visualize by 2D • 
echocardiography, especially in the parasternal long axis 
view when the transducer is parallel to the membrane.
Estimation of the peak gradient across the subaortic • 
membrane provides an accurate assessment of the se-
verity of the stenosis in the absence of other levels of 
LVOT obstruction.
Significant subaortic stenosis may cause partial closure • 
of the aortic valve leaflets in mid systole, which may be 
documented with 2D or M-Mode echocardiography.

A thicker fibromuscular ridge and tunnel type subaortic ob-
structions are less common causes of subaortic stenosis and 
usually present in childhood. Subaortic stenosis is usually iso-
lated but may be associated with a wide array of other defects.

Hypertrophic cardiomyopathy, usually with systolic anterior 
motion of the mitral valve, is a more common cause of sub-
aortic obstruction.

Supravalvular Aortic Stenosis (SVAS)
Supravalvular aortic stenosis usually consists of fibromus-
cular thickening at the sinotubular junction but can also 

Table 80-1 • Determination of Atrial and Ventricular Morphology

Atria Ventricles

Right Left Right Left

Broad-based
appendage

Narrow-based appendage Heavily trabeculated apex Smooth apex

Usually on same side 
of liver 

Usually on opposite side from liver More apical AV valve insertion More basal AV valve insertion

Lateral wall with 
pectinate muscles*

Smooth wall* Septal attachment of 
AV valve (tricuspid)

No septal attachment 
of AV valve (mitral)

Muscular ring 
surrounding fossa 
ovalis*

Thin (flap valve) septal tissue* Moderator band No moderator band

*Transthoracic echocardiography usually does not provide adequate images to define these characteristics. AV, atrioventricular.



CHAPTER 80 /  Essential Echocardiographic Images in Adult Congenital Heart Disease 929   

comprise thin fibrous membranes or more diffuse aortic hy-
poplasia. It is associated with thickened aortic cusps, coro-
nary ostial obstruction, and dilation of the coronary arteries 
as is often seen in Williams syndrome, which also includes 
elfin facies, muscular peripheral pulmonary artery stenoses, 
and mental retardation (Table 80-5).

Coarctation of the Aorta
Coarctation of the aorta accounts for 5 to 8% of congenital 
heart disease, and adults may present with either corrected or 
uncorrected lesions. Most commonly, there is a discrete band 
of tissue just distal to the take-off of the left subclavian artery 
opposite the aortic insertion of the ligamentum arteriosum. 

Less commonly, the coarctation may be tubular or diffuse and 
may be in other locations including the abdominal aorta.

Symptoms and signs include:
Systemic arterial hypertension (proximal to obstruction)• 
Blood pressure discrepancy between upper and lower • 
extremities, often with lower extremity pulse delay
Left ventricular hypertrophy• 
Bilateral lower extremity claudication• 

Aortic coarctation is associated with:
Bicuspid aortic valve (~20-85%)• 
Turner syndrome (• Table 80-5)

Figure 80-2. Transesophageal echocardiographic images of a bicuspid aortic valve in long axis (a), demonstrating doming during sys-
tole. A systolic short axis image with (b) and without (c) color Doppler demonstrates the “fish-mouth” orifice. The two leaflets are well 
shown in this diastolic frame (d). LA, left atrium; LV, left ventricle; Ao, aorta. 
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Berry aneurysms of the Circle of Willis and intracra-• 
nial hemorrhage
Endarteritis• 

Echocardiographic findings in coarctation of the aorta in-
clude (Figure 80-5):

A discrete stenosis may be present on suprasternal • 
notch images, but off-axis images often falsely sug-

gest coarctation and 2D images must be confirmed by 
Doppler evidence of obstruction.
The modified Bernoulli equation may be used to estimate • 
the pressure gradient across a suspected coarctation. The 
suprasternal notch location usually allows ultrasound in-
terrogation almost parallel to the direction of flow.
An expanded version of the modified Bernoulli equa-• 
tion [4 × (V2

distal – V2
proximal)] should be used if the 

Figure 80-3. Parasternal short-axis images from a patient with a unicuspid aortic valve during systole (a) and diastole (b). The apical 
three-chamber view shows abnormal opening (doming) of the valve (c), and turbulence and aliasing at the level of the valve is demon-
strated with color Doppler flow mapping (d). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; Ao, aorta.
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proximal aortic velocity is >1 m/s in order to prevent 
overestimation of the pressure gradient.
With severe coarctation, the pressure gradient across • 
the lesion persists beyond systole, resulting in contin-
ued antegrade flow during diastole. Diastolic runoff 
is a specific finding for hemodynamically important 
aortic coarctation.

Patent Ductus Arteriosus (PDA)

The ductus arteriosus is a normal fetal connection between 
the descending aorta and pulmonary circulation. The duc-
tus arteriosus usually closes soon after birth to become the 
ligamentum arteriosum. When persistent, it is termed a 
patent ductus arteriosus and permits blood flow from the 
systemic circulation to the pulmonary circulation. Over 
time, the left-to-right flow results in pulmonary arterial 
hypertension as well as left atrial and ventricular volume 
overload. The ductus arteriosus’ pulmonary insertion is 
immediately to the left of the main pulmonary trunk at 
the takeoff of the left pulmonary artery. The systemic side 

inserts into the descending aorta opposite the left subcla-
vian artery.

Echocardiographic features of PDA include (Figures 80-6 
& 80-7):

PDA is usually best imaged in the adult from a slightly • 
off axis (clockwise rotation) parasternal short axis view.
A sagittal suprasternal notch view may also demonstrate • 
PDA, but this view is often difficult to obtain in adults.
Color Doppler imaging demonstrates continuous flow • 
from the insertion of the ductus to the PA from the 
distal to the pulmonary valve.
In the absence of severely elevated pulmonary pres-• 
sures, spectral Doppler demonstrates continuous left-
to-right flow with a peak velocity in late systole.
With elevated pulmonary arterial pressure, there may • 
be bidirectional flow across the PDA with right-to-
left flow in early systole.
The presence of left atrial and left ventricular dilation • 
suggests a significant shunt causing left-sided volume 
overload.

Figure 80-4. A parasternal long-axis view in a patient with 
a discrete subaortic membrane (arrows, a). Color Doppler 
(b) demonstrates increased velocity and turbulence during 
 systole originating below the level of the aortic valve. A TEE 
image (c) from the same patient provides a clear view of the 
membrane (arrows). The patient also had a bicuspid aortic 
valve, as suggested by the doming of the aortic valve during 
 systole. LA, left atrium; LV, left ventricle; Ao, aorta. 
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Left Atrial Anomalies

The two main congenital malformations of the left atrium, 
cor triatriatum and supravalvular stenosing ring, are rare. 
The physiology of these obstructive lesions is similar to 
mitral stenosis.

Cor triatriatum describes a three-chamber left heart with 
a residual membrane resulting from incomplete incorpo-
ration of the pulmonary venous confluence into the left 
atrium. The degree of obstruction is variable, depending 
on the size of the perforation(s) in the membrane. A su-
pravalvular stenosing ring is a similar thin membrane po-
sitioned just proximal to the mitral valve and may even 
be adherent to the mitral leaflets. Both cor triatriatum 
and supravalvular stenosing ring can often be seen using 
2D echocardiography. The perforation(s) are usually not 
visible with 2D imaging but can be demonstrated with 
color Doppler echocardiography (Figure 80-8). These 
defects are associated with other left-sided obstructive 
lesions such as parachute mitral valve, subaortic stenosis, 
and aortic coarctation. The presence of multiple levels of 
left-sided stenoses is termed the Shone complex (note: 
this term has several definitions).

Figure 80-5. A transthoracic suprasternal notch view in a pa-
tient with coarctation of the aorta, suggesting stenosis distal to 
the left subclavian artery (arrows, a). There is turbulent blood 
flow with aliasing on color Doppler (a). Continuous-wave spec-
tral Doppler across the coarctation demonstrates a peak velocity 
over 3 meters per second with continued antegrade flow across 
the defect through diastole (b). Likewise, pulsed wave spectral 
Doppler of the abdominal aorta shows pandiastolic antegrade 
aortic flow (c). AA, aortic arch; DA, descending aorta.

RVOT

RA

MPA

RPA

LPA

DA

Figure 80-6. A diagram of the parasternal short-axis view at 
the aortic valve level. The ductus arteriosus (arrow) travels be-
tween the pulmonary trunk at the takeoff of the left pulmonary 
artery and the descending aorta opposite the left subclavian 
artery. DA, descending aorta; RA, right atrium; RVOT, right ven-
tricular outflow tract; MPA, main pulmonary artery; RPA, right 
pulmonary artery; LPA, left pulmonary artery.
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Mitral Valve Defects

Cleft Mitral Valve
A cleft mitral valve refers to a malformed mitral valve with 
an apparent cleft dividing the anterior mitral leaflet. Cleft 
mitral valve is usually associated with complete and partial 
atrioventricular canal (alternatively termed endocardial 
cushion) defects, although it can exist as an isolated lesion. 

It reflects failure of complete fusion of the left aspect of the 
inferior and superior bridging leaflets.

Echocardiographic features of cleft mitral valve include 
(Figure 80-9):

A divided anterior mitral valve leaflet (a trileaf-• 
let mitral valve), best seen in the parasternal short 
axis view.

Figure 80-7. A parasternal view showing the main pulmonary 
artery branching into the left and right pulmonary arteries (a). 
Color Doppler demonstrates flow into the pulmonary artery at 
the level of the bifurcation during diastole (b) and systole (c). 
MPA, main pulmonary artery; RPA, right pulmonary artery; LPA, 
left pulmonary artery.
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Figure 80-8. A parasternal long-axis view in a patient with cor triatriatum shows a membrane (arrows) dividing the left atrium (a). 
This can also be seen in this apical four-chamber image (arrows, b), and flow acceleration above the mitral valve is apparent with the 
addition of color Doppler flow mapping (c). There was a mild gradient across the membrane in this asymptomatic patient, as demon-
strated by spectral Doppler (d). LV, left ventricle; MV, mitral valve; Ao, aorta. 
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Figure 80-9. These transesophageal images from a patient with a partial atrioventricular canal defect demonstrate a “cleft” in the 
“anterior” leaflet of the mitral valve (arrows, a). As described in the text, the mitral valve is more accurately described as trileaflet.
The abnormal architecture of the valve can lead to restricted opening (b), and occasionally causes hemodynamically significant mitral
stenosis. More commonly, there is mitral regurgitation, often eccentric and posteriorly directed (c). Of note, the patient may have had a 
ventricular septal defect earlier in life, which is no longer patent. A “ventricular septal aneurysm,” likely consisting of tricuspid valve tis-
sue can be seen (arrows, d). Color flow mapping shows left-to-right flow across the primum atrial septal defect (e). A ventricular septal 
defect (asterisk) in conjunction with a primum atrial septal defect (arrows) is shown in another patient with a complete atrioventricular
canal defect (f). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; Ao, aorta. 
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Figure 80-10. A parasternal long-axis view demonstrating prolapse of the anterior and posterior mitral valve leaflets (arrows) >2
mm beyond the mitral annulus (a). This parasternal long-axis image is from a patient with posterior mitral leaflet prolapse (arrows,
b). As a result, there is anteriorly directed mitral regurgitation (c). M-Mode echocardiography demonstrates prolapse of the posterior
leaflet into the left atrium in mid- to late-diastole (arrows, d). Apical four-chamber views also demonstrate the posterior leaflet prolapse 
( arrows, e) and eccentric mitral regurgitation (f). LA, left atrium; LV, left ventricle; Ao, aorta.
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There is often eccentric posteriorly directed mitral • 
regurgitation.
It is important to look for associated lesions, especially • 
those related to endocardial cushion defects (e.g., pri-
mum ASD, inlet ventricular septal defect [VSD]).

Congenital Mitral Stenosis
Parachute mitral valve results when all the chordae tendinae 
insert onto a single, papillary muscle. Demonstration of the 
single papillary muscle with 2D imaging in the parasternal 
short axis view differentiates this lesion from rheumatic mi-
tral stenosis as does the lack of commissural fusion. Double 
orifice mitral valve and anomalous mitral arcade are rare 
causes of congenital mitral stenosis.

Mitral Valve Prolapse (MVP)
Mitral valve prolapse is seen in 2 to 4% of subjects with 
widely varying clinical significance. Prolapse of the mitral 
valve leaflets greater than 2 mm beyond the plane of the 
mitral annulus occurs frequently in healthy young women 
and usually has an excellent prognosis. The form of MVP 
related to progressive myxomatous mitral leaflet thickening, 
usually seen in older patients, is more commonly associated 
with significant mitral regurgitation. 

The main echocardiographic features of MVP are 
(Figure 80-10):

Prolapse of either or both of the mitral valve leaflets • 
greater than 2 mm past the plane of the mitral annu-
lus, best seen in the parasternal long axis view, defines 
MVP.
M-Mode can also be used to demonstrate leaflet • 
thickening and prolapse, when the cursor is directed 
just to the left atrial aspect of the mitral annulus in 
the parasternal long axis view.
Myxomatous degeneration is frequently associated with • 
ruptured chordae that may result in flail mitral leaflets.
The mitral annulus is saddle-shaped so that apical • 
views tend to overestimate the degree of prolapse and 
should not be used to make the diagnosis.
Mitral regurgitation due to MVP is often mid-to-late • 
systolic.
The severity of associated mitral regurgitation is the • 
main prognostic feature.

Right Ventricular Outflow Obstruction

Right ventricular outflow obstruction can be divided anatomi-
cally into subvalvular, valvular, and supravalvular obstruction.

Figure 80-10. (continued)
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Subvalvular Stenosis
Subvalvular stenosis is usually due either to fibromuscular 
stenosis or to right ventricular hypertrophy (RVH), causing 
dynamic obstruction of the right ventricular outflow tract.

RVH often develops in patients with valvular pulmo-• 
nary stenosis. Obstruction due to this hypertrophied 
muscle can complicate surgical or percutaneous treat-
ment of the valvular lesion.
Pulmonary atresia refers to complete obstruction of • 
blood flow from the right ventricle to the pulmonary 
circulation via the right ventricular outflow tract 
(RVOT) and can occur at the subvalvar or valvar 
level. This complex and heterogeneous disease is rela-
tively uncommon, and survival to adulthood with an 
intact ventricular septum without early intervention 
is very rare, although, it can occur in the presence of 
a VSD and with collateral flow to the pulmonary vas-
culature.

Valvular Pulmonic Stenosis
Valvular pulmonic stenosis (PS) is a relatively common 
isolated congenital heart defect and is also seen in vari-
ous syndromes including Noonan and Williams syndromes 
(Table 80-5). Mild pulmonary stenosis is usually well toler-
ated and does not require intervention. The most common 
treatment for moderate or severe pulmonary stenosis is bal-
loon valvuloplasty.

Echocardiographic features of valvular pulmonic stenosis 
include (Figure 80-11):

Thickened valve leaflets, which dome in systole (sim-• 
ilar to bicuspid aortic valve).
The modified Bernoulli equation is used to determine • 
peak and mean gradients but is less accurate in the 
presence of multiple sequential stenoses (e.g., valvular 
and subvalvular obstruction) or with a long stenotic 
lesion.
The modified Bernoulli equation can be used to de-• 
termine right ventricular systolic pressure from the 
velocity of the tricuspid regurgitant jet. This can 
 provide a general estimate of the maximal severity of 
the RVOT/valvular obstruction.
M-Mode may demonstrate late diastolic opening of • 
the pulmonary valve with atrial contraction in the 
setting of a noncompliant (restrictive) hypertro-
phied RV.

Supravalvular Stenosis
Supravalvular stenosis may be due to proximal pulmonary 
artery stenosis or more distal branch pulmonary artery 
stenoses. Patients with congenital rubella syndrome often 
have pulmonary artery stenosis, and multiple distal muscu-
lar pulmonary artery stenoses are associated with Williams 
syndrome (Table 80-5).

Atrial Septal Defects 

ASDs comprise approximately 20% of ACHD. In general, 
they are associated with left-to-right shunts, which can be 
characterized echocardiographically by:

Elevated Qp:Qs (a • significant shunt is often defined by 
a Qp:Qs ≥ 1.5-2).
Right atrial and right ventricular dilation.• 
Paradoxical interventricular septal (IVS) motion, • 
with the IVS bowing toward the left during diastole 
(a D-shaped IVS, Figure 80-12).
In some cases, patients develop increased elevated • 
pulmonary vascular resistance and consequent pul-
monary artery hypertension. When severe, this can 
lead to a persistent D-shaped IVS during  systole, 
Figure 80-13.

There are four major types of ASD (Table 80-2).

Ostium Secundum ASD
Ostium secundum ASD is a defect of the septum primum and 
is located in the area of the fossa ovalis. It is the most com-
mon type of ASD (~70-80%), and it’s the only ASD currently 
appropriate for percutaneous closure. The electrocardiogram 
usually demonstrates incomplete or complete right bundle 
branch block (RBBB) with normal or right axis deviation. 

Echocardiographic characteristics of secundum ASD in-
clude the following (Figure 80-14):

There is often echo dropout in the mid-septum at the • 
level of the fossa ovalis, but because this structure is 
normally so thin, dependence on this finding in iso-
lation (without evidence of right-sided volume over-
load or elevated Qp:Qs) may produce false positive 
results.
Best seen from the subcostal view because the inter-• 
atrial septum is in the near field (relative to an apical 
view) and is perpendicular to the ultrasound beam.
Color and spectral Doppler flow across suspected de-• 
fects (especially from the subcostal view) confirms 
the presence and direction of flow across a defect. Ve-
locities are usually low because there is only a small 
pressure gradient between the right and left atria, es-
pecially in the setting of chronic left-to-right shunt.

Ostium Primum ASD
Ostium primum ASD (primum, partial atrioventricular sep-
tal defect, partial atrioventricular canal defect) makes up 
~15 to 20% of ASD and is associated with Trisomy 21 (Down 
syndrome, Table 80-5). This defect reflects abnormalities 
in endocardial cushion development. The electrocardio-
gram usually presents an incomplete or complete RBBB 
but can be differentiated by the presence of left axis devia-
tion and an increased prevalence of first degree AV block. 
Primum ASD may be isolated but is often associated with 
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other endocardial cushion abnormalities (Figure 80-9). 
The endocardial cushions contribute to adult cardiac struc-
tures including the lower atrial septum, the inlet ventricular 
septum, and most portions of mitral (anterior leaflet) and 
tricuspid (septal and anterior leaflets) valves. A complete 
atrioventricular canal defect is defined by the presence of a 

primum ASD and an inlet VSD. It is also often associated 
with: 

Cleft mitral valve, with a defect of the A2 segment • 
of the anterior mitral valve, permitting mitral regur-
gitation, which is often eccentric and directed pos-
teriorly

Figure 80-11. A parasternal view demonstrates doming of the 
pulmonary valve in this patient with valvular pulmonic stenosis 
(a). Color Doppler demonstrates systolic flow acceleration with 
aliasing and turbulent flow at the level of the valve (arrow, b). 
Spectral Doppler allows accurate estimation of the pressure gra-
dient across the valve (c); in this case the peak gradient is just 
over 50 mm Hg, consistent with moderate pulmonary stenosis. 
RVOT, right ventricular outflow tract; PA, pulmonary artery.
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Widened commissure between the anterior and septal • 
tricuspid leaflets

Sinus Venosus Defects
Sinus venosus defects accounts for 5 to 10% of ASDs. They 
usually occur in the posterosuperior aspect of the atrium 
at the junction of the superior vena cava (SVC) and RA 
( superior sinus venosus defects, Figure 80-15), and thus 
are not truly defects of the atrial septum. Characteristics of 
sinus venosus defects include:

Frequent association of superior sinus venosus defects • 
with partial anomalous pulmonary venous return (usu-
ally the right superior and middle pulmonary veins 
draining to SVC/RA).
Difficult to diagnose with transthoracic echocardiog-• 
raphy (TTE) because of the posterosuperior location 
of defect. You should have a high index of suspicion 
in a patient with dilated right-sided chambers without 
other etiology.
Contrast injection can help demonstrate shunt, but • 
anatomic diagnosis often requires a  transesophageal 

echocardiogram (TEE), computed tomography 
(CT), or magnetic resonance imaging (MRI).

Unroofed Coronary Sinus Defect
Unroofed coronary sinus defects result in a communication 
between the LA and coronary sinus and are not truly defects 
of the atrial septum but they permit similar hemodynamic 
physiology and sequelae.

Ventricular Septal Defects 

VSDs are the most common congenital heart defects 
overall, but are less common among adults. Small de-
fects often close spontaneously (50-80%) through several 
mechanisms including adherence of the tricuspid valve 
leaflets or subvalvular apparatus, myocardial hypertrophy, 
and fibrous ingrowth, whereas larger defects are often cor-
rected in childhood. VSDs are classified by their physi-
ology (degree of restriction to interventricular flow) and 
anatomic location.

Figure 80-12. Parasternal short-axis images from a patient with right ventricular volume overload due to a sinus venosus defect. 
In diastole, the intraventricular septum is flattened (a), but returns to the normal configuration during systole (b). LV, left ventricle; 
RV, right ventricle.

A B
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Physiologic classification is based on the size and resulting 
amount of flow between the left and right ventricles.

Restrictive VSD• 
° Small defect (less than one third the size of the 

 aortic root)

° High pressure gradient between left and right ven-
tricles (usually >4 m/s or 64 mm Hg)

° Not associated with elevations in right ventricular 
pressure or pulmonary arterial resistance

Figure 80-13. Parasternal short-axis images from a patient with right ventricular pressure overload. In diastole, the intraventricular 
septum is normal (a), but flattens (bows toward the left ventricle) during systole (b). LV, left ventricle; RV, right ventricle.

Table 80-2 • Atrial Septal Defects

Type of ASD % of ASD
Percutaneous
Closure?

Other Names 
and Subtypes Risk Factors

Associated Features 
and Syndromes

Secundum 70-80 yes, with 
favorable
anatomy

ostium secundum, 
fossa type

female (~60%)
Trisomy 21 (less than 
primum) maternal 
alcohol use

Holt-Oram syndrome
RBBB with normal or right 
axis of QRS

Primum 15-20 no partial AV canal 
defect

Trisomy 21 other endocardial cushion 
issues:
-Inlet VSD
-Cleft mitral valve
- Wide anteroseptal tricuspid 
commissure

RBBB with left axis deviation 
of QRS 

Sinus venosus 5-10 no superior
inferior (rare)

PAPVR (esp. with superior 
form)
Atrial ectopic pacemaker

AV, atrioventricular; RBBB, right bundle branch block; VSD, ventricular septal defect; PAPVR, partial anomalous pulmonary venous return.

A B
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Moderately restrictive VSD• 
° Defect approximately half the size of aortic root
° Moderate pressure gradient between left and right 

ventricles (~3 m/s or 36 mm Hg)
° May be associated with right ventricular systolic 

hypertension, and patients may develop elevated 
pulmonary arterial resistance

Nonrestrictive VSD• 
° Large defect (larger than half the size of the aortic 

root)
° Minimal pressure gradient between the left and 

right ventricles
° Right ventricular systolic hypertension is univer-

sally present, and elevated pulmonary arterial re-
sistance develops over time

Anatomic classification (Table 80-3, Figure 80-16) is based 
on the location of the VSD.

Perimembranous VSD, also referred to as membra-• 
nous VSD, is the most common type (~80%) of VSD. 
These VSDs are associated with a high rate of sponta-
neous closure (Figure 80-17).

Muscular VSD accounts for ~10 to 15% of VSDs. Mus-• 
cular VSD is further categorized by its location:
° The inlet septum is derived from the endocardial 

cushions. The inlet septum divides the mitral and 
tricuspid valves.

° The trabecular septum is created by the muscu-
lar invagination of the embryologic ventricle and 
is bordered by the apex, tricuspid insertions, and 
crista supraventricularis. Muscular VSDs are often 
multiple (Swiss-cheese) defects, especially trabecular 
VSD (Figure 80-18).

° The outlet is the smooth-walled ventricular sep-
tum superior to the crista supraventricularis, de-
rived from the conotruncal septum. Separates the 
RVOT and LVOT.

Doubly committed subarterial or supracristal VSD is less • 
common (~5-8%, also called infundibular), although 
it accounts for a higher proportion among East Asian 
patients (upwards of 25% of VSD in this population). 
Supracristal VSD are located between the LVOT and 
RVOT adjacent to the fibrous continuity between the 
pulmonary and aortic valves.

Figure 80-14. These transesophageal echocardiographic im-
ages demonstrate a secundum atrial septal defect (arrow, a), and 
color Doppler reveals left-to-right flow through the defect (b). 
Three-dimensional echocardiography shows the relationship be-
tween the defect and aortic valve (c). LA, left atrium; LV, left ven-
tricle; RA, right atrium; RV, right ventricle; SP, septum primum; 
AR, aortic root; AV, aortic valve.
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Complications of VSD include:
Elevated right ventricular pressure• 
Elevated pulmonary arterial resistance• 
° Eisenmenger physiology is near-equalization of 

right and left ventricular pressures due to markedly 
elevated pulmonary vascular resistance as the re-
sult of chronic left-to-right shunting.

Left atrial and left ventricular volume overload• 
Atrial arrhythmia, most commonly atrial fibrillation• 
Bacterial endocarditis• 
° Classically, endocarditis develops in locations with 

turbulent flow from the VSD. This often results in 
lesions on the tricuspid or pulmonary valves.

Aortic regurgitation, most commonly with outlet • 
muscular and doubly committed subarterial defects 
due to lack of support for the aortic annulus

Figure 80-15. A sinus venosus atrial defect with partial anoma-
lous venous return is demonstrated in these transthoracic 
echocardiographic images. There is a defect (arrow) in the su-
peroposterior aspect of the atrial septum; the right upper and 
right middle pulmonary veins (PV) straddle the defect (a). Color 
Doppler demonstrates flow through the pulmonary veins and 
left-to-right flow through the ASD (b). The chronic right-sided 
volume overload leads to right atrial and right ventricular dila-
tion (c). LA, left atrium; LV, left ventricle; RA, right atrium; RV, 
right ventricle; PV, pulmonary veins.

Table 80-3 • Ventricular Septal Defects

Type of VSD
% of 
VSD

Other Names 
or Subtypes

Associated
Features and 
Syndromes

Perimembranous 75-80 membranous

Muscular 10-15 inlet 

trabecular
outlet

AV canal 
defects
often multiple 
(Swiss Cheese)

Doubly
committed,
subarterial

5-8 supracristal, 
conoseptal

more common 
in East Asians

VSD, ventricular septal defect; AV, atrioventricular.
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Other echocardiographic features of VSD include:
With elevated right ventricular pressure, there may be • 
bidirectional flow across the VSD.
Left atrial and ventricular dilation reflect a significant • 
shunt causing left-sided volume overload.
Remember, there can be • less flow across larger defects 
because of equalization of right and left ventricular 
pressure. This is shown by color flow Doppler as non-
turbulent flow without aliasing.

D-Transposition of the Great 
Arteries (D-TGA)

D-transposition of the great arteries involves ventriculoar-
terial transposition with the aorta arising from the mor-
phologic right ventricle and the pulmonary artery from the 
morphologic left ventricle. There must be an associated 

lesion to allow mixing of deoxygenated systemic venous 
blood and oxygenated pulmonary venous blood. Otherwise, 
the cardiovascular system would comprise two entirely sepa-
rate parallel circuits, a configuration that is incompatible 
with life. Possible shunt locations include ASD, VSD, and 
PDA. Other associated lesions include coarctation of the 
aorta and pulmonic stenosis.

The echocardiographic assessment of adults with D-TGA 
depends on the surgery performed to repair the defect. 
Surgical approaches include:

The Mustard and Senning procedures involve baffling • 
(redirecting) systemic venous blood to the left atrium 
(Table 80-4). These are often referred to as atrial 
switch operations. The morphologic right ventricle is 
the systemic ventricle with long-term complications 
(systemic tricuspid regurgitation, and systemic right 

Muscular

Membranous

Inlet

Infundibular
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Figure 80-16. Diagrams showing the location of several anatomic types of ventricular septal defect in four common echocardio-
graphic views: A- parasternal short-axis view at the level of the aortic valve. Well seen are membranous (perimembranous) and 
infundibular (supracristal) defects. B- parasternal short-axis view at the level of the left ventricular papillary muscles demonstrates
muscular defects. C- apical four-chamber view allows visualization of inlet (canal-type) and muscular defects. D- parasternal long-axis
view shows both membranous and muscular defects. RV, right ventricle; LV, left ventricle; RA, right atrium; LA, left atrium; MPA, main 
pulmonary artery; AV, aortic valve.
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Figure 80-17. A perimembranous ventricular septal defect 
(VSD) is demonstrated with 2D and color Doppler flow map-
ping in the parasternal short-axis view at the level of the aortic 
valve (a). The defect is not seen on 2D parasternal long-axis im-
ages (b), but the likely presence of a VSD is suggested by color 
Doppler imaging during systole (c). In this diastolic parasternal 
long-axis image, there is diastolic left-to-right flow across the 
defect (black arrow, d). Also noted is the associated posteriorly 
directed aortic regurgitation (white arrow, d). Spectral Doppler 
reveals a high gradient across this restrictive perimembranous 
VSD (e). LA, left atrium; LV, left ventricle; RA, right atrium; RV, 
right ventricle; RVOT, right ventricular outflow tract; Ao, aorta.
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ventricular dysfunction) as outlined below for con-
genitally corrected transposition of the great arteries 
(ccTGA). Baffle leaks and stenoses are increasingly 
common with aging.
The arterial switch procedure involves transposing • 
the aorta and pulmonary artery (Table 80-4). This 
is the currently favored procedure because it results 
in a systemic left ventricle. The most technically 
challenging aspect of this operation, which prevented 
its widespread use for decades, is transferring the very 
small coronary arteries from the aorta to the neo-aorta 
(native pulmonary artery root).

Echocardiographic features of D-TGA include (Figure 
 80-19):

The morphologic right ventricle receives blood from • 
the morphologic right atrium and pumps blood to the 
aorta (Table 80-1).
The aortic valve is usually anterior and right of the • 
pulmonary valve (opposite normal configuration).
The mitral and pulmonary valves share a fibrous • 
 continuity (similar to the normal aortomitral 
 continuity).
The aorta and pulmonary artery have a common • 
 parallel course.

Figure 80-18. An apical four-chamber image suggests several small, muscular ventricular septal defects (VSD) near the apex (a), 
and color Doppler flow mapping confirms multiple left-to-right jets (arrows, b). The left-to-right flow across the defects is also seen in 
parasternal short axis with color Doppler (c). Spectral Doppler (d) demonstrates a high-velocity jet between the left and right ventricles 
in the setting of these small restrictive apical muscular VSD. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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Congenitally Corrected Transposition 
of the Great Arteries (ccTGA or L-TGA)

Congenitally corrected transposition of the great arteries 
occurs when the atria are in their normal position (situs 
solitus), but there is both atrioventricular and ventricu-
loarterial discordance. Thus, systemic venous blood re-
turns to the morphologic right atrium and then flows to 
the morphologic left ventricle and on via the pulmonary 
artery to the lungs. The blood returns via the pulmonary 
veins to the morphologic left atrium, to the morphologic 
right ventricle, and out via the aorta to the systemic 

circulation. Patients with isolated ccTGA may be asymp-
tomatic well into adulthood. Associated lesions, to a large 
degree, determine the clinical course of ccTGA. These 
include:

VSD (60-80%), most often perimembranous.• 
Pulmonic stenosis (30-50%).• 
Ebstein-like tricuspid malformation (20-40%).• 
Abnormal AV nodal position and the course of con-• 
duction system, often with dual AV nodes. There is a 
high incidence of complete heart block that increases 
with age.

Table 80-4 • Basic Operations and Interventional Procedures for Palliation or Correction of Congenital Heart 
Defects

Operation
or  Procedure

Year 
 Introduced

Common Diseases 
or Physiology Description Physiology Long-term Issues

Ligation of PDA 1938 PDA First CHD surgery

Blalock-Taussig 
shunt

1944 TOF, other diseases 
with low pulmonary 
blood flow

Right subclavian artery to 
right PA shunt. Left-sided if 
the aortic arch is on right. 
Modified B-T shunt uses 
graft material to connect 
subclavian artery to PA.

Increase pulmonary 
blood flow

Pulmonary hypertension 
(if flow too great) 
stenosis or occlusion 
of shunt systemic 
ventricular volume 
overload

Potts/
Waterston 
shunts

1946/1962 TOF, other diseases 
with low pulmonary 
blood flow

Descending aorta to left 
PA/ascending aorta to 
right PA with side-to-side 
anastomosis

Increase pulmonary 
blood flow

Pulmonary hypertension 
(if flow too great) 
stenosis or occlusion 
of shunt distortion of 
PA anatomy systemic 
ventricular volume 
overload

Mustard/
Senning

1964/1959 D-TGA Baffle systemic venous 
blood to left atrium and 
pulmonic venous blood 
to right atrium. Mustard 
uses pericardium or graft 
material and Senning uses 
native atrial tissue.

Create venoatrial 
discordance so 
systemic RV will 
receive oxygenated 
blood

Atrial arrhythmias 
systemic RV dysfunction 
systemic
TV regurgitation

Glenn 1958 Single ventricle SVC to PA shunt 
(~half-Fontan)

Increase pulmonary 
blood flow

Rashkind 1967 D-TGA Balloon atrial septostomy 
(percutaneous)

Allows mixing 
of oxygenated & 
deoxygenated atrial 
blood

Fontan 1971 Single ventricle 
such as tricuspid 
atresia or (HLHS)

Diverts systemic venous 
return (SVC and IVC) to 
pulmonary artery

Single systemic 
ventricle with 
passive flow 
to pulmonary 
circulation

Atrial flutter and 
fibrillation protein 
losing enteropathy 
cirrhosis

Arterial switch 1975 D-TGA Anatomic correction 
of D-TGA

Great vessel dilation/
stenosis neo-aortic 
regurgitation coronary 
artery abnormalities

PDA, patent ductus arteriosus; CHD, congenital heart disease; TOF, Tetralogy of Fallot; PA, pulmonary artery; D-TGA, D-transposition of the great arteries; RV, right ventricular; 
TV, tricuspid valve; SVC, superior vena cava; HLHS, hypoplastic left heart syndrome; IVC, inferior vena cava.
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Other associated lesions are less common including • 
ASD, subaortic stenosis, and pulmonary atresia.
Dextrocardia is present in 20%.• 

Surgical approaches to ccTGA include the classic approach 
and the double-switch operation. The classic approach ad-
dresses associated lesions such as VSD and outflow obstruc-
tion, but retains the right ventricle as the systemic ventricle. 
The double-switch operation involves both a Mustard or a 
Senning procedure (to redirect systemic venous blood to the 
left atrium and pulmonary venous blood to the right atrium) 
and an arterial switch (transposing the pulmonary artery 
and aorta).

Long-term issues for patients with ccTGA include:
Heart block (see above)• 
Systemic right ventricular dysfunction and secondary • 
systemic tricuspid regurgitation leading to systemic 
right ventricular failure
Bacterial endocarditis, especially with associated VSD • 
or regurgitant valvular lesions
Atrial arrhythmias are more common than ventricu-• 
lar arrhythmias and are associated with systemic right 
ventricular dysfunction and systemic tricuspid regurgi-
tation.

Echocardiographic characteristics of ccTGA include 
(Figure 80-20):

The morphologic right ventricle receives blood from • 
the morphologic left atrium and pumps blood to the 
aorta. See Table 80-1 for criteria to define the mor-
phology of each structure.
The aortic valve is anterior and left of the pulmonary • 
valve.

Ebstein’s Anomaly

Ebstein’s anomaly involves apical displacement of one or 
more leaflets of the tricuspid valve. Most common, the  septal 
(+/– the inferior/posterior) leaflet attachment is apically dis-
placed, whereas the anterosuperior leaflet is large and abnor-
mally tethered to the free wall of the right ventricle. This 
results in a significant distance between the tricuspid annulus 
and the tricuspid valve orifice. This portion of the right side 
of the heart is referred to as the atrialized portion of the right 
ventricle. There is a wide spectrum of clinical severity mainly 
related to the size of the right ventricle (small ventricles have 
worse outcomes) and the degree of tricuspid regurgitation. The 
prognosis is poor in patients with a functional right ventricle 
less than one-third the size of the area below the tricuspid 
annulus. There are several associated lesions. Approximately 

Figure 80-19. A transthoracic echocardiographic image from a patient with D-transposition of the great arteries demonstrating a 
connection between the morphologic left ventricle and the pulmonary artery (a). The aorta is positioned anterior and to the right of 
the pulmonary artery (b). LA, left atrium; LV, left ventricle; RV, right ventricle; MB, moderator band; MPA, main pulmonary artery; PA, 
 pulmonary artery; Ao, aorta.

A B



CHAPTER 80 /  Essential Echocardiographic Images in Adult Congenital Heart Disease 949   

one half of patients have either an ASD or stretched patent 
foramen ovale (PFO) allowing interatrial shunting. There is 
also a high prevalence of accessory conduction pathways (e.g., 
Wolff-Parkinson-White), with the potential for 1:1 conduc-
tion of supraventricular tachycardia. This takes on increased 
significance given the high incidence of atrial tachyarrhyth-
mias due to abnormal right atrial structure, right ventricular 
dysfunction, and tricuspid regurgitation.

Other associated lesions include:
ccTGA• 
Pulmonary stenosis or atresia• 
Left ventricular dysfunction and mitral valve  prolapse• 

Echocardiographic features include (Figure 80-21):
The hallmark is a marked apical displacement of the sep-• 
tal tricuspid leaflet. The tricuspid valve is usually more 
apical than the mitral valve, but the difference is usually 
≤8 mm/m2 body surface area (BSA) or ≤20 mm.
Variable degree of tricuspid regurgitation and, much • 
less common, tricuspid stenosis
It is important to determine the presence or absence of • 
an atrial level communication such as a PFO or ASD.

Tetralogy of Fallot (TOF)

Tetralogy of Fallot consists of four associated defects, which 
derive directly from anterior deviation of the infundibular 
septum. The four components of TOF are infundibular pul-
monary stenosis, a large nonrestrictive VSD as a result of 

septal malalignment, aorta overriding the right ventricular 
outflow tract, and right ventricular hypertrophy. The clini-
cal presentation depends on the degree of pulmonary steno-
sis; the diagnosis can be delayed until adulthood in patients 
with very mild pulmonary stenosis and trivial right-to-left 
shunting.

The surgical approach to TOF can be divided into pallia-
tion and repair. Palliative surgical approaches include the 
Blalock-Taussig shunt and the Potts and Waterston shunts 
(Table 80-4). The goal of these operations is to increase 
pulmonary blood flow. The current surgical approach is 
early primary repair (alleviation of pulmonary stenosis and 
closure of VSD) without palliation, but most current adult 
patients with TOF will have had a palliative procedure prior 
to repair.

Early surgical approaches emphasized the importance of 
total alleviation of pulmonary stenosis with little concern 
about subsequent pulmonary regurgitation (PR). As a result, 
many adult patients have severe PR. This eventually leads 
to progressive RV dilation and dysfunction. As such, severe 
PR is the most common indication for reoperation in pa-
tients with repaired TOF.

Echocardiographic features of repaired TOF include 
(Figure 80-22):

Severe PR is common, and the findings parallel those • 
for severe AR.
° Wide vena contracta

Figure 80-20. An apical four-chamber image from a patient with congenitally corrected transposition of the great arteries (a). The left 
atrium is identified by the presence of draining pulmonary veins as well as the narrow-based left atrial appendage (arrows). The right 
ventricle is characterized by an apically displaced valve and the presence of the moderator band. Color flow mapping demonstrates at 
least moderate systemic tricuspid regurgitation. A modified parasternal long-axis image demonstrates the posteriorly positioned left 
ventricle ejecting into the pulmonary artery, which is characterized by an early bifurcation into the left and right pulmonary arteries (b). 
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; MB, moderator band; PV, pulmonary vein; MPA, main pulmonary
artery; RPA, right pulmonary artery; LPA, left pulmonary artery; Ao, aorta.
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° Rapid deceleration time (pressure half-time <100 
msec) of the pulmonary regurgitant flow velocity 
signal

° Branch pulmonary artery diastolic flow reversal
RVH is less common than RV dilation, because surgi-• 
cal approaches trade the PS for PR.

Tricuspid regurgitation is also common, as a result of • 
RV dilation.

Echocardiographic features of palliated or unoperated TOF 
include the four components of TOF and findings specific to 
a given palliative procedure (Figure 80-23).

Figure 80-21. An apical four-chamber image from a patient 
with Ebstein’s anomaly (a). There is marked apical displacement 
of the tricuspid valve (arrows), and a large right atrium inclusive 
of an ‘atrialized’ right ventricle. Color Doppler demonstrates sig-
nificant tricuspid regurgitation (b). This parasternal short-axis 
image shows the tricuspid valve (arrows) insertion at the level 
of the left ventricular papillary muscles, as well as the presence 
of a dilated right ventricle (c). LA, left atrium; LV, left ventricle; 
RA, right atrium; RV, right ventricle.
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Other lesions associated with TOF include:

Right-sided aorta in ~25%, often in patients with a • 
22q11 mutation (CATCH-22 syndrome, Table 80-5).
Atrioventricular septal defect (AVSD) can be • 
seen with TOF, especially with Trisomy 21 (Table 
80-5).
Approximately 3 to 5% have an aberrant left ante-• 
rior descending coronary artery arising from the right 
coronary artery that crosses the RVOT anteriorly. In 

this setting, incision of the RVOT (an approach to 
alleviate infundibular PS) can cause catastrophic an-
terior myocardial infarction.

Arrhythmogenic Right Ventricular 
Cardiomyopathy/Dysplasia and 
Hypertrophic Cardiomyopathy

Although usually not clinically significant at birth, ar-
rhythmogenic right ventricular cardiomyopathy/dysplasia 

Figure 80-22. A parasternal image of the pulmonary artery 
in a patient with repaired tetralogy of Fallot (a). Color Doppler 
demonstrates a broad regurgitant jet (black arrow), as well as 
retrograde flow in the branch pulmonary arteries in this early di-
astolic frame. Severe pulmonary regurgitation is also suggested 
by the steep slope (short pressure half-time) of the regurgitant 
jet as measured by spectral Doppler (c). MPA, main pulmonary 
artery; RPA, right pulmonary artery; LPA, left pulmonary artery; 
Ao, aorta.
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Figure 80-23. This parasternal long-axis image demonstrates a large ventricular septal defect (arrow) and overriding aorta (a portion 
of the aorta is positioned over the right ventricle), in an adult with unrepaired tetralogy of Fallot (a). Color Doppler during systole dem-
onstrates flow from both the right and left ventricle toward the aorta. There is no predominant direction of flow across the nonrestric-
tive VSD, since the right and left ventricular pressures are equal. 

Table 80-5 • Heritable Syndromes Associated with Congenital Heart Disease

Syndrome
Associated Congenital 
Heart Defects* Other Associated Lesions Genetic Defect

Noonan syndrome 
(OMIM 163950)

PA stenosis, dysplastic 
PV with PS, ASD, TOF, HCM

Short stature, webbed neck, 
sternal and ocular abnormalities, 
cryptorchidism

Autosomal dominant, 
abnormality on chromosome 
12q, multiple genes

Williams syndrome 
(OMIM 194050)

Supravalvular AS, distal PA 
stenoses

Elfin facies, cocktail personality, 
hypercalcemia, elastin 
abnormality, cognitive impairment

Autosomal dominant, elastin 
gene and others (7q11.2)

Turner syndrome Left-sided obstructive lesions 
especially coarctation of the 
aorta (CoA), bicuspid AV, PAPVR

Short stature, webbed neck, 
sterility

45 X0 karyotype

Down syndrome 
(OMIM 190685)

AVSD, VSD, ASD Cognitive issues, single palmar 
crease, epicanthic fold of eyelid, 
Brushfield spots

Trisomy 21, ~50% have a 
congenital heart defect

Ellis-van Creveld syndrome 
(OMIM 225500)

Primum ASD, common 
atrium, partial AVSD

short limb dwarfism, polydactyly Autosomal recessive (4p16)

Holt-Oram syndrome 
(OMIM 142900)

Secundum ASD, VSD Abnormalities of radial aspect 
of forearms and hands

Autosomal dominant, 
TBX5 gene (12q21.4)

Multiple lentigines 
syndrome (Leopard 
syndrome) (OMIM 151100)

Pulmonic stenosis, conduction 
abnormalities

Multiple lentigines, 
hypertelorism, sternal 
malformation

Autosomal dominant, 
multiple genes

DiGeorge syndrome 
(CATCH-22, velocardiofacial 
syndrome) (OMIM 188400)

Conotruncal abnormalities (e.g., 
TOF), right-sided aortic arch

Hypocalcemia (parathyroid 
hypoplasia), thymic hypoplasia, 
cleft palate, abnormal facies

22q11.2 deletion

*The strongest associations are presented in bold font. AV, aortic valve; ASD, atrial septal defects; VSD, ventricular septal defect; AVSD, atrioventricular septal defect; TOF, 
 Tetralogy of Fallot; PA, pulmonary artery; PV, pulmonary valve; PS, pulmonary stenosis.

A B
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(ARVC/D) is a rare heritable cardiomyopathy with signifi-
cant importance to the adult cardiologist and echocardiog-
rapher. The most common presentation is of a young or 
middle-aged person with left bundle branch pattern ven-
tricular ectopy. Electrographic findings include right precor-
dial T wave inversions, prolonged ventricular depolarization 
in V1 to V3 out of proportion to V4 to V6, and Epsilon 
waves, usually seen in V1 and V2. Histopathologically, 
there is fibrous and fatty infiltration of the right ventricle 
and sometimes the left ventricle. Echocardiography has 
limited specificity for ARVC/D (MRI may provide more 
specific diagnostic information), because many diseases 
can cause echocardiographic findings similar to ARVC/D. 
These include:

Dilated right ventricle with poor systolic function• 
Thin RV free wall and apical RV aneurysms• 

Echocardiographic features of HCM include:

LV hypertrophy, classically asymmetric septal hyper-• 
trophy
Systolic anterior motion of the mitral valve, leading • 
to LVOT obstruction
Increased LVOT gradient with Valsalva maneuver• 

Other Miscellaneous Lesions

Left Superior Vena Cava (LSVC)
LSVC is present in approximately 0.5% of the general pop-
ulation and 10% of patients with congenital heart disease. 
The left anterior cardinal vein regresses to form the rem-
nant ligament of Marshall. Failure of regression results in 
a persistent LSVC, which usually drains via the coronary 
sinus if there is no bridging vein between the left and right 
brachiocephalic veins, resulting in normal drainage of sys-
temic venous blood to the right atrium. A dilated coronary 
sinus, reflecting increased flow, should raise suspicion for a 
left LSVC. The diagnosis can be confirmed with injection 
of agitated saline into a left upper extremity vein, causing 
opacification of the coronary sinus.

Total and Partial Anomalous Pulmonary 
Venous Return (TAPVR, PAPVR)
TAPVR is almost universally fatal early in life if not  surgically 
repaired. PAPVR, on the other hand, is often asymptomatic 
and presents in adulthood. PAPVR is associated with ASD, 
especially sinus venosus defects (Figure 80-16). More than 
90% of patients with sinus venosus defects have PAPVR, 
most frequently a superior sinus venosus defect with anoma-
lous return of the superior or middle pulmonary vein to the 
right atrium. Up to 10% of patients with secundum ASD 
have PAPVR.

The scimitar syndrome is a subtype of PAPVR where the  inferior 
right pulmonary veins (+/– the middle and superior right pul-
monary veins) course below the diaphragm to the IVC.

The portion of the lung associated with the anomalous • 
venous drainage is often hypoplastic, as is the pulmo-
nary artery supplying the territory (a phenomenon not 
usually associated with other forms of PAPVR).
The name derives from the appearance of the le-• 
sion on chest radiography (like a scimitar, or Turkish 
sword).
On echocardiography, the main diagnostic finding is a • 
“hepatic” vein (the anomalous pulmonary vein) bridg-
ing the diaphragm. The Qp:Qs is mildly elevated.
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Catheter Closure of 
Intracardiac Shunts

Joseph D. Kay
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• Atrial septal defects cause primary left-to-right intracar-
diac shunts, which lead to right atrial and right ventric-
ular dilation, and late atrial arrhythmias. Many patients 
with these defects will be minimally symptomatic in 
childhood and early adulthood, but progress to have 
symptoms by the fourth to fifth decade of late, in part 
secondary to an increased magnitude of left-to-right 
shunting with increased left atrial pressure with age.

• Only secundum atrial septal defects with adequate 
surrounding rims are appropriate for transcatheter 
device closure. 

• Patent foramen ovale is a transient connection be-
tween the right and left atria, which usually does not 
allow for significant shunting at rest, but at times ma-
neuvers such as valsalva, which increases right atrial 
pressures, can cause right-to-left shunting. Potential 
indications to close these defects include hypoxemia 
caused by shunting through these defects, crypto-
genic strokes believed to occur through paradoxical 
embolism through the defect, and severe migraine 
headaches, although further research is needed to 
clearly define indications for closure of these com-
mon defects.

• Ventricular septal defects cause predominantly left 
atrial and left ventricular dilation secondary to vol-
ume overload, but can occasionally lead to right ven-
tricular dilation and hypertrophy in the case of larger 
shunts and with the development of pulmonary 
hypertension.

• Ventricular septal defects are heterogeneous, with 
four types. Although there is experience with tran-
scatheter closure of perimembranous defects, the 
higher rate of heart block compared with surgical 
closure has thus far precluded routine use of this 
technique. Outlet ventricular septal defects are close 
to the aortic and pulmonary valves, and this makes 
them rare candidates for device closure. Muscular 
defects can frequently be closed via a transcatheter 
route, although it is technically much more challeng-
ing than closure of secundum atrial septal defects.

• Patent ductus arteriosus causes left heart enlarge-
ment, and can lead to pulmonary hypertension. 
Transcatheter occlusion has become the preferred 
method of choice outside the neonatal period, with 
high success rate.

d PRACTICAL POINTS

Physicians involved with the closure of cardiac shunts, 
whether at the atrial, ventricular, or great arterial level, need 
to understand the pathophysiologic consequences of each le-
sion in order to understand the risk/benefit ratio of closure, 
whether surgical or via catheterization. Pretricuspid level 
left–to-right shunts cause right atrial and ventricular volume 
overload and dilation. This occasionally causes symptoms 

such as failure to thrive or recurrent pulmonary infections 
in early childhood but frequently does not lead to symptoms 
such as atrial arrhythmias and right heart failure until the 
fourth or fifth decade of life. With aging, especially with co-
morbid conditions such as hypertension, left atrial pressure 
increases, leading to increased left-to-right shunting through 
an atrial level shunt and therefore increased shunting and 



956 SECTION XII /  Congenital Heart Disease

right ventricular volume loading with time. Persistence of 
the patent foramen ovale (PFO) is common, with an inci-
dence of 20 to 30% of the population, and should only be 
considered pathologic in certain circumstances, as will be 
discussed later. Although closure of such defects carries a low 
risk, an approach to close all defects detected noninvasively 
would invariably lead to iatrogenic complications in patients 
who may never have otherwise encountered problems related 
to this variance of the normal anatomy. Whereas none of the 
pretricuspid level shunts place the patient at risk for endo-
carditis (provided they are not associated with other cardiac 
defects), closure to prevent such a problem is unwarranted. 
Ventricular septal defects (VSDs) lead primarily to volume 
loading of the left ventricle, although the right ventricle is 
affected as well with larger defects. Other late complications 
can occur with VSDs such as late right or left ventricular 
outflow tract obstruction, pulmonary hypertension, en-
docarditis, damage to either the aortic or tricuspid valves, 
and mitral annular dilation with secondary regurgitation. In 
childhood, this lesion is less likely to be missed secondary 
to the loud systolic murmur. Patency of the ductus arterio-
sus (PDA), like VSDs, leads to volume loading of the left 
ventricle and secondary left ventricular dilation, pulmonary 
hypertension of varying degrees, as well as risk of endarteritis 
during periods of bacteremia.

ATRIAL LEVEL SHUNTS

Catheter closure of atrial level shunts was among the earli-
est therapies for catheter-based devices for cardiac defects, 
first described in humans in 1976. It took more than 2½ 
decades, however, for improved devices to be approved by 
the U.S. Food and Drug Administration (FDA) for the clo-
sure of cardiac septal defects. In 2001, the FDA approved 
the CardioSEAL® device (NMT, Boston, MA) for closure 
of VSDs felt to be at high risk for surgical closure and the 
Amplatzer atrial septal occluder (AGA, Golden Valley, MN) 
for closure of secundum atrial septal defects measuring 4 to 
38 mm in diameter. In 2006, the FDA approved a second 
device called the HELEX® septal occluder (Gore, Flagstaff, 
AZ) for closure of small to moderate-sized secundum atrial 
septal defects no larger than 20 mm. In 2008, the Amplatzer 
cribriform atrial septal occluder was approved for closure 
of multifenestrated atrial septal defects (Figure 81-1). A 
number of other devices are currently in trials for closure of 
PFOs. These trials are studying the efficacy of a PFO closure 
compared to medical therapy of the prevention of recurrent 
systemic thromboembolic events for the treatment of severe 
migraine headaches.

Secundum Atrial Septal Defects (ASDs)

As stated above, there are currently three devices that 
have received FDA approval for closure of secundum atrial 

septal defects, with many practitioners having used the 
CardioSEAL device off label for this purpose (Table 81-1). 
The multicenter trial performed to assess the success and risk 
of ASD occlusion with the Amplatzer atrial septal occluder 
(ASO) had an overall success rate of more than 97%,1 with 
few complications, making catheter closure of appropriate 
ASDs preferred over surgery in most centers throughout the 
developed world. Because these defects may coexist with 
other congenital cardiac defects that are not always readily 
apparent on transthoracic echo, care must be taken to en-
sure that no such defects exist, which would require surgical 

Figure 81-1. The four devices approved by the FDA and used 
for closure of secundum atrial septal defects. (A) The Amplatzer 
septal occluder (ASO) attached to the delivery cable. The cable 
is attached to the smaller right atrial disc, with the left atrial disc 
slightly larger. The size of the middle waist, not well seen in this 
photograph, is chosen to correspond to the ASD size during 
balloon sizing. The device consists of 54 Nitinol wires welded 
together with three Dacron sheets sewn into each of the three 
discs. (B) The CardioSEAL occluder, made from two polyester 
sheets attached to two flexible hinged metal frames. Each frame 
is of identical size. (C) An implanted 18-mm Amplatzer cribri-
form occluder in a left anterior oblique (LAO) projection. Note 
the central waist is a thin pole, allowing it to be placed through 
the central most defect in the fenestrated septum, regardless 
of size. The right and left atrial discs are of identical size for all 
three sizes of this device. (D) HELEX atrial septal occluder as it 
is packaged, preloaded in this case with the right atrial disc par-
tially retrieved within the delivery sheath. The thin white thread 
is the retrieval cord that allows retrieval of the device even after 
deployment of the locking loop. The device consists of a single 
Nitinol wire, which forms both the right and left atrial discs, as 
well as the locking loop. The device is covered by a polytetrafluo-
roethylene (PTFA) membrane to allow for defect closure. This 
device is the most flexible of the four devices.



CHAPTER 81 /  Catheter Closure of Intracardiac Shunts 957   

intervention. Therefore, most centers perform a careful 
transesophageal echocardiogram (TEE) in adults prior to 
attempted closure, a careful TEE, or an intracardiac echo 
(ICE) at the time of closure in children. Although some 
experienced structural interventionalists report closure 
without ultrasound guidance, this is not recommended in 
routine practice, because deficient septal rims can lead to 
device prolapse into either the right or left atrium, leading 
to device failure and embolization. Therefore, TEE or ICE 
guidance for successful closure is recommended to ensure 
adequate positioning of the device and stability, for which 
fluoroscopy is not always adequate.

Patients felt to be candidates for device closure should be 
pretreated with aspirin prior to catheterization. Prior to 
crossing the defect, the patient is systemically anticoagu-
lated to maintain a minimum activated clotting time of 200 
seconds in order to prevent systemic thromboembolism. It 
is currently recommended to balloon size the defect under 
ultrasound and X-ray guidance in order to most accurately 
size the diameter of the defect (Figure 81-1). A device of 
the same size (central waist), or only slightly larger than the 
balloon-sized measurement of the defect, is recommended for 
the ASO. Oversizing of the device has been suggested to be 
the cause of rare late erosion.2 If choosing the HELEX device 
for closure, it is recommended that the device diameter be a 
minimum of 1.8 times the balloon stretched diameter. Failure 
to size as such has been shown to lead to incomplete closure.3 
As shown in Table 81-1, the HELEX device is manufactured 
in diameters of 15, 20, 25, 30, and 35 mm and, therefore, the 
largest defect size appropriate for the HELEX device is one 
that has a balloon stretched diameter of ≤20 mm.

Each of the devices has its own advantages and disadvan-
tages. The choice of closure device should depend upon the 
patient, the anatomy of the defect, and the operator’s experi-
ence. The Amplatzer device is technically a little simpler to 
deploy and is designed to close a larger spectrum of defects. 
The HELEX device, although slightly more technically 

demanding to deploy with a more complex locking loops 
system, offers the advantage of a much more flexible device 
with less Nitinol wire. This offers the theoretical advantage 
of fewer, longer term complications. This may be more im-
portant if the position of the defect is such that the device’s 
edges lie immediately adjacent to the atrial free wall or the 
mitral valve, particularly in smaller children or in more 
 posterior/inferior defects. In addition to adequate heparini-
zation, judicial flushing of the lines and delivery systems 
is required during catheter exchanges and device loading 
to avoid air embolization into the systemic circulation. 
In preparation for the insertion of the ASO, the delivery 
sheath is advanced into the left atrium over a stiff guidewire 
stabilized in a pulmonary vein (usually the left upper vein). 
The guidewire is removed while paying careful attention to 
eliminating all of the air from the sheath. With a continu-
ous saline flush system, the device is advanced to the tip 
of the sheath, after which the delivery system and sheath 
are withdrawn back into the body of the left atrium. Under 
both echo and fluoroscopic guidance, the sheath is pulled 
back while fixing the delivery system in place, exposing the 
left atrial disc. This disc is then carefully pulled back to the 
left atrial surface of the atrial septum with careful attention 
being paid to ensure that portions of the disc do not prolapse 
into the right atrium. The delivery cable is then fixed in 
place and the sheath is withdrawn, allowing expansion of 
both the central and right atrial discs. Careful attention is 
then paid to the device positioning to ensure that neither 
disc has prolapsed into the other chamber and the device is 
not interfering with the mitral valve function or obstructing 
the pulmonary vein flow. The stability of the device is tested 
within the septum with a gentle push pull. Until this point, 
the device can be withdrawn back into the delivery sheath 
easily and removed if the sizing was inappropriate or the 
defect anatomy does not allow for stable device insertion 
(Figure 81-2). The delivery cable is then unscrewed, releas-
ing the device. Potential problems that may occur include 
misalignment of the device with embolization, right or left 

Table 81-1 • List of Available FDA Approved Devices that have been Used for Closure of Secundum Atrial Septal 
Defects. Although the CardioSEAL Device Received FDA Approval for VSD Closure, It has Also been Used 
Extensively for ASD Occlusion.

Device Manufacturer Year of Approval Available Device Sizes Closable Sizes of Defects

Amplatzer septal 
occluder (ASO)

AGA Medical
(Golden Valley, MN)

2001 4-20 mm (by increments 
of 1 mm)

20-38 (by increments 
of 2 mm)

4-38 mm
(40 mm device available 

under HDE)

Amplatzer cribriform 
septal occluder

AGA Medical
(Golden Valley, MN)

2008 18, 25, 35 mm multiple small and 
large defects

HELEX septal occluder Gore (Flagstaff, AZ) 2006 15, 20, 25, 30, 35 mm defects up to 20 mm

CardioSEAL NMT Medical 
(Boston, MA)

2001 (for VSDs) 17, 23, 28, 33 mm defects up to 20 mm
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atrial injury, heart block (rare but seen more commonly in 
young children), atrial arrhythmias, thrombus formation on 
the delivery equipment of the device with systemic embo-
lization, and vascular injury.

The Amplatzer fenestrated occluder is available for closure 
of the more rare atrial septal anatomy consisting of multiple 
fenestrations. This device comes in three sizes—18 mm, 
25 mm, and 35 mm—with the right and left atrial discs 
identical in size. The central waist is narrow, allowing for 
placement of the defect through the most central defect, 
no matter what size, to allow the discs to cover all of the 
other defects as well. Delivery is otherwise identical to the 
Amplatzer atrial septal occluder.

The HELEX device comes preloaded within the delivery 
sheath (Figure 81-1). The device is withdrawn into the 
sheath, and the sheath can be advanced directly through 
the defect or advanced over a guidewire in the pulmonary 
vein, similar to the Amplatzer device. The left atrial disc is 
then advanced into the left atrium. Once the central locking 
loop portion of the device is outside the sheath, the device 
is pulled back to engage the atrial septum. If the operator is 
comfortable and there is adequate positioning within the 
left atrium, the right atrial disc is pushed out of the sheath. 
After adequate positioning of both discs is confirmed with 

fluoroscopy and echo, the most proximal portion of the 
Nitinol frame is released. This proximal end of the wire 
serves as the locking loop that springs forward and secures 
the right and left atrial discs together. The confirmation of 
the proper closure of this locking mechanism by fluoroscopy 
is important, otherwise device withdrawal is required. The 
device can easily be withdrawn back into the delivery sheath 
and redeployed at any point prior to the release of the lock-
ing loop. After the release of the locking loop, the device 
can still be retrieved but cannot be redeployed. Discussion 
of the technique for CardioSEAL deployment in the atrial 
septum will not be discussed, as it is not formally FDA ap-
proved for this indication.

Each of these devices has been reported to have more than 
a 93% initial success rate in premarketing trials for closure 
of defects, with closer to 100% closure rate at 6 months if 
preselection of patients is done carefully. Long-term studies 
on the safety of these FDA approved devices are lacking at 
the time of this writing, but excellent long-term safety has 
been reported with older experimental devices. Follow-up 
for these patients should include postprocedure echocardio-
gram, with a follow-up within the 1st month after closure, 
as well as 6 months, 12 months, and periodically thereafter 
to screen for late device malfunction. A few rare complica-
tions include device fracture or erosion, the later of which 

Figure 81-2. This panel shows the individual steps of ASD occlusion. The far left panel shows balloon 
occlusion of the defect to assess its size, as seen on fluoroscopy in the upper panel, and intracardiac echo 
(ICE) in the lower panel. The middle panels show left atrial disc deployment of an ASO, in fluoroscopy in 
the upper panel, and ICE in the lower panel. The two panels on the far right show the fluoroscopy and ICE 
images of the device after right atrial disc expansion, prior to device release. The ICE more clearly con-
firms appropriate positioning of the two sides of the device, without prolapsing into either chamber.
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has been reported for the Amplatzer device even more than 
1 year after implant. Antiplatelet therapy is recommended 
with full dose aspirin and spontaneous subacute bacterial 
endocarditis (SBE) for 6 months after device insertion.

Patent Foramen Ovale

Because of their ease of access, the devices listed above 
have been used by many physicians for closure of the PFO 
off label for various clinical scenarios. Potential indications 
for closure of the PFO include the prevention of recurrent 
systemic thromboembolic events, platypnea-orthodeoxia 
(right-to-left shunting through the atrial level shunt lead-
ing to systemic hypoxemia with activity), the prevention of 
paradoxical embolism and decompression illness in divers, 
and the treatment of severe recurrent migraine headaches. 
Because the incidence of PFO is believed to be as high as 
25 to 30%, indications for closure for this device must be 
carefully defined. Although device closure is associated 
with a low incidence of complications, large-scale closure 
will invariably lead to complications in patients who may 
not clinically benefit from the procedure. Where as most 
clinicians would agree that closure is warranted for patients 
with right-to-left shunting through an atrial level defect 
resulting in systemic hypoxemia in the absence of severe 
pulmonary hypertension, for prevention of recurrent cryp-
togenic strokes and as a treatment for migraines, it has not 
been proven to be superior or equivalent to medical therapy. 
Hence, routine practices of doing so may be exposing the 
patients to increased risk. Young adults who have suffered 
from cryptogenic strokes have been shown to have a higher 
incidence of PFOs, believed to be the route for a venous 
thromboembolism to reach the cerebral circulation. It has 
been shown in a retrospective case series that defect closure 
has decreased the incidence of recurrent neurological events 
compared to historic controls on medical therapy alone, but 
prospective randomized trials have yet to be completed as 
proof of efficacy. In fact, enrollment in these randomized 
trials has been slow, partly due to a large number of closures 
being performed off label based upon patient and referral 
provider preference rather than enrollment in the prospec-
tive randomized trials. At the time of this writing, there are 
currently three trials under way in the United States and 
two abroad looking at the efficacy of PFO closure versus the 
best medical therapy in prevention of recurrent cryptogenic 
strokes. The RESPECT trial, sponsored by AGA Medical, 
randomizes patients with image-proven cryptogenic stroke 
to closure with their investigational PFO device versus the 
best medical therapy. Their PFO device is similar to the 
cribriform ASD device in that it comes in three sizes—
18 mm, 25 mm, and 35 mm. The difference and potential 
advantage of the PFO device are that all three device sizes 
have a small left atrial disc—size 18 mm—providing less 
foreign material in the left atrium as a potential nidus for 

thrombus formation prior to device endothelialization. The 
CLOSURE I, sponsored by NMT Medical (manufacturers 
of the CardioSEAL device), randomized patients with a 
transient ischemic attack (TIA) or cryptogenic stroke to the 
best medical therapy versus their investigational STARFlex® 
device, which represents modifications of the CardioSEAL. 
Enrollment began in 2003, with patient enrollment com-
plete as of this writing. The third trial is REDUCE, spon-
sored by Gore, which randomizes patients with proven TIA 
or cryptogenic stroke to the best medical therapy or closure 
of the PFO with the HELEX atrial septal occluder, with en-
rollment having started in 2008. Until data from these tri-
als are available, the current American Heart Association/
American Stroke Association (AHA/ASA) guidelines4 and 
American College of Chest Physicians guidelines (ACCP)5 
recommend antiplatelet therapy for TIA or ischemic stroke 
in the setting of PFO unless a condition exists suggesting the 
need for vitamin K antagonists (Class IIa recommendation, 
Level of evidence C). They mention that as insignificant 
data exist to recommend PFO closure, after a first neuro-
logical event for patients not previously on medical therapy, 
PFO occlusion should only be considered for patients with 
recurrent cryptogenic stroke on medical therapy (Class IIb 
recommendation, Level of evidence C).

Clinical trials for PFO device occlusion in the treatment of 
migraine headaches are complicated by the subjective na-
ture of the migraine reporting and the large potential for 
bias. The first randomized trial evaluating the efficacy of 
PFO closure in the treatment of migraines, MIST I,6 failed 
to show a significant benefit for those randomized to clo-
sure with the STARFlex device, although many critics feel 
the trial was flawed, with a low complete occlusion rate. A 
follow-up trial, MIST II, has been performed using the same 
device, with recruitment at or near completion. A recent 
trial conducted by St. Jude Medical (ESCAPE), in which 
patients were randomized to catheterization with or without 
closure with their novel PFO device (patient blinded to ran-
domization assignment with all patients receiving a cath-
eterization), discontinued enrollment early secondary to 
poor enrollment. An ongoing trial by AGA (PREMIUM) 
is attempting to answer this question with a similar trial de-
sign using their PFO device, with results hopefully available 
within the next couple of years.

The anatomy of the PFO can be very heterogeneous, some 
with long narrow tunnels and some with large, floppy, atrial 
septal aneurysms. This makes it impossible for one size 
device to fit all defects and achieve complete occlusion. 
Although closure of PFOs is possible with fluoroscopic and 
angiographic guidance alone, with a low incidence of com-
plications such as embolization, such a practice may lead to 
a higher incidence of residual shunting through the defect 
with ongoing potential risk to the patient. This is particularly 
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likely in defects with large “stretched defects,” which may 
require a larger device to fix the septum primum and secun-
dum together or a large central disc to fill the defect such as 
the AGA atrial septal occluders. Therefore, care should be 
taken to carefully assess the atrial septal anatomy pre- and 
postclosure and assess the efficacy of the closure. Although 
many defects with small persistent shunts seen with contrast 
echo will close after device endothelialization, some will 
not, and the operator must decide, based on device position 
and septal anatomy, whether a larger or different device is 
needed to eventually achieve a complete closure.

VENTRICULAR SEPTAL DEFECTS

The first approved device for a transcatheter closure of VSDs 
was the CardioSEAL device by NMT (Figure 81-1) that 
was approved in 2001. This was approved for closure of con-
genital VSDs located in the muscular septum, which were 
felt to be at high risk for surgical closure, or recurrent defects 
after attempted surgical closure. Surgical closure of these de-
fects is particularly challenging, even in the congenital vari-
ants, because of the difficulty in identifying the defect in 
the operating room through the dense trabeculations in the 
right ventricle. A disadvantage of this device is its square 
shape that occasionally makes it difficult to conform to the 
surrounding anatomy. More recent, in September 2007, a 
newer device developed by AGA Medical called the mus-
cular VSD device was approved for closure of congenital 
muscular VSDs. Closure of VSDs is technically more chal-
lenging than ASD closure, secondary to the tortuous course 
needed for the delivery system due to the dense trabecula-
tions frequently covering the right ventricular side of the 
defect, adjacent tricuspid valve choral attachments, and the 
heterogeneous nature of muscular VSD anatomy.

Because of the difficulty in crossing muscular VSDs from 
the densely trabeculated right ventricle, the defect is 
usually crossed from a retrograde approach through the 
left ventricle. The wire is advanced into the main pul-
monary artery where it is snared by a catheter advanced 
through either the internal jugular vein (IJ) or femoral 
vein. Access via the IJ gives the straightest route for the 
delivery sheath to the more apical VSDs, whereas the 
femoral venous approach may be more appropriate for 
defects located in the basil ventricular septum. The tip 
of the guide wire is then externalized through the ve-
nous sheath, creating an arterial to venous loop (Figure 
81-3). When using the AGA devices, a device is chosen 
in which the central waist is at least 2 mm larger than the 
defect size as measured in end diastole. The CardioSEAL 
device should be approximately twice the size of the de-
fect. Sizing of the VSD is done via both cineangiogra-
phy and transesophageal assessment. In our practice, CT 
angiography has been helpful in sizing and reprocedure 
planning as well (Figure 81-4). The short venous sheath 

is then removed, and the delivery sheath is advanced 
over this wire into the left ventricle across the VSD. As 
the device is loaded through the sheath, the guidewire 
is slowly pulled back through the arterial sheath, with 
the device “chasing” the tip of the guidewire through the 
sheath (sometimes referred to as chasing the dragon). 
Failure to utilize this technique may lead to kinking of 
the sheath and an inability to advance the device through 
the sheath, requiring restarting the entire process. This 
technique may no longer be required with the newer 
braided delivery sheaths that are more “kink” resistant, 
although this remains to be seen. This technique is not 
required if the operator is able to easily cross the defect 
prograde from the right ventricle. Similar to atrial septal 
defects, the left ventricular disc is exposed by withdrawal 
of the sheath over the delivery cable, and the device is 
pulled into the defect. After exposing the right ventricu-
lar disc, a left ventricular angiogram is performed to assess 
for adequate device positioning and the amount of resid-
ual shunting. Similar to ASD closure, the ACT should 
be carefully monitored to keep the ACT at least greater 
than 200, and saline flushes should be carefully used to 
avoid systemic air embolization. In the multicenter trial 
that first reported the use of this defect for muscular VSD 
closure, the initial complete closure rate was only 47%, 
which improved to 96% at 6 months postimplantation.7

Multiple centers have also reported experience with the 
percutaneous closure of post myocardial infarction in-
duced ventricular septal defects, although the results are 
not as good as for congenital muscular VSDs. Although 
our experience with closure of the VSD early after the 
myocardial infarction may stabilize or improve the patient 
initially in the catheterization lab with little to no residual 
shunting, enlargement of the VSD and clinical deteriora-
tion within the first few days after closure has been seen. 
What is not clear is whether the self- expanding central 
waist of these defects leads to further expansion of the 
defect because of the surrounding necrotic boarders. Case 
series and registry data, however, have reported a much 
more favorable outcome when closure is performed more 
than 3 weeks following the infarction. Another challenge 
that these defects pose to percutaneous closure is the fre-
quent proximity of the defect to the posterior, anterior, 
or distal apical septum, making it more difficult for the 
device to completely expand secondary to the adjacent 
ventricular free wall. Mortality, however, is high with 
and without surgery, so ongoing refinement of technol-
ogy will be useful in improving closure success for these 
frequently critically ill patients. A device slightly more 
specific for closure of post myocardial infarction VSDs 
has also been developed by AGA Medical that is similar 
to the muscular VSD occluder and available with a lon-
ger and larger central waist, with the hope of fitting into 
some more complex defects, which are occasionally seen 
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post myocardial infarction. However, this device remains 
investigational.

A similar device had been designed for perimembranous 
ventricular septal defects with a novel left ventricular reten-
tion skirt designed to minimize risk to the adjacent aortic 
valve. Initial trials showed a similarly high success rate in 
complete closure but a high incidence (close to 10%) risk of 
heart block, some of which occurred weeks to months fol-
lowing the device closure.8 With a low surgical risk of heart 
block and mortality (<1%) for VSDs within the perimem-
branous septum, further plans to market this device in the 
United States were abandoned.

PATENT DUCTUS ARTERIOSUS

The physiologic effects of a patent ductus arteriosus (PDA), 
similar to VSD, correlate to its size and degree of shunting. 
Small inaudible PDAs have little clinical significance in 
most people, aside from case reports of endarteritis. Larger 
PDAs lead to left ventricular dilation that frequently leads 
to congestive heart failure and poor growth in early child-
hood. If untreated, this large aortic to pulmonary artery 
shunt may lead to pulmonary vascular occlusive disease and 
the eventual development of Eisenmenger’s physiology with 
right to left shunting. The classic clinical picture is exercise 
intolerance with clubbing and cyanosis isolated to the lower 

A B C

D E F

G H I

Figure 81-3. This series of images walks the reader through the steps involved with muscular 
VSD occlusion. (A) First, there is careful assessment of the defect size, with echocardiography fre-
quently being the modality most heavily relied upon. (B) At this stage, the VSD has been crossed 
via a retrograde approach. (C) The guidewire is now advanced up into the main pulmonary artery. 
(D) A snare catheter has been advanced into the pulmonary artery to snare the retrograde placed 
guidewire. (E) The wire is withdrawn back into the superior vena cava (SVC) to create a venous to 
arterial loop. (F) The device is being inserted through the delivery sheath now placed in the internal 
jugular (IJ) and through the VSD. The device is “chasing the wire” to avoid kinking of the delivery 
sheath. (G) Repeat left ventricular (LV) angiography demonstrating device positioning after expan-
sion, but prior to release. (H) Confirmation of an adequate device position on a transgastric TEE. 
(I) Final release of the VSD device. The right ventricular (RV) disc has not fully expanded secondary 
to the longer nature of this VSD tunnel and its posterior nature, although the device remains stable.
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extremities. With the equalization of the pulmonary and 
aortic pressures, the murmur becomes inaudible and poten-
tially undetectable on Doppler echo.

The closure of the PDA by Gross and Hubbard in 1938 is 
among the first documented cardiac surgery performed. For a 
long time, cardiologists have tried to identify a less invasive 
approach to closing these defects. Although surgical ligation 
is simple with a low risk in children, this is not the case for the 
adult. With age, the PDA often becomes fibrotic and calcified, 
requiring cardiopulmonary bypass for safe closure. Although 
many different devices have been developed for PDA closure 
since the initial report by Portsman et al in 1967, wide spectrum 
PDA closure with any of these devices was not adopted until 

Cambier reported the first successful use of the transcatheter 
occlusion of small PDAs with Gianturco coils in 1992. These 
coils are stainless steel with Dacron fibers attached along its 
length to promote fibrin deposition and clotting of the vessel. 
They were initially designed for nonsurgical control of hem-
orrhage. Since then, thousands of patients have undergone 
transcatheter coil embolization of PDAs, which have become 
the procedure of choice except for most PDAs. Exceptions 
include small neonates and older patients with PDAs larger 
than 5 to 6 mm at minimal diameter. Standard Gianturco 
coils are available in wire diameters of 0.025'', 0.035'', 0.038'', 
and 0.052''. Because of a higher rate of coil embolization when 
these are used to occlude moderate and larger PDAs, detach-
able coils have been developed. These allow for repositioning 
of the coil in the event of inadequate initial positioning. The 
diameter of the coil loop chosen for closure should be greater 
than 2 times the minimum diameter of the PDA to ensure coil 
stability. Depending upon the PDA size, multiple coils can be 
implanted if residual shunting remains. Although many inter-
ventionalists still prefer the Gianturco coils because of their 
low cost and size, citing higher rates of immediate PDA occlu-
sion than the smaller 0.035-inch detachable coils, these larger 
stainless steel coils are not MRI compatible. Insertion of these 
coils in young patients would prohibit this imaging modal-
ity if needed in the future for other medical conditions that 
may develop. More recent, the FDA has approved platinum 
detachable “Flipper” coils, which would not preclude future 
MRI imaging of the mediastinum.

A significant advancement in occlusion of moderate to large 
PDAs occurred in the United States in 2003 with the FDA 
approval of the MRI compatible Amplatzer ductal occluder 
(ADO). Approval was based on a pivotal trial performed 
showing a 1-year successful occlusion rate of 98% with few 
complications.9 Device sizes are based upon the aortic and 
pulmonary ends of the device, with the aortic side 2 mm 
larger in diameter than the pulmonary side (aside from 
the smallest device with the aortic side only 1 mm larger) 
(Figure 81-5). Devices available in the United States range 

Figure 81-4. Computed tomography (CT) angiography of the 
previous muscular VSD prior to closure. The 3D nature of this 
imaging modality allows for a better appreciation of the loca-
tion within the heart and surrounding structures. Although the 
four-chamber view seen in the upper right hand panel suggests 
that the defect is in the middle of the septum, the lower left 
image shows the posterior nature of the defect, predicting that 
the right ventricular disc may not fully expand secondary to its 
close proximity to the posterior wall.

Figure 81-5. Catheter occlusion of a moderate sized PDA. (A) Lateral aortic angiography showing a coni-
cal shaped ductus with the smallest dimension measuring 3.5 mm. (B) Fluoroscopy showing the appro-
priate positioning of this 8 × 6 mm Amplatzer ductal occluder (ADO) fitting within the defect. Of note, 
the aortic retention skirt is 4 mm larger (12 mm) than the 8 mm aortic side of the occluder, with the PA 
side measuring 6 mm. (C) Following release, there is complete occlusion of the PDA.
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from 5/4 to the largest of 12/10, allowing for PDAs up to 
11 mm. The larger 14/12 and 16/14 devices are available 
only outside the United States. The aortic retention skirt is 
4 to 6 mm larger than the aortic side of the device. Release of 
this device has allowed operators to relatively easily occlude 
PDAs up to 11 mm, with coil occlusion usually reserved for 
defects less than or equal to 2 mm in their smallest dimen-
sion. The occlusion of larger defects in the United States 
still requires more innovative approaches such as the use of 
an ASO or muscular VSD device off label, which has a good 
success rate at our center.

The first step in PDA occlusion is an aortic angiogram 
performed in the straight lateral projection. After proper 
measurements of the PDA are made, a right heart cath-
eterization is performed to assess the magnitude of the 
shunt as well as pulmonary pressures and resistance (PVR). 
Our preference is to reserve this until after the angiogram 
in order to prevent a catheter induced spasm of the PDA 
during inadvertent trauma from the right heart sweep. 
Underestimation of the PDA size secondary to transient 
vasospasm could lead to device undersizing and possible 
late device embolization. Closing a PDA is not recom-
mended in a patient whose PVR is 8 Woods Units or 
greater or with a pulmonary to systemic resistance ratio of 
greater than or equal to 0.5, although it remains to be seen 
if treatment with newer medical therapies for pulmonary 
hypertension will eventually make these patients candi-
dates for device closure. Our general approach is that if 
the smallest dimension of the PDA is less than or equal to 
2 mm, then an occlusion is performed with a detachable 
coil (Figure 81-6). The defect can be easily crossed retro-
grade with a 4 or 5 French Judkins right coronary catheter 
or a more flexible angled glide catheter and a soft tipped 
guidewire. With the catheter and wire across the defect, 
the wire is retracted and the coil is loaded into the cath-
eter. On the pulmonary side of the PDA, three quarters 

of the loop is extruded and pulled back until contact is 
made with the coil and PDA. The delivery cable is fixated 
and the catheter withdrawn, allowing the rest of the coil 
loops to form in the aortic side of the ductus. The length 
of the coil selected depends upon length and anatomy of 
the ductus, but the largest number of coil loops that will 
fit within in the ductus is preferred to ensure occlusion. If 
adequate initial positioning is not achieved with this coil, 
it can easily be retracted back into the catheter and rede-
ployed. Some operators prefer to deploy coils from the pul-
monary side in order to better test how the coils sit within 
the ductus as well as allow for aortic angiography prior to 
coil deployment. If complete PDA occlusion is not seen on 
an aortic angiography 10 minutes after coil insertion, the 
procedure can be repeated with additional coil(s) inserted 
and interlocking with the initial coil.

If the PDA is greater than 2 mm, the Amplatzer ductal oc-
cluder usually allows for straight forward closure. The PDA 
is crossed from the pulmonary side with a guidewire that is 
advanced into the descending aorta. If crossing the PDA is 
difficult from the pulmonary artery, which is sometimes the 
case in the smaller PDAs, then it can easily be crossed ret-
rograde as described above. The wire is then snared within 
the pulmonary artery, and the snare and pulmonary artery 
catheter are pulled through the PDA into the descending 
aorta. The snare is then exchanged for an extra stiff or super 
stiff J-tipped 260-cm wire. The catheter is then exchanged 
for a 180° curved delivery sheath. Care must be taken in 
younger children during this maneuver, because passage of 
the sheath over this stiff wire may cause bradycardia or hy-
potension by tenting open the tricuspid valve. Continuous 
arterial pressure should therefore be monitored. With the 
delivery sheath in the descending aorta, the dilator and 
wire are removed and the device advanced to the end of the 
sheath. The sheath and device are withdrawn until the tip 
of the sheath is adjacent to the aortic ampulla of the PDA. 

Figure 81-6. Patent ductus arteriosus (PDA) closure with a detachable coil. (A) Straight lateral angiogra-
phy showing a moderately sized aortic ampulla that tapers to a small PDA measuring 1.8 mm at its small-
est dimension. Note a marker pigtail being used for angiography to allow for accurate calibration and 
measurement of the defect size. Catheter lumen size is not sufficiently accurate for calibration. (B) Ideal 
coil insertion with three- quarters of a loop positioned within the pulmonary size and the rest packed 
into the ampulla of the PDA. Note the coil remains attached and can be easily retrieved if it’s felt to be 
 necessary. (C) Repeat angiography shows complete PDA occlusion.
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The aortic retention disc is then exposed, with care not to 
injure the posterior aortic wall. The sheath and  device are 
withdrawn into the PDA, and the sheath is  further with-
drawn allowing expansion of the device within the PDA. 
A repeat aortic angiogram is performed prior to the release 
of the device to ensure adequate positioning. The deliv-
ery cable is then unscrewed with the careful withdrawal 
of this sharp wire into the delivery sheath. Repeat aortic 
angiography is performed to ensure closure of the defect. 
The 98% 1-year complete occlusion rate9 represents a sig-
nificant improvement from the 86 to 94% success rate with 
coil occlusion of these larger defects, with fewer device 
embolizations.

In addition to the usual complications that can be seen 
with vascular access, residual shunting can lead to hemo-
lysis, occasionally leading to renal insufficiency if severe 
enough. If clinically significant hemolysis occurs, device 
removal is needed if the simple placement of additional 
coils is not successful in occluding any residual shunt. Late 
embolization in the first 24 to 48 hours is possible, particu-
larly with elevated PA pressures or initial undersizing of 
the PDA. No antiplatelet therapy is needed, and 6 months 
of SBE prophylaxis is indicated until endothelialization is 
complete

SUMMARY

The last decade and a half has seen a dramatic improve-
ment in our ability to close many cardiac septal defects in 
the catheterization lab, avoiding surgery. The question of 
“can we close a particular defect” no longer remains, but 
should we? This is a particularly important question we need 
to ask with smaller defects, with minimal to no apparent 
hemodynamic effects, or in the case of PFOs where data are 
still lacking to support the risk benefit ratio of most people. 
In addition, although the short- and mid-term results seem 
excellent for all the above procedures, data are lacking on 
the longer term safety and efficacy. This needs to be dis-
cussed with the patients when entertaining a transcatheter 
route for defect closure.
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ANEURYSMAL DISEASE

Introduction

Aortic aneurysms represent a continuum of disease from 
benign to lethal. Rupture of an aortic aneurysm in the 
 outpatient setting confers mortality in excess of 60-80%, 
and nearly 50% in a hospital setting. Appropriate treatment 
depends on rapid assessment of patients and accurate risk 
stratification.

Abdominal Aneurysms

Clinical Presentation
The diagnosis of abdominal aortic aneurysm (AAA) confers 
localized enlargement of the abdominal aorta greater than 
3.0 cm. The incidence is approximately 1.7% of women and 
5% of men by age 65. They may be discovered on routine 
physical examination, but sensitivity is poor. More often, 
they are revealed incidentally during imaging for another 
clinical indication. Symptoms are infrequent and ambigu-
ous, with patients describing “gnawing” hypogastric or low 

back pain which does not improve with position. Diligence 
on the part of the physician is crucial in identifying at-risk 
patients (Table 82-1). Common risk factors include male 
sex (which confers a 5- to 10-fold increased risk), cigarette 
smoking (increasing risk is dependent on the duration of 
exposure and not necessarily amount), age (with particu-
lar risk conferred for men greater than 50 years and women 
greater than 70 years), hypertension, and atherosclerosis. 
The most common pathophysiology is degenerative athero-
sclerosis, with other etiologies including connective tissue 
disease, inflammation, or infection. Recent data suggest 
altered production of matrix metalloproteinases leading to 
remodeling of the extracellular matrix and vessel media. 
Fewer than 33% of patients with aneurysm rupture present 
with the classic triad of low back or abdominal pain, pul-
satile mass, and hypotension. Surgical repair in the setting 
of acute rupture carries an operative risk greater than 40%. 
However, only 10% of patients reach the operating room 
alive after rupturing. Therefore, any patient with a known 
aneurysm presenting with a change in the quality of pain 
or new discomfort should be considered as a possible rup-
ture or dissection (Figure 82-1). The acute nature demands 

• Any patient with a known aortic aneurysm presenting 
with a change in the quality of pain or new discom-
fort should be considered as a possible rupture or 
dissection.

• Consideration for surgical management of abdomi-
nal or thoracic aneurysmal disease should be given 
to aneurysms expanding at greater than 0.5 cm per 
year or those with dimensions greater than 5.5 cm in 
men and 5.0 cm in women. 

• When aortic dissection patients are appropriately 
 selected, medical management can result in a 30-day 

survival of 92%. Patients leaving the hospital have 
actuarial survival rates similar to those persons hav-
ing never had dissection.

• The goal of medical therapy in aortic dissection is to 
reduce shear stress by controlling the rate of systolic 
pressure rise in the aorta (dP/dt) effectively, which is 
done by beta-blockade prior to or simultaneous with 
afterload reduction.

• Of patients with symptoms suggesting aortic 
 dissection, 5-20% were found to have intramural he-
matoma or a penetrating atherosclerotic ulcer.

d PRACTICAL POINTS
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accurate and efficient evaluation to facilitate appropriate 
surgical management. 

Diagnostic Testing
Imaging should focus on precise depiction of an aneurysm 
and be available in a timely manner to augment patient 

care. Aortography has traditionally been the gold standard 
for evaluation of aneurysms, but has been supplanted by 
ultrasound (US), computed tomography (CT), and mag-
netic resonance (MR). Abdominal US is used primarily for 
screening purposes in patients at risk for developing AAA. 
Current United States Preventative Services Task Force rec-
ommendations are for every male patient 60-75 years of age 
with a history of smoking to receive a one-time ultrasound 
evaluation. The probability of aneurysm rupture is based on 
size at presentation (Table 82-2). Patients found to have in-
termediate-sized AAA (4.0-5.0 cm between 4.0 and 5.4 cm) 
should undergo US surveillance every six months. In women 
and nonsmoking men, no current recommendations exist, 
as the perceived benefit from screening is small. Acute di-
agnosis requires a more definitive imaging modality with 
widespread availability and the ability to quickly acquire 
accurate images. CT angiography satisfies all of these cri-
teria, while also allowing three-dimensional reconstruction 
capabilities and providing valuable data about other causes 
for abdominal pain. MR angiography (MRA) is neither 
preferred for screening nor acute diagnosis when AAA rup-
ture is suspected. This is primarily due to its expense and 
the time required for obtaining images from various scan-
ning sequences that make up a comprehensive angiogram. 
However, MRA does present an excellent alternative to CT 
in patients with contraindications to iodinated contrast or 
radiation exposure.

Treatment
The timing of nonurgent intervention is dependent not only 
on aneurysm size but also rate of expansion. Consideration 
should be given to aneurysms expanding at >0.5 cm per 
year or those with dimensions >5.5 cm in men and 5.0 cm 
in women. Older patients may benefit from a nonsurgical 
percutaneous approach, using endovascular repair instead 
of a more traditional open surgery (Figure 82-2). This is 
feasible only in patients with specific arterial anatomy, al-
lowing for proper fixation of the proximal and distal por-
tions of the endograft, distance of the aneurysm from the 
renal artery ostia and the length and condition of the iliac 
arteries. Recent evaluations in the Dutch Randomized 
Endovascular Aneurysm Management (DREAM) and 
Endovascular Aneurysm Repair (EVAR) 1 and 2 study 
groups demonstrated decreased immediate mortality with 

Table 82-1 • ACC/AHA Guidelines for Management 
of Abdominal Aortic Aneurysms (AAA)

Class I

1.  Patients with infrarenal or juxtarenal AAAs measuring 
5.5 cm or larger should undergo repair to eliminate the 
risk of rupture. (Level of Evidence: B)

2.  Patients with infrarenal or juxtarenal AAAs measuring 4.0 
to 5.4 cm in diameter should be monitored by ultrasound 
or computed tomographic scans every 6 to 12 months to 
detect expansion. (Level of Evidence: A)

Class IIa

1.  Repair can be beneficial in patients with infrarenal 
or juxtarenal AAAs 5.0 to 5.4 cm in diameter. 
(Level of Evidence: B)

2.  Repair is probably indicated in patients with suprarenal 
or type IV thoracoabdominal aortic aneurysms larger than 
5.5–6.0 cm. (Level of Evidence: B)

3.  In patients with AAAs smaller than 4.0 cm in diameter, 
monitoring by ultrasound examination every 2 to 3 years 
is reasonable. (Level of Evidence: B)

Class III

Intervention is not recommended for asymptomatic 
infrarenal or juxtarenal AAAs if they measure less than 
5.0 cm in diameter in men or less than 4.5 cm in diameter 
in women. (Level of Evidence: A)

A

H

Figure 82-1. Non-contrast abdominal CT demonstrating a 
large ruptured infrarenal abdominal aortic aneurysm (A) with 
vessel wall calcification. Hemorrhaging is noted in the left 
 perirenal space (H). (Reproduced from Braunwald’s Heart 
 Disease, A Textbook of Cardiovascular Medicine, 7th ed.)

Table 82-2 • Natural History of Abdominal Aortic 
Aneurysms

Aneurysm Size 
(Diameter)

Average Annual 
Rate of Expansion

Annual Rate 
of Rupture

Small (<4.0 cm) 1–4 mm Very low

Moderate (4.0–5.9 cm) 4–5 mm 7%

Large (>6.0 cm) Up to 7–8 mm 20%



CHAPTER 82 /  Diseases of Aorta 969   

comparable long-term survival. Combined mortality was 
5.8% for open surgical procedures and 1.9% in endovas-
cular procedures in these studies, conferring a risk ratio of 
3.1 in favor of endovascular techniques. Early enthusiasm 
has been blunted by longitudinal studies demonstrating in-
creased endograft failure rates of 3% annually, compared to 
0.3% for open repair, and complications with endoleaks and 
or tension may ultimately require open conversion after dis-
covery. The American College of Cardiology (ACC) and 
American Heart Association (AHA) 2005 Guidelines for 
Peripheral Arterial Disease (Table 82-3) give a Class IIa 

recommendation to endovascular repair in patients at high 
surgical risk and a Class IIb recommendation in patients at 
low or average surgical risk. 

Thoracic Aneurysms

Clinical Presentation
As in abdominal aneurysms, evaluation of thoracic aneurysms 
focuses on early recognition and management guiding elec-
tive repair to reduce the mortality associated with rupture or 
dissection. As many as 50% of patients are asymptomatic at 
the time of diagnosis, with the remainder diagnosed as a con-
sequence of aortic insufficiency or compression of adjacent 
mediastinal structures. Overall, thoracic aneurysms occur 
primarily in individuals in the sixth and seventh decade 
with an incidence of 6 per 100,000 per year. However, there 
are distinct subgroups within this cohort based on specific 
pathophysiology. Ascending aneurysms account for 60% of 
disease and are of greater importance due to the potential 
to cause aortic insufficiency or be complicated by proximal 
aortic dissection. Additionally, as pathogenesis of ascend-
ing aneurysms is most commonly cystic medial degeneration 
associated with bicuspid aortic valve and connective tissue 
disease, affected individuals tend to be younger than those 
with descending aneurysms. The classic older, hypertensive 
patient with atherosclerosis often has descending disease in 
association with other cardiovascular disease and in as much 
as 20% of cases can have aneurysms which transcend ana-
tomic descriptions and involve portions of both the thoracic 
and abdominal aorta. The natural history of thoracic aneu-
rysms is unknown, largely due to varying rates of expansion 
and stability based on location and etiology (Table 82-4). 
Recent longitudinal studies have established predictors of 
rupture or dissection, with associated relative risks as de-
scribed in Table 82-5. Not surprisingly, larger aneurysms and 
connective tissue disorders conferred greater risk. Likewise, 
these same studies demonstrated more rapidly expanding an-
eurysms in patients with connective tissue disorders.

Diagnostic Testing
Accurate diagnosis again requires appropriate imaging. A 
widened mediastinal silhouette on chest radiography can 
suggest aneurysmal disease, but is a rare and nonspecific 

Figure 82-2. Angiographic views of an infrarenal abdominal aor-
tic aneurysm treated by endovascular stent grafting before (A) and 
after device deployment (B). (Reproduced from Braunwald’s Heart 
Disease, A Textbook of Cardiovascular Medicine, 7th ed.)

Table 82-3 • ACC/AHA Guidelines for Surgical or 
Endovascular Interventions for Abdominal Aortic 
Aneurysms (AAA)

Class I

1.  Open repair of infrarenal AAAs and/or common iliac 
aneurysms is indicated in patients who are good or average 
surgical candidates. (Level of Evidence: B)

2.  Periodic long-term surveillance imaging should be 
performed to monitor for an endoleak, to document 
shrinkage or stability of the excluded aneurysm sac, and to 
determine the need for further intervention in patients who 
have undergone endovascular repair of infrarenal aortic 
and/or iliac aneurysms. (Level of Evidence: B)

Class IIa

Endovascular repair of infrarenal aortic and/or common 
iliac aneurysms is reasonable in patients at high risk 
of complications from open operations because of 
cardiopulmonary or other associated diseases. 
(Level of Evidence: B)

Class IIb

Endovascular repair of infrarenal aortic and/or common iliac 
aneurysms may be considered in patients at low or average 
surgical risk. (Level of Evidence: B)

Table 82-4 • Natural History of Thoracic Aortic 
Aneurysms

Aneurysm Size 
(Diameter)

Average Annual 
Rate of Expansion

Five-year Cumulative 
Risk of Rupture

Small (<4.0 cm) Very low

Moderate
(4.0–5.9 cm)

Range 0.1–0.25 
cm/year

16%

Large (>6.0 cm) 31%
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finding. Both CT and MR are highly accurate when di-
agnosing thoracic aortic aneurysms in non-emergencies. 
In the acute setting where rupture is suspected, CT and 
transesophageal echocardiography (TEE) are considered the 
most appropriate modalities. The choice of diagnostic imag-
ing depends on the expertise and availability at each medi-
cal center. CT angiography is most widely available and has 
been proved accurate. Emergent TEE requires on-call cardi-
ology staff, sedation in a potentially unstable patient, and is 
less sensitive when the junction of the distal ascending and 
aortic arch is imaged.

Treatment
Medical management of established aneurysms focuses on 
controlling risk factors with strict blood pressure and lipid 
control as well as smoking cessation. Appropriate surveillance 
with serial imaging is necessary in all patients with asymp-
tomatic thoracic aortic aneurysms, and intervals commonly 
start at 6 months. Surgical indications are similar to abdomi-
nal disease, namely, size and rate of expansion. Aneurysms of 
>5.5 cm in the ascending position, >6.0 cm in the descend-
ing position, and rates of expansion >0.5 cm/year should be 
considered for surgery. In patients with known connective 
tissue disease, smaller aneurysms may be corrected, given 
the increased risk of rupture in these individuals. Similarly, 
if aortic valve replacement is indicated, a threshold as low 
as 4.0 cm is appropriate to consider simultaneous aneurys-
mal repair. Elective surgery is preferred, as data confirms 
10-fold greater mortality in the setting of emergent proce-
dures. While endovascular techniques are available, utiliza-
tion is commonly restricted to isolated descending disease, 
given the technical demands of ascending and arch lesions. 

ACUTE AORTIC SYNDROMES

Introduction

These syndromes share a common pathophysiology where 
a weakened aortic medial layer leads to vessel dilation and 
aneurysm formation. The final manifestation of intramural 
hemorrhage or dissection depends upon the extent of tear-
ing and separation of the intima from the vessel media. All 
forms of acute aortic syndromes share a high morbidity and 
mortality, placing high importance on early diagnosis and 
management.

Aortic Dissection

Clinical Presentation
Aortic dissection is classically defined as a tear in the aor-
tic intima, allowing blood to occupy the space and create 
a false lumen that propagates along varying lengths of the 
artery. It occurs with an incidence of approximately 2.9 per 
100,000 per year, equating to roughly 7000 cases annually 
in the United States. Common risk factors include age, 
male sex, hypertension, Marfan syndrome, and aortopa-
thy associated with a bicuspid aortic valve, with the latter 
two accounting for 10% of all cases. Traditionally classi-
fied according to the DeBakey or Stanford classifications, 
plans of care are determined by the pathophysiology and 
anatomy of each individual’s presentation. The Stanford 
classification labels all dissections involving the ascend-
ing aorta as type A, regardless of the site of origin, while 
all others are type B. The DeBakey classification organizes 
into type I ( originating in the ascending aorta and propa-
gating at least to, and sometimes beyond, the arch), type II 
(originates and is confined to the ascending aorta) and type 
III (originates in the descending aorta, extending distally) 
(Figure 82-3). Symptoms are variable, and can be much 
more dramatic than those associated with acute myocardial 
infarction (AMI). Most commonly, patients will describe 
“tearing” or “ripping” pain that can migrate as the dissec-
tion extends. Interestingly, distribution of symptoms can 
sometimes localize lesions, with anterior pain indicating 
ascending dissection and back or abdominal pain reflect-
ing descending disease. Because dissection can involve any 
aspect of the aorta, clinical presentation can vary. Initial 
evaluation should focus on stabilizing the patient and lo-
calizing the intimal defect. It is not uncommon for patients 
to present with complicated dissections, with multiple tears 
that spiral along the length of the vessel lumen. The poor 
blood flow or thrombus formation within the false lumen 
can lead to secondary ischemic complications as it poten-
tially obstructs flow into critical structures along the path 
of the artery. These include interruption of aortic valve 
leaflet coaptation causing acute aortic insufficiency (AI) 
with or without heart failure; obstruction of coronary ostia 

Table 82-5 • Risk Conditions for Aortic Dissection

Long-standing arterial hypertension
Smoking, dyslipidemia, cocaine use

Connective tissue disease
Marfan syndrome
Ehlers–Danlos syndrome type 4
Bicuspid aortic valve 
Coarctation of the aorta
Hereditary aortopathy

Vascular inflammation
Takayasu arteritis
Giant cell arteritis
Behcet’s disease
Syphilis

Iatrogenic factors
Catheter/instrument intervention
Valvular/aortic surgery

Deceleration trauma
Motor vehicle accident
Fall from height

Adapted from Tsai et al. Circulation. 2005;112.
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leading to AMI; or disruption of the major branch vessels 
with neurologic, limb or visceral compromise. In addition, 
aortic root dissection leading to acute accumulation of a 
bloody pericardial effusion can result in pericardial tam-
ponade and death.

Diagnostic Testing
Mediastinal widening on chest radiography can have sensi-
tivity approaching 80-90% (Figure 82-4), particularly when 
occurring in the presence of the “Calcium Sign,” when sepa-
ration of intimal calcification from the outer aortic soft tis-
sue border exceeds 1 cm. However, this is rarely the first test 
of choice in patients with a high suspicion for acute dis-
section. Electrocardiogram (ECG) findings can include left 
ventricular hypertrophy (LVH) secondary to longstanding 
hypertension or ischemic changes if the dissection flap oc-
cludes a coronary ostium. Most dissections that involve the 
coronaries arise from the right sinus of Valsalva and there-
fore present as inferoposterior MIs. 

Definitive imaging is chosen on an individual basis, tak-
ing into account the chronicity of the dissection and the 
stability of the patient. Invasive angiography, CT, MR, and 
echocardiography have benefits and disadvantages. Invasive 
catheter-based angiography, formerly considered the gold 

standard, is treacherous, carrying a risk of perforation or 
propagating the dissection, and is generally considered con-
traindicated. CT and MR provide noninvasive modalities to 
visualize the aorta without risk of disturbing the dissection 
flap. MR provides excellent visualization (Figure 82-5) and 
does not expose the patient to iodinated contrast or radia-
tion, but typically has longer image acquisition times and 
is not suited for unstable patients. CT, despite requiring io-
dinated contrast and radiation exposure, has near-universal 
availability and can provide accurate three-dimensional im-
ages in a very short time. However, because it cannot be 
completed at the bedside, it has reduced utility in unstable 
patients. As a result, TEE is considered ideal for unstable 
patients, as it can be completed at the bedside or in the oper-
ating room. As a diagnostic modality, TEE has 98-99% sen-
sitivity for dissection (Figure 82-6) and 100% sensitivity for 
AI or pericardial effusion complicating proximal dissection. 

Treatment
Overall management is summarized in Table 82-6. 
Collective untreated mortality of acute aortic dissection 
approaches 25% in the first 24 hours and 50% in seven 
days. Treatment is driven by location and extent of dis-
section, with emergent medical therapy focused around 
halting progression of the dissection by reducing systolic 
blood pressure and the force of left ventricular contraction 
Table 82-7. Systolic blood pressure goals are less than 100-
120 mm Hg or the lowest level tolerated without develop-
ment of symptoms. Surgical treatment includes the removal 
of the intimal tear, excision of the diseased aorta, and re-
placement with a graft. Surgical indications include acute 
proximal and complicated dissections as well as Marfanoid 
patients.

Stanford type A

Type I Type II Type III

Stanford type B

Figure 82-3. Classification of aortic dissection. Types I, II and 
III designate the DeBakey system. Stanford Type A describes 
any dissection involving the proximal aorta, while Type B refers 
only to those occurring beyond the aortic arch. (Reproduced 
from Braunwald’s Heart Disease, A Textbook of Cardiovascular 
Medicine, 7th ed.)

Figure 82-4. Chest radiograph demonstrating a large ascend-
ing thoracic aortic aneurysm. A widened mediastinum with an 
abnormal aortic contour is clearly evident. (Reproduced from
Braunwald’s Heart Disease, A Textbook of Cardiovascular Medi-
cine, 7th ed.)
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Surgery remains the standard of care for proximal, ascend-
ing dissections (Stanford type A and DeBakey type I and 
II), but complications can include disruption of the an-
terior vertebral and intercostal arteries, leading to spinal 
cord ischemia and possible paralysis. As a result, endovas-
cular options are under investigation, but are currently 
limited to therapy for distal dissections. For those cases 
where a dissection flap disrupts aortic valve coaptation 
or coronary flow, consideration should be applied to aor-
tic valve replacement and coronary artery bypass grafting 
(CABG). While ascending dissections can result in aor-
tic insufficiency, aortic valve replacement carries long-
term consequences of anticoagulation and prophylaxis, 
and thought should be given as to whether correction of 
the dissection can correct the AI. Diagnostic coronary 
angiography is not typically recommended prior to sur-
gical repair of the aorta, primarily due to limited data 
supporting its use, technical difficulty of completing the 
study through an often tortuous and diseased aorta, and 

the consequences of delaying surgery. In cases where cor-
onary anatomy must be known prior to aortic surgery, CT 
coronary angiography is very useful, particularly if it can 
be performed during the aortic CT scan. Alternatively, 
once there has been confirmation by TEE or CT that the 
ascending aorta is not involved, coronary angiography 
can be performed via upper extremity, avoiding the need 
to have to instrument the descending aorta. 

When patients are appropriately selected, medical manage-
ment can result in a 30-day survival of 92%. The ultimate 

Table 82-6 • Indications for Definitive Surgical 
and Medical Therapy in Aortic Dissection

Surgical

Treatment of choice for acute proximal dissection
Treatment for acute distal dissection complicated by 

the following:
Progression with vital organ compromise
Rupture or impending rupture (e.g., saccular 

aneurysm formation)
Retrograde extension into the ascending aorta
Dissection in the Marfan syndrome

Medical

Treatment of choice for uncomplicated distal dissection
Treatment for stable, isolated arch dissection
Treatment of choice for stable chronic dissection 

(uncomplicated dissection presenting 2 weeks or 
later after onset)

Reproduced from Braunwald’s Heart Disease, A Textbook of Cardiovascular 
Medicine, 7th ed.

Figure 82-5. Magnetic resonance imaging of a patient with a dilated aortic root (double head arrow), 
 aortic regurgitation (A) and a chronic aortic arch dissection (B). The true lumen (open white arrow) 
includes the ostium of a branch vessel and the false lumen (solid white arrow) is nearly the same diameter.

Figure 82-6. Transesophageal echocardiogram images of a 
type B dissection in the descending thoracic aorta. A dissection 
flap is seen separating the true lumen (asterisk) from the false 
lumen, and normal color flow is evident.
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goal in these patients is to reduce shear stress by control-
ling the rate of systolic pressure rise in the aorta (dP/dt) 
effectively, as late complications are 10 times more likely 
in hypertensive patients. Patients leaving the hospital have 
actuarial survival rates similar to those persons having never 
had dissection. CT evaluation at 1, 3, 6, 12 months, and 
annually thereafter is considered for surveillance. The pri-
mary concern in these patients is not only for recurrence or 
rupture, but also for postoperative aneurysm formation at 
surgical graft sites. 

Intramural Hematoma and 
Penetrating Atherosclerotic Ulcer

Clinical Presentation
The pathophysiology of intramural hematoma (IMH) is in-
completely understood and is considered either a variant or 
precursor of aortic dissection. The hallmark of IMH differ-
entiation from simple dissection is an absence of false lumi-
nal flow with varying degrees of extension. The aortic lesion 

may be secondary to vasa vasorum rupture with medial 
 hematoma development or due to intimal tears too small to 
visualize. Deep ulceration from a penetrating atherosclerotic 
plaque (Figure 82-7) is also associated with aortic injury, 
 resulting in either IMH or complete dissection of the in-
tima. Risk factors are shared for all acute aortic syndromes, 
with the exception of Marfan syndrome, which is associated 
with dissection alone. Of patients with symptoms suggesting 
aortic dissection, 5-20% were found to have IMH. 

Diagnostic Testing
Because of the similarity in symptoms among acute aor-
tic syndromes, the diagnostic approach to identify specific 
pathophysiology is universal. After history and physical 
examination leads to adequate suspicion, testing consists of 
an electrocardiogram, chest radiograph, and aortic imaging 
study—either CT/MR angiography or TEE, depending on 
availability and patient stability.

Treatment
As with aortic dissection, descending aortic lesions are gen-
erally treated with beta-blockade and afterload reduction to 
aggressively control systolic blood pressure and reduce aortic 

Figure 82-7. Magnetic resonance imaging of the length of the 
aorta. Diffuse aneurysmal dilation is seen with areas of athero-
sclerotic ulcerations noted in the abdominal aorta (arrowheads).

Table 82-7 • ACC/AHA Guidelines for Initial 
Management of Acute Thoracic Aortic Dissection

Medication Dosing Comment

Propanolol 1 mg intravenous 
push (i.v.p.) every 
2–5 min to a heart 
rate of 60–80 bpm; 
Maximum dose 
10 mg

Commonly used due to 
being one of the first 
available beta-blockers

Labetalol 20 mg i.v.p. 
followed by doses 
of 40–80 mg 
every 10 min for 
a maximal dose 
of 300 mg. Also 
as continuous 
infusion.

Esmolol 500mg/kg/min
bolus followed 
by continuous 
infusion of 
50–200 mg/kg/min

Ultra short-acting, 
making it suitable for 
patients with labile 
hemodynamics or 
those going to surgery

Enalaprilat 0.625–1.25 mg 
i.v.p. every 6 h with 
a maximum dose 
of 5 mg every 6 h

Particularly useful 
in patients whose 
dissections involve one 
or both of the renal 
arteries, counteracting 
large secondary renin 
release

Nitroprusside Intravenous (i.v.) 
infusion of 20 mg/
min-800 mg/min

Can adversely increase 
aortic shear stress 
when infused in 
absence of beta-
blocker
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shear stress. Patients with ascending lesions have an overall 
lower mortality with surgery than they have with medical 
treatment (14 versus 36%, respectively). However, there is 
evidence that both IMH and penetrating atherosclerotic 
 ulcers (PAU) differ somewhat from classic aortic dissection 
because of a lack of continuous flow communication into 
a false lumen. As a result, each patient and their aortic le-
sion should be assessed individually, as some ascending cases 
of IMH and PAU may have lower morbidity and mortality 
with a medical approach.

OTHER ETIOLOGIES 
OF AORTIC DISEASE

Infectious Aortitis

While aortitis and mycotic aneurysms are known entities, 
they tend to be rare and are not confined specifically to the 
aorta. In one series, 31% were found in the abdominal aorta, 
with the other sites being femoral, superior mesenteric, ca-
rotid, iliac, and brachial arteries. The majority are bacterial, 
with Staphylococcus, Salmonella, and Streptococcus species 
being most common. Historically, most cases were due to 
late-stage syphilis (Treponema pallidum) and, less frequently, 
Mycobacterium tuberculosis. Risks for development of infec-
tious aortitis include age, local infection, immunosuppression, 
infective endocarditis, and arterial trauma. 

Aortic Vasculitis

Takayasu arteritis is the most frequent cause of large ves-
sel vasculitis, affecting the aorta and its primary branches. 
Inflammatory thickening of the vessel wall is the hallmark 
pathological change, and may be accompanied by luminal 
narrowing, dilation, or even occlusion. Symptoms and pre-
sentation are dependent on the specific arterial branches 
involved. Systemic complaints and signs may include fever, 
weight loss, hypertension, myalgias, joint synovitis, arthral-
gias, chest pain, dyspnea, hemoptysis, abdominal pain, head-
ache, and visual changes. The diagnosis is made by history, 
physical examination and imaging of the aorta. Both MR 
and CT angiography are highly accurate and reliable. They 
also have the additional advantage of vessel wall visualiza-
tion, where conventional invasive angiography can only 
demonstrate the vessel lumen in two dimensions. 

Aortic Trauma

Aortic trauma can occur secondary to any number of pen-
etrating or blunt causes. Because of the diversity in etiology, 

the exact incidence is unknown, but it remains the most 
common cause of sudden death following a motor vehicle 
accident or fall. Tearing or rupture of the vessel occurs most 
commonly at the aortic isthmus, aortic root, or the diaphrag-
matic annulus. Hemorrhagic decompensation leads to early 
mortality, most often occurring in the field prior to medical 
evaluation. As such diagnosis and evaluation is guided by 
patient stability, imaging focuses on localizing the extent of 
injury prior to proceeding with surgery. Bedside TEE is the 
most appropriate assessment for unstable patients as it can 
rapidly assess relevant anatomy if there is a high suspicion of 
isolated aortic injury , but CT is far more comprehensive for 
evaluation of general thoracic and abdominal trauma. 

Aortic Occlusion

Acute aortic occlusion is a surgical emergency requiring im-
mediate diagnostic evaluation to guide intervention. Classic 
symptoms and signs include levido reticularis, diminished 
peripheral pulses, cold and mottled skin distal to the occlu-
sion, and ischemic neuropathy. Further evidence includes 
laboratory changes indicative of visceral organ injury, de-
pending on the level of occlusion. Consideration should 
also be given to differential diagnosis of systemic emboliza-
tion, and a thorough evaluation for a cardiac source of em-
bolus should be completed. Primary thrombus, while rare, 
can form through a variety of mechanisms including infec-
tious involvement of the cardiac valves or aorta, aortitis, 
or primary malignancy leading to a hypercoaguable state. 
Aortography is the gold standard in diagnosis, but CT an-
giography is a reliable alternative. Surgical treatment is 
often associated with a high mortality. 
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• Atherosclerotic renal artery stenosis is associated 
with renal insufficiency, hypertension, and an in-
creased risk for myocardial infarction, stroke, and 
cardiovascular and all-cause mortality.

• Angiotensin II stimulates oxidase activity in cultured 
vascular cells, in animals infused with angiotensin II, 
and in patients with renovascular hypertension, im-
parting an oxidative stress on the vascular wall.

• Experimentally, angiotensin II induces proinflamma-
tory gene products via a redox-sensitive mechanism.

• Multiple drugs are now available to block the renin-
angiotensin system at different locations, from distal 
to proximal.

• Percutaneous stenting is a safe, effective treatment 
for ostial atherosclerotic renal artery stenosis.

• Although theoretically intriguing, it is unclear whether 
mechanical correction of renal artery stenosis offers 
sustained cardiovascular protection.

• Current trials are ongoing to determine if renal artery 
stent placement reduces cardiovascular complica-
tions in patients with renal artery stenosis

d PRACTICAL POINTS

Atherosclerotic stenosis of the renal artery is a common dis-
order in the United States, with prevalence estimates that 
vary by demographic descriptors. It is present in 4% of the 
general population, 20 to 30% of all patients on dialysis, 
30% of patients with coronary artery disease undergoing 
cardiac catheterization, and 50% of patients undergoing 
 peripheral angiography.

Atherosclerotic renal artery stenosis occurs when athero-
sclerotic plaque deposition in the renal arteries results 
in a critical narrowing, which restricts blood flow to the 
renal parenchyma. It is often associated with significant 
atheromatous disease of the abdominal aorta. Although 
many cases are asymptomatic, atherosclerotic renal ar-
tery stenosis (ARAS) can have very definite clinical 
consequences. It is associated with renal insufficiency, 

hypertension, and an  increased risk for myocardial infarc-
tion, stroke, and cardiovascular and all-cause mortality.1

Although the mere presence of RAS identifies a popu-
lation at high risk for cardiovascular and renal events, 
a causal link has not been firmly  established. Whether 
ARAS is a mediator of the increased vascular risk or sim-
ply a marker for the presence of systemic atherosclerosis 
is not clear. Thus, the treatment of this condition is con-
troversial. It seems intuitive that patients with ARAS are 
best treated with the same measures that reduce cardiovas-
cular risk in patients with atherosclerosis in any  location. 
These measures include regular physical activity; medi-
cations such as statins, ACE inhibitors, and antiplatelet 
drugs; and tobacco avoidance. What is unclear is whether 
mechanical correction of the renal  artery stenosis offers 
additional cardiovascular protection. Important clinical 
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trials are currently under way, which should help answer 
this question.

CLINICAL CONSEQUENCES OF 
ATHEROSCLEROTIC RENAL ARTERY 
STENOSIS

Hypertension

As first noted by Dr. Harry Goldblatt in the 1930s, a  stenosis 
in the renal artery, leading to ischemia of the kidney, pro-
duces a severe elevation of blood pressure. Subsequently, 
it was discovered that the ischemic kidney releases renin, 
which, through a series of steps, leads to the production 
of the small peptide, angiotensin II. In addition to being a 
potent vasoconstrictor, recent evidence reveals that angio-
tensin II also stimulates the production of oxygen derived 
free radicals, which inactivate the ubiquitous vasodila-
tor substance, nitric oxide (NO). In addition to being the 
most potent vasodilator known to man, NO has antiinflam-
matory and antiproliferative properties, and the relative 
lack of effective NO is thought to play a permissive role 
in the development of atherosclerosis. (Figure 83-1 out-
lines the pathophysiology of renovascular hypertension.) 
Atherosclerotic renal artery stenosis is the most common 

cause of secondary hypertension and is often present as a 
bystander in patients with primary hypertension, particu-
larly the elderly and those with severe coronary or periph-
eral atherosclerosis. Differentiating between renal artery 
stenosis that is the cause of the renovascular hypertension 
(RVH) and “bystander” renal artery stenosis (RAS) that 
simply accompanies primary hypertension can be challeng-
ing. (Table 83-1 lists useful clues in trying to differentiate 
RVH from bystander RAS.) Renovascular hypertension is 
often quite severe and accompanied by evidence of hyper-
tensive end-organ damage, such as left ventricular hypertro-
phy,  hypertensive retinopathy, and so on.

Ischemic Nephropathy

Chronically reduced blood flow to the kidney leads to renal 
atrophy and a diminished glomerular filtration rate. Severe 
renal artery stenosis has been identified in 15 to 25% of pa-
tients receiving hemodialysis. Although not proof of a cause 
and effect relationship, renal artery stenosis is considered 
an important reversible cause of renal failure. Some have 
reported that percutaneous renal artery stenting in selected 
dialysis patients can salvage renal function and obviate the 
need for dialysis.2

Cardiovascular Events

The most common cause of death in patients with ARAS 
is ischemic heart disease and its complications. This is 
true of patients with atherosclerosis in any location of the 
body. However, patients with ARAS carry the additional 
vascular burdens of severe hypertension, supraphysiologic 
levels of the proatherogenic prothrombotic vasoconstric-
tor angiotensin II, and possibly diminished renal function 
with its cardiovascular consequences. Conlon et al found 
that in patients undergoing coronary angiography, the pres-
ence of renal artery stenosis is an independent risk factor 
for cardiovascular and all-cause mortality during 5 years 
of follow up. These investigators demonstrated a “dose-
dependent” effect, with a graded increase in mortality in 
patients with severe compared to moderate narrowing of 
the renal arteries.1

PATHOPHYSIOLOGY OF 
RENOVASCULAR HYPERTENSION

Much of our understanding of the pathophysiology of reno-
vascular hypertension comes from a series of elegant ani-
mal experiments carried out in the 1930s, 1950s, and 1970s 
by Drs. Goldblatt, Braun-Menendez, Barger, Gavras, and 
 others. Experimental renal artery stenosis results in hyper-
tension that is characterized by three separate phases, with 
variable responsiveness to renin-angiotensin blockade or 
relief of the renal artery stenosis.

1. FORMATION OF ANGIOTENSIN I

2. ACTIONS OF ANGIOTENSIN II

Angiotensin II

Direct vasoconstrictor

Stimulates oxidase activity and
production of oxygen-derived free 
radicals

Stimulates Aldosterone and 
Vasopressin

Renal Hypoperfusion Renin secreted by Kidney

Angiotensinogen
Renin

Angiotensin I
ACE

Angiotensin II

Figure 83-1. Renal hypoperfusion from a variety of causes 
(low cardiac output, renal artery stenosis, hypovolemia) stimu-
lates the kidney to secrete renin, an enzyme which acts on the 
constitutively secreted protein angiotensinogen, cleaving it to 
yield angiotensin I. Angiotensin I is transformed to Angiotensin 
II most commonly by the angiotensin converting enzyme (ACE), 
though other enzymes have been discovered that can catalyse 
this reaction. Angiotensin II then stimulates a variety of actions 
which ultimately result in volume and salt retention and vaso-
constriction.
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RVH Phase I

In this initial phase of “two kidney, one clip” RVH (analo-
gous to human unilateral renal artery stenosis), the ischemic 
kidney secretes large amounts of renin, which results in the 
formation of large amounts of angiotensin I. Angiotensin 
I is cleaved by angiotensin converting enzyme (ACE) to 
angiotensin II, a powerful vasoconstrictor that has other 
important vascular effects. The stenosed kidney is under-
perfused while the nonstenosed kidney, exposed to hyper-
tension,  experiences intraglomerular hypertension. This 
causes a pressure induced natriuresis, resulting in no overall 
increase in volume. This phase of RVH is responsive to the 
relief of the stenosis or ACE inhibitors.

RVH Phase II

Persistent renovascular hypertension enters another phase, 
in which intravascular volume is expanded, shutting down 
or slowing renin production. In the experimental models, 
this is seen in either the “one kidney, one clip” model or the 
“two kidney, two clip” model—in other words, global renal 
ischemia. The analogous situation in humans would be bi-
lateral critical renal artery stenosis or unilateral renal artery 
stenosis in a patient with only one functioning kidney. In 
this situation, pressure natriuresis cannot occur, because all 
of the renal mass is hypoperfused and unable to increase so-
dium and water excretion. The expanded volume is a strong 
stimulus to shut down or slow renin secretion, thus renin and 
angiotensin II levels decrease toward normal in this phase. 
This phase of RVH is responsive to the relief of the stenosis 
or stenoses but not as responsive to ACE inhibitors.

RVH Phase III

Persistent, chronic RVH leads to renal parenchymal damage 
secondary to the chronic hypertension. Typical hypertensive 
nephrosclerosis results in irreversible loss of renal function, 
volume expansion, lower renin and angiotensin II levels, 
and less responsiveness to renin-angiotensin  blockade. This 

phase of RVH is not responsive to the relief of the stenosis 
and is not very responsive to ACE inhibitors.

ANGIOTENSIN II

From vasoconstrictor to promoter of inflammation and 
 atherosclerotic plaque rupture.

Early studies of angiotensin II attempted to study its role in 
homeostasis to characterize its cell surface receptors and to 
block its powerful vasoconstrictive action. It was not until 
the 1990s, some 60 years after Goldblatt’s first experiments, 
that investigators began dissecting the mechanism of an-
giotensin II-induced blood pressure elevation, which was to 
shed light on a possible link between atherosclerosis and an-
giotensin II. In 1994, Griendling et al3  discovered that cul-
tured vascular smooth muscle cells exposed to angiotensin II 
produce oxygen derived free radicals, with the source likely 
to be the membrane bound NADH/NADPH oxidase system. 
That this occurs in vivo, via the coupling of angiotensin II 
to its AT1 receptor, was demonstrated by the same group in 
1996 on a series of experiments in rats.4 In this important 
paper, Rajagopalan et al hypothesized that the hypertensive 
response to angiotensin II is, in part, a result of the inactiva-
tion of nitric oxide by oxygen free radicals produced when 
angiotensin II stimulates its AT1 receptor. In a study of hy-
pertensive patients, some with renal artery stenosis and some 
with essential hypertension, indices of oxidative stress were 
higher in those with renovascular disease.5 It is now well ac-
cepted that angiotensin II stimulates oxidase activity in cul-
tured vascular cells, in animals infused with angiotensin II, 
and in patients with renovascular hypertension.

It has subsequently been shown that NADPH oxidase pro-
duces a superoxide radical in atherosclerotic human coro-
nary arteries and that this is inhibited by pharmacologic 
blockade of the AT1 type angiotensin II receptor.6 Parallel 
with these findings was a growing body of evidence that 

Table 83-1 • Clinical Clues to Differentiate True Renovascular Hypertension from Primary Hypertension with 
“Bystander” Renal Artery Stenosis

Renovascular Hypertension Primary Hypertension with“Bystander” 
Renal Artery Stenosis

Blood pressure levels Very severe, usually relatively refractory to 
medications

From mild to severe, usually responds to 
medications

Metabolic clues Unexplained hypokalemia may be present Unexplained hypokalemia not present

Evidence for hypertensive end-organ 
damage

Usually present, especially left ventricular 
hypertrophy

May or may not be present

Acute ACE inhibitor- or ARB-induced 
hyperkalemia or azotemia

When this occurs, a strong clue to the 
presence of bilateral renal artery stenosis

Usually does not occur
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oxidative stress in the vascular wall is an important stimu-
lus for the upregulation of gene products believed to play a 
role in atherosclerosis. For instance, in 1998, we found that 
angiotensin II induced hypertension in rats and was unique 
for its ability to stimulate the upregulation of the mRNA 
for the thrombin receptor (now called protease activated 
receptor-1, or PAR-1) and for the chemokine monocyte 
chemotactive protein-1 (MCP-1).7,8 Both of these gene 
products are present in human atherosclerotic plaques, 
with a putative role for MCP-1 in recruiting monocytes to 
the vascular lesion ultimately resulting in plaque rupture. 
Both of these gene products are redox-sensitive, and their 
in vivo upregulation in the presence of angiotensin II pro-
ceeds via redox-sensitive mechanisms. Thus, angiotensin 
II stimulates oxidase activity in animals and humans. 
Gene products known to be associated with the mainte-
nance and progression of human atherosclerotic plaques 
are induced by angiotensin II via the production of ox-
ygen-derived free radicals. Taken together, these findings 
potentially provide a mechanistic basis for the findings of 
increased clinical events driven by atherosclerotic plaque 
rupture (acute myocardial infarction, stroke) in patients 
with renal artery stenosis1 or in those with high plasma 
renin activity without renal artery stenosis.

MANAGEMENT OF RENAL 
ARTERY STENOSIS

Medical Therapy

Patients with renal artery stenosis have clinical sequelae 
secondary to hyperreninemia. These can include elevated 
levels of the prooxidant, proinflammatory angiotensin II 
and secondary severe or malignant hypertension, hyperv-
olemia, and possibly increased clinical events characterized 
by atherosclerotic plaque rupture. It is fortunate that there 
are now pharmacologic agents that inhibit most facets of 
an activated renin-angiotensin-aldosterone system. From 
distal in the pathway to proximal, agents are available that 
antagonize the aldosterone receptor (Spironolactone and 
Eplerenone), the angiotensin II receptor (ARBs), and the 
vasopressin receptor (vaptans). More proximal, one can 
inhibit the formation of angiotensin II with angiotensin 
converting enzyme (ACE) inhibitors. More proximal still is 
the new agent Aliskiren, which inhibits renin by  mimicking 
its substrate, angiotensinogen, and irreversibly binding the 
renin molecule (site of effect of various drug classes in RAS 
shown schematically in Figure 83-2). Although these agents 
are not used in patients with uncorrected severe bilateral 

• Reaction

Ang. I1) Angiotensinogen
Renin

Ang. II2) Ang. I
ACE

Constriction
Oxidant stress
Aldosterone

3) Ang. II
Via AT1 receptor

Na retention 
Kalliuresis
Vasopressin

4) Aldosterone

Constriction 
Free Water 
Reabsorption

5) Vasopressin

• Antagonized by

1) Aliskiren

2) ACE Inhibitors

3) Angiotensin Receptor Blockers (ARBs)

4) Aldosterone Receptor Antagonists

5)“Vaptans”

Figure 83-2. Reactions in the renin-angiotensin-aldosterone axis and pharmacologic inhibitors.
Angiotensinogen is acted upon by the enzyme renin to give angiotensin I. The direct renin inhibitor, al-
iskiren, blocks this reaction by irreversibly binding renin. Angiotensin I (Ang. I) serves as the substrate for 
the angiotensin converting enzyme (ACE), and this reaction produces the multifunctional protein angio-
tensin II (Ang. II). Angiotensin converting enzyme inhibitors block this enzymatic pathway and prevent 
the formation of angiotensin II. Most known effects of Ang. II proceed after the small peptide couples 
with the AT1 receptor on vascular and other cells, and can be blocked by antagonizing this receptor with 
angiotensin receptor blockers (ARBs). In addition to promoting vasoconstriction and the production of 
oxygen-derived free radicals, Ang. II stimulates the adrenal cortex to produce aldosterone, which in turn 
stimulates the kidney to reabsorb sodium and excrete potassium (kalliuresis). Aldosterone stimulates the 
secretion of vasopressin, which has pressor properties and also increases free water reabsorption by the 
kidney. The effects of aldosterone and vasopressin can be blocked by aldosterone receptor antagonists 
and vasopressin antagonists or “vaptans”, respectively. Ang. I, angiotensin I; ACE, angiotensin converting 
enzyme; Ang. II,  angiotensin II; Na retention, sodium retention.
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renal artery stenosis, as they can precipitate acute renal fail-
ure and hyperkalemia in such patients, ACE inhibitors and 
ARBs in particular are quite useful in the management of 
renovascular hypertension secondary to severe unilateral 
hypertension. More data are needed on the use of Aliskiren, 
the vaptans, and aldosterone blockers in RAS.

It is usually recommended that medications that inhibit the 
renin angiotensin system be used with caution in patients 
with known renal artery stenosis as well as unilateral renal 
artery stenosis. If used chronically, these can lead to a medi-
cal nephrectomy, which was once a sought-after endpoint 
in the management of patients with refractory hypertension 
secondary to renal artery stenosis.

Renal Artery Revascularization

Mechanical treatment of renal artery stenosis has evolved 
through several distinct stages: from surgeries such as neph-
rectomy and renal endarterectomy, to balloon angioplasty, to 
percutaneous stent placement with or without distal embolic 
protection devices. The progressive evolution has been fueled 
by the strong personal conviction of operators and other clini-
cians that patients benefit from these procedures. However, 
objective data have been controversial. Many registries have 
reported improved outcomes in groups of patients with renal 
artery stenosis treated with mechanical revascularization. The 
evidence from prospective, randomized trials has been less ro-
bust. Three randomized studies of balloon angioplasty versus 
medical therapy for the treatment of renal artery stenosis con-
ducted in 1998 and 2000 were sobering; balloon angioplasty 
was no better or only slightly better than maximal medical 
therapy at improving blood pressure control in hypertensive 
patients with renal artery stenosis. These studies have been 
criticized, with the most cited flaw being that stents were rarely 
used in one study and not at all in the other two. Balloon an-
gioplasty is not an effective therapy for aorto-ostial atheroscle-
rotic renal artery stenosis. Elastic recoil of ostial lesions is often 
evident immediately after balloon deflation. In a 1999 study 
comparing balloon angioplasty with stent placement to stand-
alone balloon angioplasty in patients with renal artery steno-
sis, the differences between balloon angioplasty and stenting 
were striking. The primary success rate of stent placement was 
88% compared to 57% for balloon angioplasty alone. The 
restenosis rate at 6 months was 71% in the balloon group and 
25% in the stent group.13 These studies, and many early stud-
ies and registries, concentrated on endpoints of blood pressure 
control and renal function. These are important endpoints, for 
sure. Yet, given the scientific discussion above, one is intrigued 
by the possibility that renal artery stenting might decrease car-
diovascular complications such as MI and stroke.

The first completed randomized evaluation of stenting ver-
sus medical therapy in patients with “incident” renal artery 
stenosis was reported at the major cardiology meetings and 

nephrology meetings of 2008. At the Angioplasty and Stent 
for Renal Artery Lesions (ASTRAL) trial, investigators found 
no difference in blood pressure, renal outcomes, cardiovascu-
lar outcomes, or overall mortality in more than 800 patients 
randomized to stent placement or maximal medical therapy 
and followed for 5 years. The published manuscript is eagerly 
awaited as of this writing. The multicenter, NIH sponsored 
Cardiovascular Outcomes in Renal Atherosclerotic Lesions 
(CORAL) trial will randomize 1,080 patients with atheroscle-
rotic renal artery stenosis to maximal medical therapy based 
on an angiotensin receptor blocker or maximal medical ther-
apy plus stenting. Entry  criteria include renal artery stenosis of 
greater than or equal to 60% and either chronic renal insuffi-
ciency or hypertension on two or more antihypertensive drugs. 
Enrollment is anticipated to close in late 2009 or early 2010. 
When both the CORAL and ASTRAL trials are completed 
and published in full length manuscript form, physicians may 
finally have some hard evidence on which to base manage-
ment decisions in their renal artery stenosis patients.

CONCLUSION

Atherosclerotic renal artery stenosis is a disease that harkens 
back to the very beginning of endocrinology as a discipline of 
study, and classical physiology experiments taught us much 
about endocrine function, blood pressure regulation, and 
regulation of volume. This disease with potential deadly con-
sequences will become more frequent in the United States as 
the population continues to age and peripheral atherosclero-
sis becomes more prevalent. Although the presence of ARAS 
identifies patients at high risk for cardiovascular events such 
as MI and stroke, it is not clear as of this writing if mechani-
cal correction of renal artery stenosis reduces that risk. There 
is a scientific rationale to expect that such would be the case, 
and it is clear that individuals can be found who do respond 
to renal artery interventions in terms of blood pressure con-
trol and renal function. In the case of the patient with severe 
bilateral renal artery stenoses and recurrent bouts of “flash” 
pulmonary edema, one would be hard pressed to find a clini-
cian who would not recommend renal artery intervention. 
However, beyond the short term, it is controversial whether 
there is a sustained cardiovascular benefit to be gained from 
renal artery interventions. Forthcoming randomized trial 
data should help settle this long-standing controversy.
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• PAD is more prevalent in elderly and smokers.

• Most patients with PAD are asymptomatic or have 
atypical leg symptoms.

• PAD is a cardiovascular risk equivalent.

• Treatment goals are: 
0 improve functional status 
0 treat the underlying atherosclerosis.

• Endovascular procedures are indicated for individ-
uals with: 
0 lifestyle-limiting disability 
0 reasonable likelihood of symptomatic improvement 
0 inadequate response to exercise or pharmacologic 

therapy
0 favorable risk-benefit ratio

• Supervised exercise 3 times/week for 3-6 months is 
safe, efficacious, and cost effective therapy.

• Patients who complete a supervised exercise pro-
gram have 100% improvement in their symptoms 
compared to 50% improvement with cilostazol and 
12% improvement with pentoxifylline.

• Surgical versus percutaneous intervention for the super-
ficial femoral artery disease seems to be comparable.

• Patients with acute limb ischemia (ALI) should un-
dergo an emergent evaluation, the goal of which 
is to lead to prompt endovascular or surgical 
intervention.

• Statins improve pain-free walking distance (PFWD), 
quality of life (QOL), and limb salvage in patients, 
post-revascularization.

d PRACTICAL POINTS

PERIPHERAL ARTERIAL DISEASE (PAD)

Peripheral artery disease (PAD) defined by an ankle bra-
chial index (ABI) of less than 0.9 affects 8.5-10 million 
adults in the United States. It is more prevalent in older pa-
tients (>70years) (Figure 84-1), in diabetic patients, or in 
those who smoke (>50 years), especially if atherosclerotic 
risk factors are present. It affects 25% of those over the age 
of 70 and is found in 33% of patients in the primary care of-
fice. Black ethnicity is a strong and independent risk factor 
for PAD independent of diabetes, hypertension, and BMI.

Most patients with PAD are asymptomatic (Figure 84-2). 
These patients have an abnormal ABI of less than 0.9 but 
have no walking limitations. Others could present with 

atypical symptoms such as leg fatigue or cramps. Patients 
with typical claudication (pain that is brought by walking 
and relieved after few minutes of rest) account for about 
11% of those with PAD.

Patients with PAD have metabolic abnormalities stemming 
from reduced blood flow and O2 delivery to the lower ex-
tremity muscles. There is reduction in muscle fibers by up to 
50% compared with controls, smaller type I, and II muscle 
fibers. It is associated with hyperplastic mitochondria and 
demyelination of nerve fibers.

Two-thirds of patients with PAD can walk one-half a block 
with maximal walking speed at 1-2 mph and a peak VO2 at 
50% (similar to patients with heart failure NYHA III) in com-
parison to unlimited distance at 3-4 mph for normal patients.
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Physical Examination and Diagnosis

With a high index of suspicion for PAD, a thorough physical 
examination is done utilizing the vascular diagnostic labora-
tory (Figure 84-3). 

Patients with any exertional limitation of the lower extrem-
ity or any history of walking impairment (fatigue, numbness, 
aching, or pain), ulcers of the legs or feet that heal poorly or 
not at all, and pain at rest localized in the lower leg or foot 
and its association with the upright or recumbent positions 
(Figure 84-4). 

Measuring the ABI during the initial office visit is an 
easy but vital diagnostic and prognostic tool. Therefore, 
it is recommended for patients with the following 
characteristics:

 1. Exertional leg symptoms
 2. Non-healing wounds
 3. Age 70 years or older 
 4. Age 50 years and older with history of smoking or 

 diabetes.

There is strong correlation between the ABI and cardiovas-
cular mortality. 

It is important to differentiate between claudication and 
pseudo-claudication. Claudication is characterized by recur-
ring burning, aching, fatigue, or heaviness in the leg muscles 
with predictable level of walking, that resolves with a pre-
dictable duration of rest. It is not:

pain at rest;• 
pain while standing, lying, or sitting;• 
pain that improves with walking or by leaning (e.g., on • 
a shopping cart). 
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Figure 84-1. Prevalence of PAD by age. (Criqui et al. Circula-
tion. 1985;71.)

Chronic limb ischemia
Asymptomatic
PAD

Typical and
atypical leg pain

Acute limb ischemia

Figure 84-2. The clinical manifestations of PAD. (Hirsch. Fam 
Pract Recertific. 2000;15(suppl).)
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Moderate impairment
Severe impairment
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Right ABI
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Left ABI
90/160 = 0.56

PT = posterior tibial; DP = dorsalis pedis.

160 mm Hg
Left arm
pressure

Pressure
70 mm Hg PT
80 mm Hg DP

Pressure
90 mm Hg PT
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Figure 84-3. Measuring ABI is a simple but vital diagnostic 
and prognostic tool. It should be performed on every high risk 
patient during his or her initial visit to the office. This figure also 
presents the correlation of ABI with the severity of PAD. 

Figure 84-4. Arterial ulcer on the interior aspect of the ankle 
in a patient with severe PAD. (Modified from Peripheral Vascular 
Disease: Basic Diagnostic and Therapeutic Approaches. Abela et al.)
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Measuring ABI before and immediately after exercising 
the patient for 5 minutes on a 12.5% incline at a speed 
of 2 mph (stress ABI) helps to reveal those patients 
who have with PAD whose resting ABI is otherwise nor-
mal. For those who cannot exercise, reactive hyperemia 
testing (transient increase in organ blood flow that oc-
curs following a brief period of ischemia) might be the 
alternative.

Smoking is the most important risk factor for developing 
PAD; it is followed by diabetes. The toe-brachial index 
(TBI) is used to establish the lower extremity PAD diagno-
sis in patients in whom lower extremity PAD is clinically 
suspected, but in whom the ABI test is not reliable due to 
calcified noncompressible vessels (advance age or diabetes) 
with normal TBI > 0.8. 

Leg segmental pressure measurements are useful to establish 
the lower extremity PAD diagnosis when anatomic localiza-
tion of lower extremity PAD is required to create a therapeutic 
plan. 

Ultrasound is useful toward assessing PAD anatomy and 
presence of significant stenoses and to select patients who 
are candidates for endovascular or surgical revascularization. 
We suggest the following evaluation algorithm for patients 
with suspected PAD (see Figure 84-5): 

TBI should be checked in patients with an ABI • >1.4.
Walking stress test should be ordered in patients with • 
lower extremity symptoms and normal ABI. 

A drop in ABI immediately after exercise indicates a • 
positive stress test.
A significant change from normal ABI pre-exercise to • 
low ABI post-exercise may signify inflow disease in-
volving the external iliac or common femoral  arteries. 

Clinical Outcome
Patients with an ABI less than 0.9 (even without symptoms) 
have 3-5 times higher cardiovascular mortality, and those 
with an ABI of more than 1.4 have a similar increase in 
mortality. Also, the more abnormal the ABI the worse the 
prognosis. Diabetics and smokers are expected to have 
more amputations (Figure 84-6). 

Goals of Therapy and Revascularization
The goal of therapy is to improve the quality of life and 
functional status, identify and treat established systemic 
atherosclerosis, prolong survival, prevent progression of 
atherosclerosis, aggressively intervene where risk factors 
are present, and preserve or salvage limbs. According to the 
ACC/AHA PAD Guidelines, the indications for revascu-
larization are: 

 1. non-healing ulcers
 2. ischemic rest pain
 3. claudication causing lifestyle limitations refractory 

to pharmacologic intervention and behavioral mod-
ification.

The following algorithm explains treatment targets in 
 patients with PAD (see Figure 84-7).

NoYes

Ankle-Brachial

Less than 0.9

History and physical
examination

suggestive of PDA?

Search for
alternate diagnosis

PAD Still suspicious? Vascular Referral
Toe Brachial index (TBI)
Pulse volume Recording (PVR)
Graded treadmill test

Anatomic Assessment:
Ultrasound, MRA, CTA

0.9 to 1.3 Higher than 1.4

Figure 84-5. Approach to patient with leg pain.



984 SECTION XIII /  Aorta and Vascular Disease

Treatment of Symptomatic Lower Extremity Atherosclerotic 
Occlusive Disease

Medical management

Risk factor modification• 
Exercise• 
Medications• 

Endovascular management

Transluminal angioplasty• 
Endovascular stents• 
Intra-arterial thrombolytic therapy• 

Surgery

Endarterectomy• 
Bypass grafting • 
Autogenous prosthetic• 
Amputation• 
Skin grafting (see • Figure 84-8)

Claudication Exercise Programs

Supervision of claudication exercise program 3 times/week 
for 3-6 months is effective for improving exercise perfor-
mance, walking ability, and physical functioning. Patients 
should be encouraged to exercise until symptoms in the 

Population > 55 y

Asymptomatic
ABI < 0.9

10%

Intermittent
claudication

5%

Nonfatal
cardiovascular event

20%

5-y
mortality

30%

Lower extremity
bypass surgery

7%

Worsening
claudication

16%

Repeat
revascularization

26%

Major
amputation

20%

Cardiovascular
cause
75%

Non-cardiovascular
cause
25%

Other cardiovascular 
morbidity / total

mortality

Peripheral vascular 
outcomes

Chronic critical 
leg ischemia 

1%

Figure 84-6. Outcome of patients with PAD. (From Weitz et al Circulation 1996;94(11):3026–3049 with permission)
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events (MI, stroke)

Preserve
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Improve
functional

Improve symptoms
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 capacity 

Decrease the
need for

intervention

Prevent
Progression

Treatment goals for
patients with PAD

Figure 84-7. Treatment goals for patients with PAD.
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lower extremities are reproduced. However, although super-
vision is safe and cost effective, availability of supervised 
programs is limited; the patient who is on such a program  
requires discipline and motivation. Moreover, the benefits 
dissipate unless the exercise regimen is maintained. Also, 
education concerning risk factor modification is important.

Exercise therapy enlarges the radius of the supply vessels, 
enhances collateral vascular growth, increases type I muscle 
fibers, improves oxygen affinity by hemoglobin, and im-
proves endothelial function.

Pharmacotherapy for PAD

FDA-Approved Medications
The following medications are approved by the U.S. Food 
and Drug Administration in the treatment of peripheral ar-
tery disease:

Pentoxifylline• 
Cilostazol• 

The following are medications that are under investi-
gation:

Statins• 
Propionyl-L-carnitine• 
L-arginine• 
Prostaglandins• 
Angiogenic factors: VEGF, bFGF• 

Cilostazol
Cilostazol is the most effective drug therapy for claudication. 
It is a phosphodiesterase III inhibitor with vasodilator, meta-
bolic, and antiplatelet activity; it inhibits platelet aggregation, 
arterial thrombosis, and vascular smooth muscle proliferation. 
The most common side effects include headache, diarrhea, 
and palpitations. The phosphodiesterase III inhibitor class of 
agents should not be given to patients with any evidence of 
congestive heart failure, because of a concern for increased risk 
of mortality as shown for other phosphodiesterase inhibitors. 
This agent has shown the best overall evidence for treatment 
benefit in patients with claudication. According to the ACC/
AHA Guidelines, a course of cilostazol for 3-6 months should 
be first-line pharmacotherapy for the relief of claudication 

symptoms, as evidence shows such a regimen results in both 
improved treadmill exercise performance and quality of life.

Thus:

Cilostazol is the first-line of pharmacotherapy• 

Lipid Lowering Agents 
It is recommended that patients with PAD and LDL choles-
terol of 100 mg/dL or greater be treated usually with a HMG 
Co-A reductase inhibitor (statins), but when the risk is very 
high (i.e., prior MI or stroke) the LDL cholesterol goal of 
less than 70 mg/dL is desirable. Statins have been shown 
to play an important role in the treatment of patients with 
PAD. There is evidence that statins: 

slow the progression of atherosclerosis in the lower • 
extremities.
improve cardiovascular risk morbidity and mortality • 
in these patients. 
improve pain-free walking distance (PFWD) and • 
quality of life (QOL). 
improve limb salvage in patients, post-revascu larization.•  

Antithrombotic Agents 
Aspirin is effective in maintaining vascular-graft patency and 

may prevent thrombotic complications of PAD. However, if 
patients have severe disease, other precluding risk factors, or 
intolerance to aspirin, clopidogrel is recommended for the 
prevention of ischemic events in PAD patients. 

Endovascular Treatment
Endovascular procedures are indicated for individuals with 
lifestyle-limiting disability due to intermittent claudica-
tion when clinical features suggest a reasonable likelihood 
of symptomatic improvement, along with inadequate re-
sponse to exercise or pharmacologic therapy and favorable 
risk-benefit ratio (i.e., focal aortoiliac occlusive disease). 
Endovascular intervention is recommended for TASC type 
A iliac and femoropopliteal lesions (for more in-depth in-
formation see recommended readings The Trans-Atlantic 
Society Consensus) (see Figure 84-9).

Endovascular intervention is not indicated if there is no 
significant pressure gradient across a stenosis, despite flow 

Medical or
interventional treatment

Patient education
regarding foot care

• Lifestyle changes
• Cardiovascular 
   risk modification
• Exercise program
     3–6 months 

Patient care

Figure 84-8. Comprehensive care for patients with PAD.
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augmentation with vasodilators. Primary stent placement 
is not recommended in the femoral, popliteal, or tibial ar-
teries. Endovascular intervention is not indicated as pro-
phylactic therapy in an asymptomatic patient with lower 
extremity PAD.

Surgical Treatment
A preoperative cardiovascular risk evaluation is important in 
patients with lower extremity PAD in whom a major vascu-
lar surgical intervention is planned. Bypasses to above-knee, 
below-knee popliteal, or the femoral-tibial arteries should be 
constructed with autogenous vein when possible. Prosthetic 
material can be used effectively for bypasses to the below-
knee popliteal artery when no autogenous vein is available. 
Surgical intervention is not indicated to prevent progression 
from intermittent claudication to limb-threatening isch-
emia. In patients with combined inflow and outflow disease 

Figure 84-9. An example of TASC type A lesion (left) in the 
common iliac artery best treated with endovascular intervention. 
Type D lesion, (right) where open surgical revascularization 
is the preferred approach. (TASC II. Eur J Vasc Endovasc Surg.
33;2007.)

Recognize the 6 Ps
(pain, pallor, pulselessness,

paralysis, parasthesia,
poikilothermia) symptoms

Acute limb ischemia

Salvageable limb
threatened immediately

Nonviable limbViable limb
Salvageable limb

threatened marginally

Revascularization:
thrombolysis, endovascular, surgical

Amputation

• Embolic  • Leg bypass graft thrombosis        • Poplietal cyst or entrapment
• Progressive PAD and • Arterial trauma                             • Phlegmasia cerulea dolens 
  in situ thrombosis • Ergotism               • Hypercoagulable state

Assess etiology:

Severe PAD documented 

Immediate anticoagulation:
Unfractionated heparin or

low molecular heparin

Management of acute limb ischemia

AHA/ACC guidelines

Figure 84-10. Management of acute limb ischemia.
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with chronic limb ischemia (CLI), the inflow lesions should  
be addressed first. The outflow revascularization procedure 
should be performed in those with combined inflow and out-
flow disease when symptoms of CLI or infection persist after 
inflow revascularization. Patients with acute limb ischemia 
(ALI) and a salvageable extremity should undergo an emer-
gent evaluation in order to define level of occlusion, which 
leads to prompt endovascular or surgical intervention. The 
risk of complications associated with lower extremity bypass 
surgery include: myocardial infarction (1.9-3.4%), death 
(1.3-6%), wound infection (10-30%), and scar-related neu-
ropathic pain (23%). Thirty percent of grafts will require 
revision sometime during their lifetime. 

Management of Acute Limb Ischemia
The following flow chart (AHA/ACC Guidelines) outlines 
the management of acute limb ischemia (see Figure 84-10 
and 84-11).
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 3. Inter-Society Consensus for the Management of Periph-
eral Arterial Disease (TASC II). Eur J Vasc Endovasc Surg. 
2007;33(Suppl 1):S1–S75.

 4. Creager M, Dzau V, Loscalzo J. Vascular Medicine—A Compan-
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 5. William Hiatt. Medical treatment of peripheral arterial dis-
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Patients with claudication

Summary of the treatment approach in patients with PAD

Response

Yes No

No

• Continue walking program
• CV risk assessment and treatment
   according to guidelines
• Foot care
• Re-evaluate in 1–2 years

• Consider adding cilosazol or pentoxifylline
   and re-evaluate in 90 days (avoid cilostazol
   in patients with heart failure)
• Statins have mild effect on pain-free
   walking-distance
• CV risk modification and foot care

Moderate symptoms Severe symptoms

Vascular specialist
evaluation

Mild or asymptomatic

• No medication 
• Cardiovascular risk
   assessment and
   re-evaluate periodically

Exercise therapy for 12
weeks and re-evaluate

Figure 84-11. Summary of the treatment approach in patients with PAD.
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BACKGROUND

The public health and economic impact of cerebrovascular 
disease in the United States is staggering: Approximately 
780,000 people per year experience a cerebrovascular ac-
cident (CVA), including 600,000 (77%) with a first stroke 
and 180,000 (23%) with recurrent stroke. Stroke remains 
the third leading cause of death despite aggressive medical 

therapy, counseling on healthy lifestyles, and revascular-
ization. One stroke occurs every 40 seconds and 1 fatal 
stroke occurs every 3 to 4 minutes. Most stroke victims 
endure significant functional impairment, and the total 
cost of stroke care was estimated to be 65 billion dollars 
in 2008.

ETIOLOGY OF STROKE

Stroke is a heterogeneous group of diseases with multiple 
etiologies and clinical presentations, including ischemic 
stroke in 85% and hemorrhagic stroke in 15% (Table 85-1). 
Ischemic stroke results from in situ thrombosis of a preex-
isting stenosis (50%), atheroembolism originating from 
the heart, aortic arch, or carotid arteries (20%), or lacunar 
infarction and thrombotic occlusion associated with hyper-
tension (15%). Atherosclerosis alone accounts for one-third 
of all ischemic strokes. Cardioembolic sources of stroke are 
due to thrombi originating from the left atrium (left atrial 
appendage clot associated with atrial fibrillation), or from 
the left ventricle (mural thrombus associated with acute 
myocardial infarction or dilated cardiomyopathy); or from 
thrombi transiting through the heart (paradoxical embo-
lism through a patent foramen ovale). Uncommon causes 
of ischemic stroke include endocarditis, hereditary throm-
bophilia, vasculitis, cerebral artery vasospasm, and venous 
thrombosis. 

• In contrast to the pathophysiology of acute cor-
onary artery syndromes where symptoms are 
secondary to plaque rupture/erosion leading to 
in situ occlusive thrombus, embolization is the 
most frequent cause of symptomatic carotid ar-
tery disease (CAD).

• Patients undergoing coronary artery bypass graft 
surgery (CABG) have a high incidence of asymp-
tomatic carotid stenosis, and 30% of postop-
erative strokes are due to severe carotid artery 
stenosis.

• Preoperative carotid screening is recommended 
in CABG patients with age >65 years, left main 
stenosis, known peripheral arterial disease, or 
any history of smoking, TIA, or stroke. 

• Both NASCET and ECST established that 
 symptomatic patients with carotid stenosis 
>70%  derive the most benefit from carotid 
endarterectomy (CEA) compared to medical 
therapy.

• Carotid artery stenting is a reasonable alternative 
to CEA in patients with carotid artery stenosis 
who are at high risk for complications with tradi-
tional CEA.

d PRACTICAL POINTS

Table 85-1 • Causes of Stroke

Ischemic 85%

Atherothrombotic 50%

Embolic 20%

Lacunar 15%

Hemorrhagic 15%

Subarachnoid 10%

Intracerebral 5%
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ANATOMY OF THE CERVICOCEREBRAL 
CIRCULATION

The cervicocerebral circulation includes the aortic arch, 
great vessels, and intracranial arteries. Aortic arch types are 
arbitrarily defined by the spatial relationship of the great 
vessels to an imaginary line representing the apex of the 
superior curvature of the arch in a standard left anterior 
oblique (LAO) projection (Figure 85-1). In Type I aortic 
arch, the great vessels arise at or above the horizontal plane 
of the superior curvature of the aortic arch. In Type II aortic 
arch, the innominate artery (IA) originates below this line, 
and in Type III aortic arch, all three great vessels arise below 
this line. Selective angiography and intervention are more 
difficult in patients with arch Types II and III. 

The arch configuration refers to the order of origin of the 
great vessels from the aortic arch and is generally classified 
as usual or anomalous configuration. In the usual configura-
tion (65%), the order of origin from proximal to distal is 
the IA, the left common carotid artery (CCA) and the left 
subclavian artery (SCA). Usually, the IA gives rise to the 
right CCA and right SCA, and the right SCA gives rise to 
the right vertebral artery (VA). The right CCA bifurcates 
into the right internal (ICA) and external (ECA) carotid 
arteries, and the left CCA bifurcates into the left ICA and 
ECA. The left SCA arises from the distal aortic arch and 
gives rise to the left VA. Although anomalous configura-
tions of the aortic arch are rarely associated with pathologic 
disease states, they are important to recognize for diagnostic 
and therapeutic purposes. The most common anomalies are 
shared origin of the IA and left CCA (bovine configura-
tion, 27%) and origin of the left CCA from the proximal 
IA (7%). Other anomalies include origin of left VA directly 
from the arch (0.5%), aberrant right SCA and left-sided 
arch origin (arteria lusoria <0.5%), and common origin of 
the left CCA and left SCA from a left IA (1-2%). 

Both ICA extend superiorly to the base of the skull and 
course intracranially as they enter the petrous bone. The ICA 

bifurcates into the anterior cerebral artery (ACA) and middle 
cerebral arteries (MCA). In the posterior circulation, the left 
and right VA merge into the basilar artery which ascends in-
ferior to the pons and divides into the posterior cerebral arter-
ies (PCA) and superior cerebellar arteries. The left and right 
posterior circulation connect via the posterior communicating 
arteries (PCOM) and the left and right anterior circulation 
connect via the anterior communicating artery (ACOM).

PATHOPHYSIOLOGY OF 
CAROTID ARTERY DISEASE

Atherosclerosis of the carotid artery is histologically similar 
to atherosclerosis in other arterial beds. Approximately 90% 
of carotid atherosclerotic lesions involve the cervical por-
tion of the ICA within 2 cm of the carotid bulb, whereas 
10% of lesions are located in the intrathoracic or intrac-
ranial carotid artery. Despite histologic similarities, there 
are many pathophysiologic differences between coronary 
and carotid artery disease (CAD) (Table 85-2). Clinical 
consequences of chronic ischemic heart disease are gener-
ally related to progressive coronary artery stenosis, and the 
mismatch between myocardial blood flow and demand is 
usually manifested as exertional angina. Anginal symptoms 
often progress to angina at rest when stenosis severity im-
pairs resting myocardial blood flow. Acute coronary syn-
dromes (UA-NSTEMI) are associated with unstable plaque 
and vessel thrombosis. ST elevation myocardial infarction 
is most often due to in situ thrombosis of a coronary artery, 
and the extent of myocardial damage and resultant disabil-
ity are closely related to the location of the thrombus and to 
the size and distribution of the occluded artery. In contrast, 
while progressive stenosis and in situ thrombosis are the 
most frequent causes of coronary artery disease, emboliza-
tion is the most frequent cause of symptomatic CAD, which 
manifests as transient ischemic attack (TIA) or stroke. In 
the absence of embolization, progressive carotid stenosis 
leading to occlusion is often clinically silent because of the 

Type I Type II Type III

Figure 85-1. Aortic arch types. (Reprinted with permission 
from Casserly IP, Yadav JS. Carotid intervention. In: Casserly 
IP, Sachar R, Yadav JS, eds. Manual of Peripheral Vascular In-
tervention. Philadelphia, PA: Lippincott Williams & Wilkins; 
2005:83–109.)

Table 85-2 • Comparison of Coronary and Carotid 
Artery Disease

Factor Coronary Carotid

Pathophysiology Atherosclerosis Atherosclerosis

Symptoms due to: Progressive 
stenosis

Embolization

MI or CVA due to: In situ thrombosis Embolization

MI/CVA: Nonhemorrhagic Hemorrhagic 
(20%)

Injury and disability Closely related Variable

MI, myocardial infarction; CVA, cerebrovascular accident
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integrity of the ACOM and PCOM. Acute carotid artery 
occlusion is a less common cause of acute stroke, and gener-
ally suggests incomplete development of the Circle of Willis 
and the communicating arteries. The extent of disability 
after a stroke is variable. While large strokes are often dis-
abling, small strokes in strategic locations, particularly the 
brain stem, can lead to devastating disabilities. Finally, hem-
orrhagic transformation of ischemic infarction is rarely ob-
served in the heart (unless thrombolytic therapy is used), 
but occurs in 20% of ischemic strokes.

CLINICAL SYNDROMES OF 
CAROTID ARTERY DISEASE

Symptomatic extracranial carotid artery disease is usually 
due to embolization leading to retinal, hemispheric, and 
global cerebral syndromes. Monocular retinal syndromes 
(transient visual loss and permanent retinal infarction) are 
highly suggestive of ipsilateral carotid disease. Transient 
retinal ischemia or amaurosis fugax is classically described 
as a shade coming down over one eye. Symptoms may last 
seconds to minutes and may not be associated with motor 
or sensory deficits, aphasia, or neglect. Retinal artery occlu-
sion presents as an acute, painless loss of vision; complete 
monocular visual loss is usually due to central retinal artery 
occlusion, whereas loss of segments of the visual field are 
usually due to branch occlusion. 

Unilateral motor or sensory loss, and aphasia or neglect, are 
the cardinal hemispheric manifestations of contralateral 
carotid stenosis. Patients presenting with global cerebral 
ischemia often have cerebellar (ataxia) or brainstem signs 
(dysarthria, diplopia, dysphagia) and unilateral or bilateral 
visual, motor, and/or sensory impairment. Most global isch-
emic syndromes are due to disease in the posterior circula-
tion (vertebrobasilar system) rather than unilateral CAD. 
However, patients with critical bilateral carotid stenosis 
may experience simultaneous or alternating bilateral hemi-
spheric symptoms, which may be confused with verte-
brobasilar insufficiency. 

SCREENING FOR CAROTID 
ARTERY DISEASE

The purpose of screening for extracranial carotid artery dis-
ease is stroke prevention. Indications for screening in the 
general population of asymptomatic patients include age 
>65 years and at least 3 cardiovascular risk factors (hyper-
tension, coronary artery disease, current cigarette smoking, 
and hyperlipidemia) (Table 85-3). Asymptomatic carotid 
bruits may be heard in 50% of patients with carotid stenosis 
≥75%, but may be absent in patients with critical steno-
sis. Patients undergoing coronary artery bypass graft surgery 

(CABG) have a high incidence of asymptomatic carotid 
stenosis. In fact, 20% have carotid stenosis >50%, 12% have 
carotid stenosis >80%, and 30% of postoperative strokes are 
due to severe carotid artery stenosis. Accordingly, preopera-
tive carotid screening is recommended in CABG patients 
with age >65 years, left main stenosis, known peripheral 
arterial disease, or any history of smoking, TIA, or stroke. 

DIAGNOSIS OF CAROTID 
ARTERY DISEASE

The standard method for the noninvasive evaluation of 
carotid artery disease is carotid duplex ultrasound (CDU). 
CDU relies on a transverse two-dimensional grayscale ultra-
sound to localize the carotid bifurcation and to characterize 
the extent and location of plaque. Longitudinal scans are 
performed to delineate the layers of the vessel wall, plaque 
composition, and to guide Doppler interrogation (spectral 
waveform analysis and velocity). The most reliable measure-
ment for assessment of stenosis severity is the ICA peak sys-
tolic velocity (PSV), although end-diastolic velocity (EDV) 
and internal carotid to common carotid artery velocity ratio 
add to the assessment (Table 85-4). CDU has a sensi tivity 
and specificity of 89% and 84%, respectively, for carotid 

Table 85-3 • Indications for Screening for 
Asymptomatic Carotid Artery Disease

General population of asymptomatic patient

Age >65 years and >3 risk factors, including:
Hypertension
Coronary artery disease
Current smoking
Hyperlipidemia
Carotid bruit

Patients undergoing coronary artery bypass surgery (CABG)

Age >65 years and having:
Left main coronary stenosis
Peripheral arterial disease
History of smoking
History of transient ischemic attack or stroke

Table 85-4 • Duplex Ultrasound Criteria for Carotid 
Stenosis

Stenosis (%) PSV (cm/sec) EDV (cm/sec) ICA/CCA

<50 <125 <40 <2

50-69 125-230 40-110 2-4

70-99 >230 >110 >4

PSV, peak systolic velocity in internal carotid artery; EDV, end-diastolic velocity in 
internal carotid artery; ICA/CCA, ratio of peak systolic velocities in internal and 
common carotid arteries



992 SECTION XIII /  Aorta and Vascular Disease

stenosis 70-99%, as compared to carotid angiography. CDU 
is more limited in the presence of heavy calcification, arte-
rial kinking, and differentiation of complete occlusion from 
near-total occlusion. Velocity profiles may be more difficult 
to interpret in the presence of frequent arrhythmia, aortic 
insufficiency, contralateral carotid occlusion, and in pa-
tients with intrathoracic or intracranial stenosis.

In contrast, computed tomographic angiography (CTA) and 
magnetic resonance angiography (MRA) permit reliable im-
aging of the arch and intrathoracic great vessels, cervical por-
tion of the carotid and vertebral arteries, and the intracranial 
circulation. CTA is especially useful for assessment of calci-
fied lesions and is better than CDU for differentiating high-
grade stenosis from complete occlusion. Limitations of CTA 
include patient exposure to ionizing radiation and iodinated 
contrast. MRA avoids exposure to radiation and iodinated 
contrast, but gadolinium should be used with caution in pa-
tients with advanced renal insufficiency because of a small 
risk of nephrogenic systemic fibrosis. MRA correlates well 
with angiography, but may overestimate stenosis severity. In 
general, CTA and MRA are not recommended for screening 
purposes or for evaluation of an asymptomatic bruit, and they 
are not recommended to “confirm” CDU finding, unless there 
is something ambiguous about the results (Table 85-5).

CAROTID ANGIOGRAPHY

Catheter-based carotid angiography is rarely necessary to 
establish a diagnosis of carotid stenosis, but may be recom-
mended prior to carotid revascularization and in ambiguous 
situations. The purpose of angiography is to define the aortic 

arch type, configuration of the great vessels, condition of 
the intracranial circulation, and stenosis severity. Potential 
complications of carotid angiography include contrast neph-
ropathy, anaphylactoid reactions, atheroembolism, vascular 
injury, stroke, and rarely death. There is a slightly increased 
risk of stroke and transient ischemic attack in symptomatic 
patients compared to asymptomatic patients. Major compli-
cation rates have declined with improvements in operator 
technique and equipment, occurring now in <1% of patients. 
Three angiographic methods have been used to assess stenosis 
severity, and each result in different estimates (Figure 85-2). 
The North American Symptomatic Carotid Endarterectomy 
Trial (NASCET) method is the most widely accepted, and 
uses the normal internal carotid artery distal to the stenosis as 
the reference segment. The European Carotid Surgery Trial 
(ECST) method and the common carotid method may over-
estimate stenosis severity compared to the NASCET method, 
as they rely on the larger carotid bulb and common carotid 
artery, respectively, as the reference segments. 

MEDICAL TREATMENT

Risk Factor Modification

Risk factors for atherosclerosis include modifiable (hyper-
tension, dyslipidemia, diabetes mellitus, smoking, obesity, 
and physical inactivity) and nonmodifiable risk factors (age 
>65 years, male gender, African-American race, and family 
history of vascular disease); risk factor modification is essen-
tial for reducing cardiovascular morbidity, including stroke. 
More than 50 million people in the United States have hy-
pertension, which is the strongest risk factor for ischemic 
and hemorrhagic stroke. Even small reductions in systolic 
and diastolic blood pressure (5-10 mm Hg) can decrease 
risk of stroke by almost 40%. Angiotensin-converting en-
zyme inhibitors (ACEI) and angiotensin receptor blockers 
are ideal agents for hypertension, and are associated with 
beneficial effects on stroke and cardiovascular morbidity 
and mortality compared to beta-blockers and diuretics. 

The relationship between hyperlipidemia and the overall 
risk of stroke is ambiguous, but there appears to be a stron-
ger relationship between hyperlipidemia and ischemic 
stroke than hemorrhagic stroke. There is also a strong 
relationship between total- and LDL-cholesterol and ca-
rotid atherosclerosis. The Heart Protection Study demon-
strated a 30% reduction in first ischemic stroke (primary 
 prevention) in patients with cardiac and vascular dis-
ease treated with simvastatin versus placebo. The Stroke 
Prevention by Aggressive Reduction in Cholesterol Levels 
(SPARCL) Trial demonstrated that patients with recent 
stroke or TIA had a 21% reduction in stroke (secondary 
prevention) after treatment with atorvastatin versus pla-
cebo. The benefits of statins for primary and secondary 

Table 85-5 • Advantages and Disadvantages of 
Imaging Modalities for Carotid Artery Disease

Advantages Disadvantages

CDU Easy
Inexpensive
Plaque characterization

Differentiate subtotal 
occlusion from total 
occlusion

Complex lesions (kinked, 
calcified)

Aortic arch and intracranial 
evaluation

CTA Calcified lesions
Plaque characterization 
Aortic arch and 

intracranial evaluation

Iodinated contrast 
Radiation exposure

MRA Aortic arch and 
intracranial evaluation 

No iodinated contrast 
or radiation

Expensive
Calcified lesions 
Overestimates stenosis

CDU, carotid duplex ultrasound; CTA, computed tomography angiography; MRA, 
magnetic resonance angiography
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prevention of stroke appear to be multifactorial, and may 
be due to reduction in LDL-cholesterol, plaque stabiliza-
tion, less inflammation, and improvement in endothelial 
function. These data support current guidelines for the use 
of statins in patients with carotid stenosis >50% and those 
with prior TIA or stroke, although statins have not been 
studied for stroke prevention in patients with carotid dis-
ease. Current recommendations are for patients to achieve 
LDL <100 mg/dL (<70 mg/dL if IHD is present) and non-
HDL- cholesterol <130 mg/dL. 

Diabetes mellitus is strongly associated with ischemic stroke, 
imparting a two- to fivefold higher risk than that experienced 
by nondiabetics. The risk of stroke is increased by the duration 
of diabetes and the presence of hypertension. Even though 
tight glycemic control has not been proven to reduce the risk 
of stroke, the American Diabetes Association recommends 
A1C level <7.0% and fasting glucose levels 90-130 mg/dL. 

Cigarette smoking is a strong risk factor for ischemic and 
hemorrhagic stroke, and heavy smokers (>40 cigarettes per 
day) have a two- to fourfold higher risk of stroke than light 
smokers (<10 cigarettes per day). Patients who quit smok-
ing for 5 years have the same risk of stroke as nonsmokers. 
Smoking cessation and avoidance of secondhand smoke are 
recommended in all patients with carotid artery disease, and 
should be accomplished by pharmacological agents, nico-
tine replacement, or formal smoking cessation programs.

Physical inactivity and obesity are considered important 
risk factors for stroke. Inactivity may contribute to prema-
ture carotid artery disease, and truncal obesity may increase 

the risk of stroke by its strong association with hyperten-
sion, hyperlipidemia, and insulin resistance. The beneficial 
effects of physical fitness and weight reduction are prob-
ably related to effects on blood pressure, lipid metabolism, 
insulin sensitivity, and inflammation. A body mass index 
18.5-24.9 kg/m2 is recommended, including a waist circum-
ference <40 inches in men and <35 inches in women. 

Antiplatelet Therapy

While patients with acute coronary syndrome and those 
undergoing percutaneous coronary intervention benefit 
from combination antiplatelet therapy, regimens for myo-
cardial protection may increase the risk of bleeding with-
out reducing the risk of stroke. Four antiplatelet agents 
have been evaluated for primary or secondary prevention 
of stroke (aspirin (ASA), clopidogrel, ticlopidine, dipyri-
damole) (Table 85-6), leading to treatment guidelines 
from the American Heart Association and American 
Stroke Association. The Framingham Risk Score may 
be used to assess the 10-year risk of stroke, and aspirin 
(81-325 mg) is recommended for primary prevention in 
patients with stroke risk >6%. In a large primary preven-
tion trial in women, aspirin decreased the risk of TIA or 
stroke by 9%, but did not impact the risk of myocardial 
infarction or cardiovascular death. In contrast, aspirin 
decreased overall cardiovascular risk in men, but did 
not prevent TIA or stroke. Aspirin is recommended for 
secondary prevention of TIA or stroke, providing a rela-
tive risk reduction of 16% and 28% for fatal and nonfatal 
stroke, respectively. Aspirin doses >325 mg daily do not 
provide additional benefit. 

ECST NASCET CC
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Figure 85-2. Angiographic methods for assessment of carotid stenosis severity. (Reprinted with permis-
sion from Osborn AG. Diagnostic Cerebral Angiography. 2nd ed. Philadelphia, PA: Williams & Wilkins; 
1999. Abbreviations:  CC= common carotid; ECST= European Carotid Surgery Trial; NASCET= North 
American Symptomatic Carotid Endarterectomy Trial.)
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The thienopyridines (ticlopidine and clopidogrel) have not 
been studied for primary prevention of TIA and stroke. For 
secondary prevention, ticlopidine resulted in a 23% reduction 
in cardiovascular events compared to placebo and fewer cere-
brovascular events and bleeding complications than effected 
by aspirin. However, long-term use of ticlopidine is limited 
by neutropenia, so it has been replaced by clopidogrel. When 
prescribed alone, aspirin and clopidogrel have similar benefits 
for secondary prevention of stroke. The combination of aspirin 
and clopidogrel does not provide incremental risk reduction 
compared to aspirin alone, increases the risk of systemic and 
intracranial bleeding, and is not routinely recommended.

Extended-release dipyridamole (ER-DP) is not recom-
mended for primary prevention of TIA, stroke, or cardiovas-
cular disease. For secondary prevention, ER-DP is superior to 
placebo and similar to aspirin. Although one study suggested 
that the combination of aspirin and ER-DP was not superior 
to aspirin alone, another study suggested that the combined 
therapy resulted in less myocardial infarction (MI), stroke, 
and vascular death. In fact, aspirin plus ER-DP is the only 
approved combination therapy for secondary prevention of 
stroke. Ongoing studies are evaluating the combination of 
ER-DP plus aspirin compared to clopidogrel alone for sec-
ondary prevention of stroke.

CAROTID ARTERY 
REVASCULARIZATION

In all patients with coronary or peripheral arterial disease 
(PAD), risk factor modification and antiplatelet therapy are 
recommended for prevention of stroke and cardiovascular 
events. Decisions about carotid artery revascularization are 
based on symptoms, stenosis severity, and the procedural 
risk of revascularization. Symptomatic status is based on the 
presence of TIA or stroke within 6 months; patients with 
remote neurological events are considered asymptomatic. In 
addition, patients with symptomatic carotid artery disease 
are considered to have retinal and/or hemispheric symptoms 
in the distribution of the ipsilateral carotid stenosis; nonfo-
cal symptoms such as generalized weakness or dizziness are 
not typical for symptomatic carotid stenosis. Symptomatic 
status is important, since the presence of symptoms imparts 
>twofold increase in the risk of subsequent stroke compared 
to asymptomatic patients. The risk of revascularization is 
generally considered in the context of the risk of carotid en-
darterectomy (CEA), which is widely accepted as the gold 
standard for carotid revascularization. Major clinical trials 
of CEA and medical therapy included patients with a rela-
tively low risk of perioperative cardiovascular complications 
(<3-6%), and patients at high risk were uniformly excluded. 

Table 85-6 • Summary of Antiplatelet Therapy and Stroke Prevention

Drug
Stroke: Primary 
Prevention

Stroke: Secondary 
Prevention

Cardiovascular Morbidity 
and Mortality Comment

Aspirin Effective in women, 
not men

Effective in men, 
not women

Effective for primary prevention 
in men and secondary prevention 
in men and women

Recommended for 
primary prevention of all 
cardiovascular (coronary or 
stroke) events in patients 
with 5-year coronary heart risk 
>3%; does not reduce the risk 
of stroke in low risk patients.

Ticlopidine Not studied Effective in men 
and women as an 
alternative to aspirin

Reduces the incidence of MI, 
need for vascular surgery for 
PAD, and vascular morbidity

Effective in the secondary 
prevention of stroke, MI, 
vascular events. Side effects 
include TTP, neutropenia and 
gastrointestinal symptoms

Clopidogrel Not studied Effective in men 
and women as an 
alternative to aspirin

Alternative to aspirin for 
prevention of cardiac events 
in PAD patients

Dual therapy with ASA is not 
recommended for primary 
or secondary prevention of 
TIA or stroke, and causes 
increased bleeding. Dual 
antiplatelet therapy is 
recommended in patients 
with ACS and after recent PCI

Dipyridamole Not studied Dual therapy with ASA 
is superior to ASA alone

Not recommended Only therapy better than 
ASA alone for secondary 
prevention of stroke

MI, myocardial infarction; PAD, peripheral arterial disease; TTP, thrombotic thrombocytopenic purpura; ASA, aspirin; TIA, transient ischemic attack; ACS, acute coronary 
 syndrome; PCI, percutaneous coronary intervention
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In the contemporary assessment of the risk of CEA, it is 
generally accepted that some patients have a high risk of 
perioperative cardiovascular complication (>6-10%), in-
cluding the presence of one or more complex anatomical 
conditions or medical comorbidities.

Early randomized trials of CEA failed to show any benefit com-
pared to medical therapy, suggesting that CEA was a “sham” 
procedure. These early trials were limited by poor design, 
operator inexperience, and unexpectedly high perioperative 
morbidity, and have been mostly rejected. Subsequently, five 
large randomized clinical trials were published, confirming 
the benefits of CEA. The studies for symptomatic patients 
were NASCET, ECST, Veterans Affairs Cooperative Studies 
Program 309 Trial (VA); for asymptomatic patients, the 
studies were Asymptomatic Carotid Atherosclerosis Study 
(ACAS) and Asymptomatic Carotid Surgery Trial (ACST). 
In these landmark trials, CEA was compared to medical ther-
apy, which for the most part was antiplatelet therapy with as-
pirin alone. Although ACST included antihypertensive and 
cholesterol-lowering therapy, the nature and the endpoints 
of this therapy were not specified. 

Nevertheless, these important trials established the superi-
ority of CEA compared to aspirin among low risk patients 
with carotid stenosis, since high risk patients were excluded 
(Table 85-7). Both NASCET and ECST confirmed a 65-
67% reduction in the risk of ipsilateral stroke at 5 years after 
CEA for symptomatic patients with severe carotid stenosis. 
Each study used different definitions for stenosis severity, but 
it is widely accepted that symptomatic patients with carotid 

stenosis >70% derive the most benefit from revasculariza-
tion. In NASCET there was a gradient of stroke reduction 
at 5 years that was dependent on stenosis severity: CEA re-
sulted in 65% reduction in stroke for patients with carotid 
stenosis >70%, 29% reduction for carotid stenosis 50-69%, 
and no reduction for carotid stenosis <50%.

One potentially important issue is the timing of CEA in 
symptomatic patients. Important considerations include the 
nature of symptoms, the duration between symptom onset 
and presentation, and the stenosis severity. In the past, stan-
dard recommendations were to delay CEA for 4-6 weeks 
after symptom onset to avoid the risk of intracranial hemor-
rhage. Unfortunately, this approach led to cerebral infarc-
tion while patient  awaited revascularization. Contemporary 
approaches rely on early brain imaging to exclude intracra-
nial hemorrhage at the time of symptom onset, followed by 
rapid risk stratification to identify patients at greatest risk 
for stroke. In general, the cumulative risk of stroke in symp-
tomatic patients is 20% within 90 days, and is highest in 
patients presenting with motor deficits, neglect, or aphasia, 
and lowest in patients with pure sensory deficits or retinal 
syndromes. Urgent CEA within 2-14 days is recommended 
in patients with high risk symptoms, time interval <7 days 
between last symptom and presentation, and carotid steno-
sis >70%, after excluding intracranial hemorrhage by ap-
propriate imaging studies.

In asymptomatic patients with carotid stenosis >70%, CEA 
resulted in a 46-54% reduction in the risk of ipsilateral stroke 
at 5 years compared to aspirin alone. In a meta-analysis of 
CEA in asymptomatic patients, the greatest risk reduction 
was observed in asymptomatic young men. 

In contrasting the 5-year outcomes of CEA and medical 
therapy in low risk patients, several interesting observations 
emerge. 

First, symptomatic patients have a two- to threefold 
higher risk of stroke than asymptomatic patients after 
CEA (10% versus 5%), and after medical therapy alone 
(25% versus 10%). Second, CEA results in ≥50% reduc-
tion in  ipsilateral stroke compared to medical therapy 
alone for symptomatic (10% versus 25%) and asymptom-
atic  patients (5% versus 10%). Third, the cumulative risk 
of stroke at 5 years after CEA is dependent on the peri-
operative risk of stroke within 30 days, plus the additive 
risk of stroke over the ensuing 5 years. About 60% of the 
risk of stroke is incurred in the first 30 days after CEA for 
symptomatic (6% of the 10%) and asymptomatic (3% of 
the 5%) patients. Finally, the risk of stroke after CEA is 
twofold higher in symptomatic than asymptomatic patients, 
including  perioperative stroke within 30 days (6% versus 
3%), and the subsequent risk of stroke over 5 years (1% per 
year versus 0.5% per year). 

Table 85-7 • High Risk Criteria for Carotid 
Endarterectomy

Anatomical criteria

High lesion above C-2
Low lesion below clavicle
Radical neck dissection*
Neck radiation*
Contralateral carotid occlusion
Tracheostomy*
Contralateral cranial nerve palsy

Clinical criteria
Age >80 years
NYHA Class III-IV CHF
CCS Class III-IV angina
Severe CAD
LVEF <30%
Severe pulmonary disease
Severe renal dysfunction
Urgent heart surgery ≤30 days

NYHA, New York Heart Association; CHF, congestive heart failure; CCS, Canadian 
Cardiovascular Society; CAD, coronary artery disease; LVEF, left ventricular ejection 
fraction
* Often referred to as “hostile neck” 
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Although the merits of CEA and medical therapy have 
been studied in low risk patients, CEA was being per-
formed in high risk patients without data from randomized 
trials to substantiate its safety and efficacy. Observational 
studies suggested that the perioperative morbidity and 
mortality after CEA was substantially higher in high risk 
patients than low risk patients, leading to interest in per-
cutaneous techniques for carotid revascularization. Early 
studies of carotid angioplasty were hampered by inad-
equate equipment, technique, and experience, leading to 
unacceptably high risks of embolic stroke and need for 
“neurological rescue.” In the last decade, there has been 
dramatic evolution of percutaneous carotid revasculariza-
tion, resulting from the availability of embolic protection 
devices (EPDs), shift from neurologic rescue to neurologic 
protection, design and use of dedicated self-expanding 
stents for the carotid bifurcation, and improvements in 
operator experience and technique. Although initially 
designed and studied for high risk patients, carotid artery 
stenting (CAS) has been extensively studied in high and 
low risk patients in numerous nonrandomized and ran-
domized trials.

The primary goal of CEA and CAS is stroke prevention 
and is accomplished by lumen enlargement and plaque pas-
sivation. From a technical standpoint, CAS is more depen-
dent on the angiographic nuances of the aortic arch type 
and configuration, and the ability to achieve safe access to 
the carotid bifurcation. Most operators utilize a retrograde 
femoral artery approach, although brachial and radial ar-
tery approaches have been utilized as well. Access to the 
CCA can be achieved with a guiding catheter or interven-
tional sheath, and equipment selection is largely operator-
dependent. Patients should be pretreated with aspirin and 
clopidogrel, and anticoagulation during the procedure is 
achieved with heparin or bivalirudin.

EPDs have been incorporated into the standard of care for 
CAS, although their value has not been evaluated in ran-
domized trials without EPD. However, it is unlikely that such 
trials will be performed. In general, EPDs fall into two cate-
gories, including proximal and distal devices, and both have 
advantages and disadvantages. Proximal EPDs rely on tran-
sient occlusion of the ECA and CCA, resulting in stagnant 
or reversed flow in the ICA. These devices are appealing 
because they establish embolic protection before the carotid 
stenosis is crossed with a guidewire. After stent deployment, 
blood is aspirated from the carotid bifurcation to remove 
debris, followed by deflation of the balloons and comple-
tion angiography. In contrast to proximal EPDs, distal EPDs 
must first cross the target lesion before deployment in the 
distal ICA. Distal protection is achieved with a filter or oc-
clusion balloon on the end of the EPD. After completion of 
the intervention, the filter is recaptured and removed. If a 

balloon occlusion device is used, the ICA is aspirated first 
to remove debris, and then the balloon is deflated, prior to 
completion angiography. There are no comparative studies 
of different EPDs, and all devices are able to capture and 
remove debris. Although unusual, stroke may occur despite 
EPD due to incomplete capture or retrieval of debris.

The choice of stents for CAS is operator-dependent. Stainless 
steel or nitinol self-expanding stents are always utilized for 
the cervical portion of the carotid artery because of superior 
conformability and resistance to deformation that might 
occur with balloon-expandable stents. Angioplasty is used 
to predilate the lesion and postdilate the stent. The goals of 
CAS and PCI are different, and moderate residual stenosis 
after CAS is acceptable. Pursuit of a perfect angiographic 
result after CAS can increase the risk of complications and 
should be avoided.

Worldwide experience of CAS includes observational stud-
ies before EPDs, voluntary registries, prospective multi-
center registries, and randomized clinical trials. The early 
observational studies before EPDs and the voluntary reg-
istries are notable for inclusion of nearly 20,000 patients, 
but were limited because the technique of CAS and in-
dependent oversight were not standardized. Nevertheless, 
these registries reported technical success rates >95%, 
neurologic events in 3-6%, and restenosis rates <4% at 5 
years. In contrast to the voluntary registries, the prospec-
tive multicenter registries utilized predefined inclusion and 
exclusion criteria, clearly defined protocols, independent 
neurological evaluation before and after CAS, and special 
oversight committees to ensure safety and compliance. 
These registries were performed in high risk patients as part 
of IDE trials to acquire food and administration (FDA) ap-
proval in the United States, conformité européenne (CE) 
approval in Europe, or as part of FDA postmarketing ap-
proval. For comparison, these studies utilized a historically 
weighted estimate of strokes or death of 14.5% at 30 days 
after CEA (high risk patients). In all, there are about 20 
high risk registries, including more than 30,000 patients. 
In most studies, the primary endpoint was major adverse 
cardiovascular events (MACE) at 30 days (death, stroke, 
myocardial infarction), and secondary endpoints included 
procedural success and ipsilateral stroke at 1-3 years. Many 
studies have been published, and others continue to ac-
tively enroll patients. Data from these high risk registries 
indicate procedural success rates >95%, a decline in 30-
day MACE from 8% in early studies to <4% in more con-
temporary studies, and ipsilateral stroke at 1 year in 1-4%. 
Contemporary CAS experience suggests that symptomatic 
status, end-stage renal disease, and need for CABG within 
6 weeks are independent predictors of MACE and stroke 
at 30 days. Anatomic complexity, such as complex arch 
anatomy, vessel tortuosity, and lesion calcification, is more 
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common in the very elderly and may explain the excess of 
complications in octogenarians. 

Numerous randomized clinical trials have been completed 
or are in active phases of enrollment, comparing CEA and 
CAS in high and low risk patients. Like the early random-
ized trials of CEA and medical therapy, early trials of CEA 
and CAS were limited by poor technology, inexperience, and 
lack of EPDs. The Stenting and Angioplasty with Protection 
in Patients at High Risk for Endarterectomy (SAPPHIRE) 
study is the only randomized trial of CEA and CAS in high 
risk patients that utilized contemporary stent technology and 
EPD, but was terminated prematurely due to slow enrollment. 
There was a trend toward lower MACE at 30 days after CAS 
(4.8% versus 9.8%, p = 0.09), low composite MACE and 
ipsilateral stroke at 1 year after CAS (12.2% versus 20.1%, 
p = 0.05), and similar 3-year rates of ipsilateral stroke (7.1% 
versus 6.7%, p = NS) and target vessel revascularization 
(3.0% versus 7.1%, p = NS) for CAS and CEA. Compared 
to CAS, CEA was associated with more procedure-related 
myocardial infarction and cranial nerve palsy. There are 
several randomized trials of CEA and CAS is low risk pa-
tients, including symptomatic (Stent-Protected Angioplasty 
versus Carotid Endarterectomy (SPACE), Endarterectomy 
versus Stenting in Patients with Symptomatic Severe 
Carotid Stenosis (EVA-3S), International Carotid Stenting 
Study (ICSS)) and asymptomatic (Asymptomatic Carotid 
Stenosis Stenting versus Endarterectomy Trial (ACT-1), 
Asymptomatic Carotid Surgery Trial-2 (ACST-2)) patients; 
one study enrolled both symptomatic and asymptomatic 
patients (Carotid Revascularization Endarterectomy versus 
Stent Trial (CREST)). These trials are in various stages of 
completion: SPACE and EVA-3S were terminated prema-
turely due to slow enrollment, and the results of both studies 
have been published. EVA-3S reported less stroke and death 
at 30 days after CEA compared to CAS (3.9% versus 9.6%, 
p = 0.01), but was limited by operator inexperience with 
CAS, poor CAS enrollment, and inconsistent use of EPDs 
and dual antiplatelet therapy. In SPACE, the incidence of 
death and ipsilateral stroke was similar after CEA and CAS 
(6.3% versus 6.8%, p = NS), despite the fact that 73% of 
CAS patients did not receive EPDs. In ICSS, the 120-day 
interim analysis showed that CAS resulted in similar rates 
of disabling stroke or death compared with CEA (4.0% vs. 
3.2%, p= 0.23).  In CREST, the incidence of stroke, myo-
cardial infarction, or death was similar in the CAS and CEA 
at 4 years (7.2% vs. 6.8%, p= 0.51). While periprocedural 
and postprocedural ipsilateral stroke was higher with CAS 
compared with CEA (4.1% vs. 2.3%, p= 0.01), the major-
ity of strokes were nondisabling.  The incidence of cranial 
nerve palsy was much higher in the CEA group compared 
with the CAS group (4.7% vs. 0.3%, p< 0.001) and resulted 
in permanent disability.  Enrollment in ACT-1 and ACST-2 
is ongoing.

Risk Assessment

In patients with CAD, the goal of therapy is to reduce the 
risk of stroke. A complete assessment of risk requires an 
understanding of the natural history of medically treated 
patients and determinants of the risk of revascularization. 
There are a number of important gaps in our understand-
ing of the natural history of carotid stenosis, particularly 
regarding the risk of stroke in unrevascularized high risk 
asymptomatic patients and the relative benefits of medi-
cal therapies other than aspirin. Although the landmark 
studies of CEA and aspirin provide useful insight into the 
natural history of asymptomatic low risk patients, there 
are no randomized trials of “optimal medical therapy” 
and carotid revascularization (CEA or CAS) in high risk 
patients. Some observational studies suggest that certain 
high risk asymptomatic patients with carotid stenosis 
>80% may have a stroke risk >6% per year, so data from 
low risk patients in ACST and ACAS may not apply to 
high risk patients. Although statins, ACE inhibitors, and 
thienopyridines have been advocated as important ther-
apies for stroke prevention, none have been specifically 
studied in patients with carotid stenosis, so their benefit 
relative to aspirin and impact relative to revascularization 
is unknown.

In contrast, the nature, frequency, and determinants of the 
risk of revascularization have been studied in high and low 
risk patients. For CEA and CAS, the types and incidence 
of complications are remarkably similar (Table 85-8). 
There are similarities and differences in the anatomical and 

Table 85-8 • Potential Complications of Carotid 
Revascularization

CEA CAS

Cardiovascular Hypertension (20%), 
Hypotension (5%), 
MI (1%)

VV/VDR (5-10%), 
MI (<1%)

Carotid artery Dissection, 
thrombosis (1%),
Restenosis (5-10%)

Dissection (<1%), 
Thrombosis (<1%), 
Restenosis (3-5 %),

Neurological HPS (<1%), ICH 
(<1%), seizures 
(<1%), TIA (1-2%) 
stroke (2-6%), cranial 
nerve injury (4-5%)

HPS (<1%), ICH 
(<1%), TIA (1-2%), 
stroke (2-3%)

General Wound 
infection (1%)

Access site injury 
(5%), contrast 
reactions (1%), 
RCN (1-2%)

Death 1% 1%

CEA, carotid endarterectomy; CAS, carotid artery stenting; VV, vasovagal; VDR, 
vasodepressor reaction; MI, myocardial infarction; HPS, hyperperfusion syndrome; 
ICH, intracerebral hemorrhage
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clinical determinants of periprocedural stroke. Symptomatic 
stenosis, chronic renal failure, and age >80 years are clinical 
factors that may increase the risk of stroke after either CEA 
or CAS, whereas severe cardiopulmonary disease is a more 
important risk after CEA than after CAS. Anatomic factors 
such as complex arch and brachiocephalic anatomy and the 
presence of thrombus have significant impact on procedural 
success and complications after CAS, whereas CEA rest-
enosis, severe bilateral carotid disease, contralateral carotid 
occlusion, and “hostile neck” can increase the risk of CEA. 

Treatment Recommendations

Medical therapy is appropriate for all patients with carotid 
stenosis, regardless of symptomatic status, risk profile, or 
plans for revascularization. Such therapy should include 
antiplatelet therapy for primary or secondary prevention, 
plus appropriate medical therapy for risk factor modifica-
tion. Societal guidelines have established treatment rec-
ommendations based on symptoms status, risk for CEA, 
and stenosis severity, and these guidelines are further in-
fluenced by other patient and clinical factors and by insur-
ance reimbursement.

Patients with symptomatic carotid stenosis should be risk-
stratified according to stenosis severity and the risk for 
MACE after CEA. Patients with stenosis <50% should 
be treated medically. Patients with stenosis >50% who 
are low risk for CEA should undergo CEA; CAS may be 
considered if a clinical trial is available. Patients with 
high risk features may be considered for CEA or CAS, 
depending on the high risk criteria. For patients with se-
vere cardiopulmonary disease and anatomic factors that 
are unfavorable for CEA, CAS may be a safer revascular-
ization strategy. 

Patients with asymptomatic carotid stenoses should also be 
risk-stratified according to stenosis severity and the risk of 
MACE after CEA. Patients with stenosis <70% should be 

treated medically. Low risk patients with stenosis >70% 
should undergo CEA; CAS may be considered if a clini-
cal trial is available. Patients with high risk features may 
be considered for CEA or CAS depending on the high risk 
criteria. However, reimbursement for high risk asymptom-
atic patients is only available if a clinical trial is available, 
and if stenosis >80%. Medical therapy may be reasonable 
in high risk asymptomatic patients who are poor candidates 
for revascularization and for those who are ineligible for a 
clinical trial of CAS.
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• Numerous antithrombotic drugs are used to prevent 
and treat cardiovascular disease. Physicians must 
have a sound understanding of the molecular and 
cellular components of the hemostatic system to use 
antithrombotic drugs effectively and safely.

• The primary activator of the blood coagulation 
system is tissue factor, a cell-membrane-anchored 
protein that is abundant in the adventitia of normal 
blood vessels and the necrotic core of atheroscle-
rotic plaques.

• The prothrombinase complex, composed of factor 
Xa, factor Va, calcium, and phospholipid, converts 
prothrombin to thrombin. Thrombin clots fibrinogen 
and activates blood platelets.

• Endogenous anticoagulants, including antithrom-
bin, protein C, protein S, and tissue factor pathway 
inhibitor, prevent over-activity of the hemostatic sys-
tem and thrombosis. Deficiency of these factors can 
lead to thrombosis.

• Factor V Leiden (FVL) is a gain-of-function muta-
tion (arginine506→glutamine) in factor V. FVL has 
normal procoagulant function, but is resistant to 
inactivation by activated protein C. Hence, FVL is 
prothrombotic.

• Heparin anticoagulates blood by binding and acti-
vating antithrombin, which inhibits thrombin and 
factor Xa.

• P2Y12 is the platelet receptor for adenosine diphos-
phate (ADP). 

• Fibrinogen cross-links activated platelets by binding 
to integrin αIIbβ3 (GPIIb/IIIa). 

• Plasmin degrades fibrin clots. Antiplasmin inhibits 
plasmin activity. Plasminogen activator inhibitor-1 
(PAI-1) inhibits plasmin formation by inhibiting plas-
minogen activators.

• Atherosclerotic plaque rupture is the most common 
trigger of acute myocardial infarction.

d PRACTICAL POINTS

The practicing physician needs a sound appreciation of the 
biologic systems that control blood clotting in order that he 
or she may adequately understand thrombotic disorders and 
rationally treat patients with antithrombotic drugs. This chap-
ter will provide a focused review of the normal function of 
the blood clotting system and how abnormal function of this 
system contributes to the pathogenesis of arterial thrombosis. 

BLOOD COAGULATION CASCADE

Plasma contains multiple clotting factors that activate each 
other in a highly coordinated, cascade-like fashion to pro-
duce thrombin, which converts fibrinogen to fibrin and ac-
tivates platelets (Figure 86-1). 



1000 SECTION XIII /  Aorta and Vascular Disease

The primary activator of the blood coagulation system is 
tissue factor (TF), a cell membrane-anchored protein that 
is abundant in the adventitia of normal blood vessels. In 
response to vascular injury, factor VIIa is exposed to and 
binds TF to produce a complex that activates factor X and 
factor IX. The TF pathway is also referred to as the extrin-
sic pathway, as under normal conditions active TF is not 
present in (i.e., is extrinsic to) the blood. The contact ac-
tivation pathway (also referred to as the intrinsic clotting 
cascade), is activated by exposure of prekallikrein, high 
molecular-weight kininogen, factor XI, and factor XII to 
negatively charged surfaces, which eventually leads to for-
mation of factor IXa, which, in complex with factor VIIIa, 
activates factor X. While TF plays an essential role in nor-
mal hemostasis, the contact activation pathway does not, 
as deficiency of some contact factors (e.g., factor XII) does 
not lead to abnormal bleeding. Nevertheless, the contact 
activation pathway plays an important amplification role in 
normal hemostasis and pathologic thrombosis. Factor Xa, 
in complex with factor Va, calcium, and phospholipid, con-
verts prothrombin to thrombin. In addition to activating 
platelets and clotting fibrinogen, thrombin activates factor 
XIII, which crosslinks fibrin monomers. Thrombin also ac-
tivates factor V and factor VIII, an example of “feedback 
amplification” of blood clotting.

While clotting factors circulate in plasma, blood clot-
ting, whether adaptive (i.e., hemostasis) or pathologic 
(i.e., thrombosis) generally occurs on cell membrane sur-
faces. These surfaces provide the negatively charged phos-
pholipid that is required for clotting factor complexes, such 
as the prothrombinase complex (composed of factors Xa and 
Va, phospholipid, and calcium ions) to assemble in the ap-
propriate configuration necessary for efficient activation of 
substrates, such as prothrombin. Activated blood platelets, 
which form the initial hemostatic plug in response to tis-
sue injury, are a major phospholipid-containing surface on 
which clotting factors assemble and activate. Other cell 
types, including activated endothelial cells, as well as cell 
fragments (i.e., microparticles) also are important biologic 
surfaces on which blood clotting occurs. 

ENDOGENOUS
ANTICOAGULANT PATHWAYS

The blood clotting system requires intense regulation in order 
to respond rapidly to vascular injury yet remain quiescent 
under normal conditions. Anticoagulant pathways provide a 
critical braking effect on blood clotting, turning off thrombin 
production after hemostasis is achieved. Several anticoagulant 
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Figure 86-1. Diagram of key blood clotting proteins. The tissue factor and contact activation pathways 
converge at factor X, whose activation initiates the common pathway. Key cofactors for blood clotting 
(i.e., factors Va and VIIIa) and activated protein C (APC) activity (i.e., protein S (PS)) are shown in red. 
Inhibitors of blood clotting (e.g., tissue factor pathway inhibitor (TFPI) and antithrombin) are shown in 
blue. HMWK, high molecular weight kininogen; PC, protein C; TM, thrombomodulin.
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proteins circulate in blood or reside on the surface of vascular 
endothelial cells (Table 86-1, Figure 86-1). 

Antithrombin inhibits several activated clotting factors, 
with thrombin and factor Xa considered the most significant. 
The rate of inhibition of clotting proteases by antithrombin 
in markedly accelerated by heparin. Protein C is a vitamin 
K-dependent factor that circulates in plasma as an inactive 
zymogen. Binding of thrombin to thrombomodulin, an en-
dothelial cell surface protein, alters the substrate preference of 
thrombin so that it activates protein C rather than convert-
ing fibrinogen to fibrin. Activated protein C (APC) cleaves 
and inactivates factor Va and factor VIIIa, thereby down-
regulating blood coagulation. APC also binds to endothelial 
cell protein C receptor (EPCR) and activates cell surface 
protease-activated receptors (PARs), such as PAR-1, which 
triggers intracellular signaling pathways and produces a cyto-
protective effect. Protein S is a cofactor for the inactivation 
of factor Va and factor VIIIa by APC. Tissue factor pathway 
inhibitor (TFPI) is synthesized by vascular endothelial cells 
and circulates in plasma. TFPI inhibits blood clotting by in-
hibiting factor Xa and the TF-factor VIIa complex. 

BLOOD PLATELETS

Platelets form the initial hemostatic plug in response to vas-
cular injury. They also play a central role in arterial throm-
bosis. Key activators of platelets include thrombin, which 
activates platelets by cleaving protease activated receptor-1 
(PAR-1), a membrane-bound protein that is the main, but 
not exclusive, thrombin receptor on platelets and other vas-
cular cells. Platelets also are activated by collagen, which is 
present in the subendothelial space and exposed by vascular 
injury. The main collagen receptors on platelets are glyco-
protein VI (GPVI) and integrin α2β1. Von Willebrand fac-
tor (VWF) circulates in plasma and binds to subendothelial 
collagen exposed by vascular injury. Platelets adhere to im-
mobilized VWF, initially in reversible fashion via the platelet 
GPIb/GPV/GPIX surface receptor complex (GPIb/V/IX—
Note: GPV and GPIX are distinct from plasma coagulation 

factors V and IX), and, subsequently, in irreversible fashion 
via integrin αIIbβ3 (GPIIb/IIIa). VWF also mediates platelet-
platelet interactions (i.e., aggregation) and growth of the 
platelet plug/thrombus. GPIIb/IIIa also binds fibrinogen, 
and this interaction plays a critical role in mediating platelet 
aggregation and thrombus growth. Under basal conditions, 
GPIIb/IIIa exists in an inactive conformation that does not 
bind fibrinogen. Upon platelet activation (e.g., by thrombin, 
collagen, or ADP), GPIIb/IIIa undergoes a conformational 
change that activates the receptor, enabling it to bind fi-
brinogen and VWF to trigger platelet aggregation. P2Y12 is 
a G protein-coupled purinergic receptor that is activated by 
adenosine diphosphate (ADP). Thromboxane A2 (TXA2), 
produced from arachidonic acid by cyclooxygenase in re-
sponse to platelet activation, activates platelets via a specific 
G protein-coupled receptor (thromboxane A2 receptor), 
thereby serving as a positive feedback amplification pathway 
to mobilize platelets after vascular injury. Key platelet ago-
nists and receptors are summarized in Figure 86-2.

LEUKOCYTES AND CELL-DERIVED 
MICROPARTICLES

Platelets are not the only cellular elements that control the he-
mostatic response to injury. Leukocytes, including monocytes, 
adhere to the injured blood vessel wall and are recruited to 
growing hemostatic plugs and thrombi. Microparticles, which 
are tiny membrane vesicles released from multiple cell types 
undergoing necrosis or apoptosis (including platelets, leuko-
cytes, endothelial cells, and vascular smooth muscle cells), 
circulate in plasma and are recruited to growing thrombi. 
Intact leukocytes and microparticles express P-selectin gly-
coprotein ligand-1 (PSGL-1), which binds P-selectin on the 
surface of activated platelets, thereby leading to platelet-
leukocyte and platelet-microparticle aggregates. Under some 
pathologic conditions, monocytes and microparticles express 
active TF. Recruitment of TF-bearing cells and microparticles 
to growing thrombi by P-selectin-PSGL-1 interactions may 
play an important role in supporting thrombus growth.

Table 86-1 • Endogenous Anticoagulant Pathways

Factor Target(s) Comments

Antithrombin Thrombin, factor Xa, and several 
other clotting factors

Protease inhibitor. Activity markedly accelerated by 
heparin

Thrombomodulin (TM) Thrombin Present on endothelial cells. Converts thrombin from 
procoagulant to anticoagulant

Protein C (PC) Factors Va, VIIIa, and protease-
activated receptors (PARs)

Activated to APC by thrombin-TM complex. De-activates 
clotting pathways and produces cytoprotective effect via 
PAR activation

Tissue factor pathway 
inhibitor (TFPI)

Xa and TF/VIIa/Xa complex Inhibits TF (extrinsic) pathway
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ENDOTHELIUM

Under normal circumstances the vascular endothelium does 
not trigger platelet or clotting factor activation. However, in 
response to numerous pathologic conditions, including abnor-
mal shear stress, dyslipidemia, oxidative stress, and cytokines, 
vascular endothelial cells become activated and express mul-
tiple prothrombotic and antifibrinolytic factors. For example, 
activated endothelial cells express: 1) P-selectin, which trig-
gers leukocyte adhesion to the endothelium, and 2) plasmino-
gen activator inhibitor-1 (PAI-1), an inhibitor of fibrinolysis. 

FIBRINOLYTIC SYSTEM

Fibrin formation and thrombosis depends not only on the 
balance of pro- and anticoagulant pathways, but also on the 
fibrinolytic pathway (Figure 86-3), which removes fibrin 
during vascular healing. 

The central protein of the fibrinolytic system is plasmino-
gen, which circulates in plasma and is activated by plasmi-
nogen activators (PAs). Urokinase (u-PA) and tissue-type 
PA (t-PA) are the two main endogenous PAs. Both are ex-
pressed in the vascular wall, though t-PA is the main plasma 
PA. t-PA is released by vascular endothelial cells. Activated 
plasminogen (i.e., plasmin) cleaves fibrin into soluble deg-
radation products, thereby dissolving the fibrin clot. t-PA 
activates plasminogen rapidly when it is bound to fibrin, 
but slowly when it is free in plasma; hence, t-PA is a fibrin-

specific PA. u-PA, which activates both free- and fibrin-
bound plasminogen, is not fibrin-specific. Antiplasmin, 
which inhibits plasmin, and PAI-1, which inhibits t-PA and 
u-PA, are the main endogenous inhibitors of the fibrinolytic 
system. Fibrinolysis is also inhibited by thrombin-activated 
fibrinolysis inhibitor (TAFI), a plasma protein that is acti-
vated by thrombin. Activated TAFI (TAFIa) is a carboxy-
peptidase that removes lysine residues from the carboxy (C) 
termini of partially degraded fibrin fragments. Plasminogen 
binds avidly to C-terminal lysine residues within the par-
tially degraded fibrin clot. Activation of bound plasmino-
gen by t-PA stimulates continued fibrinolysis and eventually 
complete clot degradation. By removing C-terminal lysine 
residues from large fibrin fragments in the partially de-
graded clot, TAFI inhibits additional plasmin formation and 
fibrinolysis.

VASCULAR TRIGGERS 
OF ARTERIAL THROMBOSIS

Atherosclerotic disease of the vascular wall is the most common 
determinant of arterial thrombosis in adults. Atherosclerotic 
plaque contains abundant amounts of TF within the necrotic 
core. Rupture of the atherosclerotic plaque, typically at sites 
with a thin-walled fibrous cap, exposes plasma to TF and ini-
tiates blood clotting (Figure 86-4). 

Plaque hemorrhage can lead to the deposition of eryth-
rocyte membranes within the plaque, which serve as a 
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Figure 86-2. Key platelet receptors and agonists. ADP, adenosine diphosphate; PAR-1, protease 
 activated receptor-1; GP, glycoprotein; VWF, von Willebrand factor; TXA2, thromboxane A2. 
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source of free cholesterol that leads to plaque growth, 
macrophage infiltration, plaque destabilization, rupture, 
and thrombosis. Plaque erosion, a distinct mechanism of 
arterial thrombosis, is characterized by loss of endothe-
lial cell integrity and exposure of underlying vascular 
smooth muscle cells and extracellular matrix to flowing 
blood and blood clotting. Coronary vasospasm may play 
an important role in the pathogenesis of plaque erosion. 
Atherosclerotic plaque can calcify. Disruption of a calci-
fied plate or nodule within an atherosclerotic plaque can 
also lead to contact of blood with thrombogenic surfaces 
within the plaque and thrombosis. Erosion of a calcified 
plate or nodule is more common in older men, and may 

occur more frequently in carotid arteries than in coronary 
arteries.

ROLE OF ABNORMAL EXPRESSION 
OF HEMOSTATIC AND FIBRINOLYTIC 
FACTORS IN ARTERIAL THROMBOSIS

Arterial thrombosis in adults is generally a complication of 
atherosclerotic vascular wall disease. However, genetic or 
acquired alteration of expression of blood-borne factors may 
play an important role in arterial thrombosis, and often is 
considered in younger patients presenting with MI or stroke. 

Plasminogen Plasmin
PA

Partially digested
fibrin

(High affinity for
plasminogen)

PAI-1

(–)

α2-Antiplasmin

(–)

Fibrin

TAFI

Modified fibrin
fragments

(Low affinity for
plasminogen)

Fibrin
degradation

products

Fast
lysis

Slow
lysis

Figure 86-3. Fibrinolytic system. Actions of fibrinolysis inhibitors are indicated by dashed lines. PA, 
 plasminogen activator; PAI-1, PA inhibitor-1; TAFI, thrombin-activated fibrinolysis inhibitor.
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Lupus Anticoagulant

Lupus anticoagulants are antibodies directed against com-
plexes of plasma proteins and anionic phospholipids. Several 
prospective studies have demonstrated that antiphospho-
lipid antibodies are associated with an increased risk of MI 
and stroke. 

Antithrombin Deficiency

Antithrombin deficiency is uncommon and is more often 
acquired (e.g., due to liver disease) than genetic in origin. 
There is no conclusive evidence that antithrombin defi-
ciency is a risk factor for MI or stroke.

Protein C/S

There are case and small series reports of ischemic stroke 
in young patients with protein C and protein S deficiency. 
However, larger studies have not convincingly demon-
strated that protein C or S deficiency is a risk factor for arte-
rial thrombosis, including MI or stroke. 

Prothrombin 20210A

A guanine to adenine (G→A) transition at nucleotide 20210 
in the 3’ untranslated region of the prothrombin gene results 
in prothrombin 20210A. Heterozygous carriers of prothrom-
bin 20210A have 30% higher plasma prothrombin levels 
than do noncarriers, which may result from altered efficiency 
of mRNA processing and/or enhanced mRNA stability. 
Several case-control studies found an increased prevalence 
of the 20210A polymorphism in MI patients without ath-
erosclerosis and/or other cardiovascular risk factors. Larger, 
prospective studies are currently not available.

Factor V Leiden (FVL)

FVL results from a gain-of-function mutation (arginine506→ 
glutamine) in blood coagulation factor V. FVL has normal 
procoagulant function, but is resistant to inactivation by APC. 
Therefore, FVL enhances thrombin formation by reducing 
feedback inhibition of the blood clotting cascade. FVL is a key 
risk factor for venous thrombosis, particularly in Caucasians. 
One study suggested that FVL may increase MI risk in female 
smokers, and another study found that FVL plasma levels are 
increased in MI patients with angiographically normal coro-
nary arteries. However, several studies suggested that FVL is 
not a risk factor for arterial thrombosis, even among patients 
who suffer vascular events at a young age.

Homocysteine

Homocysteine is a modified amino acid that circulates in 
plasma. Homocysteine induces endothelial dysfunction and 
activates platelets. The strong majority of evidence supports 

a positive and independent association between plasma 
homocysteine level and risk of atherosclerosis and arterial 
thrombosis, including MI and stroke. However, B vitamin 
(i.e., folate, B12, B6) supplementation, despite its lowering 
effect on plasma homocysteine levels, has not been found to 
lower cardiovascular event rates. 

Lipoprotein(a) (Lp(a))

Lp(a) is composed of apoprotein(a), which is structurally 
related to plasminogen, and apo B100, an atherogenic li-
poprotein. Most prospective studies suggest that elevated 
plasma levels of Lp(a) are associated with increased risk of 
MI. However, prospective studies examining the relation-
ship between plasma Lp(a) and stroke/TIA have yielded 
variable results. It is unknown if lowering Lp(a) reduces 
risk. Estrogen, plasma apheresis, and niacin lower plasma 
Lp(a) levels. Statins generally have not been found to lower 
plasma Lp(a) levels. 

Fibrinolytic Factors

Elevated plasma levels of both t-PA and PAI-1 are associ-
ated with increased risk of myocardial infarction. While 
apparently paradoxical, the association of increased plasma 
t-PA levels with myocardial infarction may reflect a com-
pensation of vascular endothelial cells (which secrete t-PA 
into plasma) to developing atherosclerotic plaque. Elevated 
plasma PAI-1 is strongly associated with insulin resistance. 
Hence, PAI-1 may represent an important mediator of 
the cardiovascular risk associated with diabetes mellitus. 
Elevated plasma TAFI levels have been associated with in-
creased stroke risk. However, the role of TAFI in arterial 
thrombosis is not well-defined. 

THROMBOPHILIA SCREENING 
RECOMMENDATIONS FOR PATIENTS 
WITH ARTERIAL THROMBOSIS

The College of American Pathologists Consensus 
Conference XXXVI on Diagnostic Issues in Thrombophilia 
concluded that it is reasonable to measure antiphospholipid 
antibody and plasma homocysteine levels in patients with 
arterial thrombosis who are young and/or without docu-
mented atherosclerosis. Routine testing for FVL and pro-
thrombin G20210A was not recommended in patients with 
arterial thrombosis associated with documented atheroscle-
rosis, but can be considered in patients with unexplained ar-
terial thrombosis without atherosclerosis or in young women 
who smoke. Routine testing for protein C, protein S, and 
antithrombin was not recommended for patients with arte-
rial thrombotic disease associated with atherosclerosis, but 
can be considered in young patients with unexplained arte-
rial thrombosis without atherosclerosis. 
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• Aspirin, which inhibits platelet aggregation by inhib-
iting cyclo-oxygenase (COX), plays a key role in the 
prevention and treatment of acute myocardial infarc-
tion and other atheroembolic events.

• Thienopyridines, which inhibit platelet aggregation 
by inhibiting the P2Y12 receptor, are often used in 
conjunction with aspirin to treat high-risk patients 
with coronary artery disease, and as sole therapy in 
aspirin-intolerant individuals. 

• Unfractionated heparin (UFH), low-molecular-weight 
heparin (LMWH), and the synthetic pentasaccha-
ride, fondaparinux, inhibit blood clotting by binding 
and activating antithrombin. UFH inhibits thrombin 
and factor Xa. LMWH preferentially inhibits factor 
Xa over thrombin. Fondaparinux exclusively inhibits 
 factor Xa.

• Lepirudin, bivalirudin, argatroban, and dabiga-
tran anticoagulate blood by directly inhibiting 
thrombin.

• Warfarin disrupts vitamin K metabolism by inhibiting 
vitamin K epoxide reductase (VKOR). Warfarin antico-
agulates blood by inhibiting post- translational modi-
fication of vitamin K-dependent clotting factors. 

• Fibrinolytic drugs convert plasminogen to plasmin, 
which degrades the fibrin clot. 

• Percutaneous intervention (PCI) is preferred over 
fibrinolytic therapy in patients who can be trans-
ferred to the cardiac catheterization laboratory within 
90 minutes of initial presentation. However, fibrin-
olytic therapy remains an excellent treatment option 
when cardiac catheterization cannot be performed in 
a timely fashion.

• Thrombolytic therapy is recommended for patients 
with acute ischemic stroke presenting within 3 hours 
of symptom onset. One study suggests that IV t-PA is 
also beneficial in patients presenting between 3 and 
4.5 hours after symptom onset.

d PRACTICAL POINTS

Thrombosis plays a critical role in the pathogenesis of 
numerous acute and chronic cardiovascular diseases. 
Consequently, antithrombotic drugs (see Table 87-1 for a 
summary) are prescribed in a wide range of clinical settings, 
ranging from primary prevention of cardiovascular events to 
aggressive antithrombotic and fibrinolytic strategies in pa-
tients presenting with acute thrombosis. This chapter will 
review the use of antithrombotic and fibrinolytic drugs in 
coronary artery disease (CAD), ischemic stroke, and pe-
ripheral arterial disease (PAD). 

ANTIPLATELET DRUGS

Aspirin (ASA). Cyclooxygenase (COX) metabolizes arachi-
donic acid to thromboxane A2, a potent platelet agonist. 
Aspirin binds and irreversibly acetylates COX. Aspirin is a 
much more potent inhibitor of COX-1 than COX-2.

Thienopyridines. ADP activates platelets by binding 
to the P2Y12 receptor. Thienopyridines, which include 
ticlopidine, clopidogrel, and prasugrel, inhibit platelet 
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aggregation by binding and irreversibly inhibiting the 
P2Y12 receptor. 

Dipyridamole. Dipyridamole inhibits adenosine reuptake 
and phosphodiesterase, thereby increasing platelet cAMP 
levels, which reduces intracellular calcium and inhibits 
platelet aggregation. 

Glycoprotein αIIbβIIIa (IIb/IIIa) Inhibitors. These agents, 
which include tirofiban, eptifibatide, and abciximab, bind 
and inhibit the integrin receptor for fibrinogen, thereby 
blocking fibrinogen/fibrin-mediated platelet crosslinking 
and aggregation. 

Clinical Issues Relevant to Aspirin 
Therapy in CAD Patients

Aspirin Resistance
Aspirin resistance is a laboratory phenomenon character-
ized by the lack of aspirin’s efficacy in inhibiting platelet 
activation in vitro. Aspirin treatment failure is defined as 
the failure of aspirin to prevent clinical atherothrombotic 
events. Treatment failure does not imply aspirin resistance, 
as virtually no therapy is 100% effective in preventing vas-
cular events. Aspirin resistance may have important clinical 
implications, and further research is necessary on this im-
portant topic. Currently available clinical guidelines do not 
advocate routine screening of patients for aspirin resistance 
when initiating aspirin therapy.

NSAIDs, COX-2 Inhibitors, and Aspirin Use
Nonselective non-steroidal anti-inflammatory drugs 
(NSAIDs) such as ibuprofen and naproxen compete with 
aspirin for binding to COX-1, providing a mechanism by 
which the NSAID may blunt aspirin’s antithrombotic ef-
fect. However, the clinical relevance of this interaction is 
not fully resolved. Selective COX-2 inhibitors do not block 
binding of aspirin to COX-1, but have the potential to pro-
mote thrombosis by inhibiting prostacyclin (PGI2) produc-
tion. In patients with or at risk of ischemic heart disease 
(IHD) who are taking aspirin, current recommendations 

are to limit nonselective NSAIDs and selective COX-2 
inhibitors to those patients for whom no appropriate al-
ternatives exist, and to use the lowest doses and short-
est durations of NSAID and COX-2 inhibitors possible. 
Short-term use of NSAID appears safe, especially if aspirin 
is taken at least 2 hours before NSAID i ngestion. NSAID 
and COX-2 inhibitors are contraindicated in acute MI. 

ASA and ACE Inhibitors
The overall evidence suggests that there is no deleterious 
interaction between ACE inhibitors and aspirin (at least 
when ASA is used in lower doses, such as 75 mg daily), and 
that ASA and ACE inhibitors can be used safely in patients 
at high risk for ischemic vascular events. 

ANTICOAGULANT DRUGS

Heparin

Heparin is a polymeric, sulfated glycosaminoglycan that 
binds antithrombin and markedly accelerates its capacity 
to inhibit thrombin and Factor Xa. Heparin-antithrombin 
inhibits free thrombin, but not clot-bound thrombin. 
Unfractionated heparin (UFH) is derived from porcine in-
testine. Cleavage of UFH into smaller fragments yields low 
molecular weight heparin (LMWH), which preferentially 
(but not exclusively) inhibits factor Xa (via antithrombin) 
over thrombin. Fondaparinux is a synthetic pentasaccha-
ride glycosaminoglycan that selectively inhibits factor Xa 
via antithrombin without inhibiting thrombin. Even when 
administered in weight-based doses, the anticoagulant ef-
fect of UFH can vary significantly among individuals due to 
variable binding to cells and plasma proteins, and, hence, 
undergo variable diversion of heparin from antithrombin. 
Therefore, UFH therapy is monitored with plasma or whole 
blood clotting time measurements, such as the activated 
partial thromboplastin time (APTT) and activated clotting 
time (ACT), so that the dose can be adjusted to achieve 
therapeutic anticoagulation. LMWH and fondaparinux 
have a more uniform anticoagulant effect due to less inter-
action with cells and plasma proteins. They also produce 
less of a prolonging effect on standard clotting times than 
UFH does. Therefore, LMWH and fondaparinux do not re-
quire monitoring of clotting times. 

Vitamin K Antagonists

Clotting factors II (prothrombin), VII, IX, and X, protein C 
and protein S, and some other factors are nonfunctional un-
less they undergo posttranslational modification (carboxy-
lation of glutamic acid residues) by gamma-carboxylase, a 
liver enzyme that requires vitamin K in its reduced form as 
a cofactor. In the process of gamma-carboxylation of vita-
min K-dependent factors, vitamin K is oxidized. Vitamin 

Table 87-1 • Classification of Antithrombotic Drugs

1. Antiplatelet drugs 
Aspirin (ASA)•
P2Y• 12 inhibitors
Glycoprotein IIb/IIIa inhibitors•

2. Anticoagulant drugs 
Heparins•
Vitamin K antagonists•
Direct thrombin inhibitors•
 Other direct-acting clotting factor (e.g., Factor Xa, •
Factor IXa) inhibitors

3. Fibrinolytic drugs 
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K epoxide reductase (VKOR) is a microsomal liver enzyme 
that converts oxidized vitamin K back to a reduced form ca-
pable of cofactor function. Warfarin inhibits VKOR, which 
disrupts vitamin K recycling, and consequently inhibits 
gamma carboxylation of vitamin K-dependent factors. As 
warfarin does not inhibit circulating (i.e., already gamma-
carboxylated) clotting factors, its anticoagulant effect is 
delayed for several days. Polymorphisms in VKOR and cyto-
chrome P450 2C9 (CYP2C9, which metabolizes warfarin) 
account for much of the variability in warfarin dose require-
ments among individuals. 

Direct Thrombin Inhibitors

While structurally diverse, direct thrombin inhibitors share 
common features of direct inhibition of thrombin’s active 
site and the capacity to inhibit both free and clot-bound 
thrombin. Lepirudin, a recombinant variant of hirudin 
(a natural compound isolated from leech saliva), selectively 
binds and irreversibly inhibits thrombin. Bivalirudin, a re-
combinant analog of hirudin, inhibits thrombin in a revers-
ible manner. Argatroban is a small, nonprotein compound 
that inhibits thrombin’s active site. Dabigatran, an orally 
available, reversible thrombin inhibitor, is under evaluation 
in clinical trials. 

FIBRINOLYTIC DRUGS

Fibrinolytic drugs dissolve fibrin indirectly by converting 
plasminogen to plasmin, a protease that degrades fibrin. 
Tissue-type plasminogen activator (t-PA) efficiently acti-
vates plasminogen that is bound to fibrin, but slowly acti-
vates plasminogen that is free in plasma. Hence, t-PA is a 
fibrin-specific agent that does not deplete plasma plasmino-
gen levels. Urokinase activates both free (i.e. plasma pool) 
and fibrin-bound plasminogen. Streptokinase is a bacte-
rial-derived PA that binds to plasminogen to form a com-
plex that converts free plasminogen molecules to plasmin. 
Streptokinase is not fibrin-specific. 

ANTITHROMBOTIC THERAPY 
IN CORONARY ARTERY DISEASE

Primary Prevention

Several antithrombotic agents have been studied in the 
context of primary prevention of myocardial infarction, 
most notably aspirin. The American College of Chest 
Physicians (ACCP) and American Heart Association 
(AHA) recommend aspirin for healthy men and women 
with a 10-year risk of a first MI or coronary death of ≥10%. 
The Thrombosis Prevention Trial evaluated low intensity 

oral anticoagulation with warfarin (target INR 1.5), low-
dose aspirin, and combined therapy in the primary pre-
vention of IHD. Aspirin reduced nonfatal ischemic heart 
disease. Warfarin reduced all IHD, mainly by an effect on 
fatal events. Combined warfarin and aspirin was more ef-
fective in reducing IHD than either agent alone was. The 
Charisma Trial found that addition of clopidogrel to ASA 
did not reduce the combined endpoint of myocardial in-
farction, stroke, or death from cardiovascular causes in in-
dividuals with multiple cardiovascular risk factors, arguing 
against combined ASA/clopidogrel therapy for primary 
prevention of IHD. 2008 ACCP Guidelines for antithrom-
botic therapy for primary prevention of IHD are summa-
rized in Table 87-2.

Secondary Prevention

Aspirin is recommended to reduce the risk of recurrent 
myocardial infarction, stroke, and vascular death in men 
and women with a history of stable or unstable angina, myo-
cardial infarction, CABG, PCI, peripheral artery disease, 
stroke, transient ischemia attacks, or peripheral arterial dis-
ease. The CAPRIE Study compared the efficacy of aspirin 
versus clopidogrel in preventing vascular death, recurrent 
ischemic stroke, or myocardial infarction in patients with 
recent ischemic stroke, myocardial infarction, or symp-
tomatic peripheral arterial disease. Study results supported 
the use of clopidogrel for secondary prevention of ischemic 
events, though aspirin is generally used for secondary pre-
vention due to its low cost and small differences in efficacy 
compared to clopidogrel. 

Unstable Angina (UA)/Non-ST Segment 
Elevation Myocardial Infarction (NSTEMI) 

Antiplatelet and anticoagulant drugs play critical roles in 
the management of patients with UA/NSTEMI. Just as 
there are multiple antiplatelet and anticoagulant agents, 
there are several antithrombotic treatment options for 

Table 87-2 • Antithrombotic Therapy for Primary 
Prevention of Ischemic Heart Disease

Patient characteristics Recommendations

Moderate or higher risk 
(>10% in next 10 years) 
for a hard CV event

Aspirin 75-100 mg daily

Particularly high risk of CV 
events in whom INR can be 
monitored without difficulty

VKA, target INR approx. 
1.5, without aspirin

Aspirin allergy with moderate 
to high risk for CV event

Clopidogrel 75 mg daily

VKA, vitamin K antagonist; CV, cardiovascular
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patients presenting with UA/NSTEMI. Key factors to con-
sider in deciding which drugs to use include:

 1. Clinical risk assessment. Clinical factors, including 
older age, persistent chest pain, angiographically doc-
umented coronary artery disease, hemodynamic insta-
bility, kidney disease, ventricular arrhythmia, elevated 
serum troponin, and marked ST-segment depression, 
predict high risk of adverse outcomes and advocate 
more aggressive antithrombotic therapy. 

 2.  Initially selected management strategy. Based on assess-
ment of clinical risk and other factors, patients with 
UA/NSTEMI are typically selected for either an early 
invasive or early conservative management strategy. For 
“early invasive” patients, the initial treatment plan 
is to proceed in timely fashion to coronary angiogra-
phy and anatomy-based revascularization. For “early 
conservative” patients, the initial treatment plan is 
medical therapy-only, with plans to proceed to an-
giography only if recurrent ischemia is detected or if 
cardiac stress testing reveals high risk findings. Due to 

other medical issues (e.g., recent surgery, acute renal 
failure), some patients are selected for a delayed inva-
sive strategy. Initial antithrombotic management can 
differ significantly depending on which management 
strategy is selected.

 3.  General medical status and bleeding risk. Several fac-
tors, including age, gender, body weight, and he-
patic and renal function, affect drug metabolism or 
risk of hemorrhagic side effects from antithrombotic 
therapy. Such factors, in addition to other clinical 
variables that affect bleeding risk (e.g., history of 
gastrointestinal bleeding, central nervous system 
pathology, history of recent surgery), must be con-
sidered in selection of, and dosing with, antithrom-
botic drugs.

Authoritative guidelines largely based on well-
 designed clinical trials are available to provide evidenced-
based recommendations regarding patient management. 
Table 87-3 summarizes key points of recently published 
guidelines. 

Table 87-3 • Antithrombotic Therapy in UA/NSTEMI

Initial Early Conservative Management

Agent Recommendation Supporting trials

Aspirin 162-325 mg p.o., then 81 mg daily Antithrombotic Trialists’ Collaboration, 
CAPRIE

Thienopyridine Clopidogrel 300 mg p.o., then 75 mg daily CURE, PCI-CURE, CREDO 

GP IIb/IIIa inhibitors Eptifibatide or tirofiban;

abciximab not recommended 

PURSUIT, PRISM, PRISM-PLUS, GUSTO IV

Heparin or heparin derivative UFH, LMWH, or fondaparinux ATACS, RISC, GUSTO-IIb, ESSENCE, 
INTERACT, TIMI IIb, A-Z, PENTUA, OASIS-5 

DTI Consider if heparin contraindicated None

Fibrinolytic drugs Not indicated TIMI III B, ISIS-2, Fibrinolytic Therapy 
Trialists’ Collaboration 

Initial Early Invasive Management

Agent Recommendation Supporting trials

Aspirin

Thienopyridine

Same as for early conservative management

GP IIb/IIIa inhibitors Use of a small-molecule i.v. GP IIb/IIIa inhibitor 
(eptifibatide or tirofiban) is preferred; abciximab 
not indicated unless coronary anatomy in known 
and PCI is planned within 24 h

PRISM -PLUS, PURSUIT, GUSTO-IV

Heparin or heparin derivative UFH, LMWH, or fondaparinux SYNERGY, ACUTE II, GUSTO-IVOASIS-5

DTI Bivalirudin can be used over UHF + GP IIb/IIIa 
inhibitor if clopidogrel is given >6 h prior to PCI 
and early angiography with PCI is performed

ACUITY

Fibrinolytic drugs Same as for early conservative management

Recommendations based on American College of Chest Physicians Evidence-Based Clinical Practice Guidelines (2008) on Antithrombotic Therapy for Non-ST-Segment Elevation 
Acute Coronary Syndromes and American College of Cardiology/American Heart Association 2007 Guidelines for the Management of Patients with Unstable Angina/Non-ST-
Elevation Myocardial infarction. UFH, unfractionated heparin; DTI direct thrombin inhibitor.
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Antiplatelet Therapy
Unless contraindicated, all patients with UA/NSTEMI 
should receive aspirin. Aspirin-allergic patients should 
receive a thienopyridine, such as clopidogrel. Patients 
with intermediate-high risk features and/or being man-
aged with an early invasive strategy should receive either 
a thienopyridine or GP IIb/IIIa inhibitor in addition to 
aspirin prior to angiography. For many high risk patients, 
concomitant aspirin, thienopyridine, and GP IIb/IIIa 
treatment is appropriate. For UA/NSTEMI patients with 
intermediate-high risk clinical features in whom an initial 
conservative or delayed invasive strategy is selected, com-
bined aspirin/thienopyridine therapy is reasonable. In high 
risk, conservatively managed patients, combined treatment 
with aspirin, thienopyridine, and a small-molecule GP IIb/
IIIa inhibitor (i.e., eptifibatide or tirofiban) should be con-
sidered. Abciximab is not recommended in conservatively 
managed UA/NSTEMI patients based on the data from 
GUSTO-IV trial. 

Anticoagulant Drugs
Unless contraindicated, all patients with UA/NSTEMI 
should receive full antithrombotic doses of UFH, LMWH, 
fondaparinux, or bivalirudin. If UFH is given, an initial 
bolus of 60-70 U/kg (maximum bolus 5000 U), followed by 
an initial infusion rate of 12-15 U/kg/h (maximum initial 
infusion 1000 U/h) and subsequent dose titrations aimed 
at maintaining the APTT between 50 and 70 seconds is 
reasonable. Several studies support the use of LMWH as 
an alternative to UFH in UA/NSTEMI. Caution should 
be exercised when LMWH is used in patients with signifi-
cant renal dysfunction. The Oasis-5 Trial demonstrated 
the effectiveness of fondaparinux in UA/NSTEMI. Due 
to an increased rate of catheter-associated thrombosis in 
patients whose anticoagulant therapy consisted solely of 
fondaparinux, it is recommended that additional UFH be 
administered to fondaparinux-treated patients that undergo 
cardiac catheterization. In patients managed with an initial 
conservative strategy, fondaparinux offers an advantage of 
a lower incidence of bleeding complications, supporting 
its use in UA/NSTEMI patients considered at high risk 
of bleeding. In patients with moderate-high clinical risk 
scheduled for very early coronary angiography, bivalirudin 
in combination with a thienopyridine may be selected as an 
initial antithrombotic strategy. 

Fibrinolytic Drugs
While thrombosis plays a key role in the pathogenesis 
of UA/NSTEMI, randomized clinical trials have dem-
onstrated that plasminogen activators provide either 
no benefit or a higher incidence of adverse outcomes in 
ACS patients without ST-segment elevation on ECG. 
Therefore, there is no role for fibrinolytic drugs in this 
clinical setting. 

ST Elevation Myocardial Infarction (STEMI)

Aggressive antithrombotic therapy and early reperfusion of 
the infarct-related artery constitute the foundation of STEMI 
management. PCI is preferred over fibrinolytic therapy in 
patients who can be transferred to the cardiac catheteriza-
tion laboratory within 90 minutes of initial presentation. 
However, fibrinolytic therapy remains an excellent treatment 
option when cardiac catheterization is not available or can-
not be performed in a timely fashion. STEMI management is 
guided by abundant data from prospective clinical trials. 

Antiplatelet Therapy
Though measures to achieve early reperfusion dominate the 
treatment in STEMI, the role of antiplatelet agents should 
not be underestimated. Aspirin reduces mortality in pa-
tients with STEMI. Current recommendations are an initial 
dose of 162-325 mg, noncoated preparation, chewed and 
swallowed, followed by a maintenance dose of 81-162 mg 
daily. In patients who cannot tolerate aspirin, clopidogrel 
75 mg can be substituted. In addition to aspirin, thienopyri-
dine therapy initiated at the time of initial presentation 
improves outcomes as compared to aspirin therapy alone. 
Current recommendations are that patients with STEMI, 
whether undergoing PCI or receiving fibrinolytic therapy, 
receive a loading dose of clopidogrel (300 mg) followed by 
a maintenance dose of 75 mg daily (however, a loading dose 
of clopidogrel is not recommended in patients over 75 yrs of 
age who are treated with a fibrinolytic drug, due to increased 
risk of bleeding, based on data from CLARITY-TIMI-28 
Trial). The optimal duration of thienopyridine therapy after 
hospital discharge of STEMI patients is less well-studied. A 
recommendation of long-term clopidogrel (i.e., up to 1 year) 
is based on extrapolation of data from NSTEMI  studies. 
Combined therapy with a fibrinolytic drug and a GP IIb/
IIIa inhibitor has been studied in STEMI, though increased 
bleeding risk and lack of sufficient decreases in adverse out-
comes argued against such combined treatment. However, 
GP IIb/IIIa inhibitors are effective as an adjunct to PCI for 
STEMI. (Table 87-4).

Anticoagulant Drugs
Inhibition of thrombin is important for maintaining patency 
of the infarct-related artery, whether achieved by PCI or fi-
brinolytic therapy. UFH administered i.v. (bolus of 60 U/kg, 
maximum 4000 U i.v.; initial infusion 12 U/kg/h, maximum 
of 1000 U/h) or LMWH should be administered to patients 
with STEMI, including those who are not treated with rep-
erfusion therapy. Fondaparinux can be used as an alternative 
to heparin in STEMI patients being treated with a fibrin-
olytic drug or not receiving reperfusion therapy; however, 
fondaparinux is not recommended for STEMI patients un-
dergoing primary PCI. Bivalirudin is not recommended in 
STEMI patients being treated with streptokinase, but can 
be considered in STEMI patients undergoing PCI 
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Fibrinolytic Drugs
Fibrinolytic therapy continues to play a critical role in STEMI 
management, given its efficacy and the lack of timely access to 
cardiac catheterization laboratories in many areas. Numerous 
trials have compared the efficacy of the fibrinolytic drugs. 
Table 87-5 summarizes the currently available agents. In gen-
eral, fibrin-specific agents have shown superiority over non-fi-
brin-specific agents. Streptokinase is not frequently used in the 
United States. In patients meeting criteria for thrombolytic 
therapy, 2008 ACCP Guidelines recommend the following:

In patients presenting within 6-12 hours of symp-• 
tom onset and demonstrating persistent ST-segment 

elevation, treatment with SK, anistreplase, alteplase, re-
teplase, or tenecteplase is recommended over no fibrin-
olytic therapy. If it is an available option, prehospital 
administration of fibrinolytic therapy by appropriately 
trained and supervised personnel is recommended. 
In patients presenting within 6 hours symptom onset, • 
alteplase or tenecteplase is recommended, and re-
teplase is suggested over streptokinase.
A bolus agent such as tenecteplase is recommended • 
because the ease of administration accelerates initia-
tion of therapy, and because bolus therapy may de-
crease the risk of nonintracranial hemorrhage.

Table 87-5 • Fibrinolytic Drugs

Drug Key Features Dosing Relevant Clinical Trials

Streptokinase Streptococcal protein; antigenic; 
low cost; not FS 

1.5 million units over 60 min GISSI-1, ISIS-2, GUSTO 

Alteplase (tPA) Recombinant form of human t-PA; 
FS; short HL

15 mg bolus, then 0.75 mg/kg (max 50 mg) 
over 30 min, then 0.5 mg/kg (max 35 mg) 
over next 60 min

GUSTO I-III

Lanoteplase (nPA) Deletion and point mutant of 
WT tPA; mutations produce long 
circulating HL (30-45 min) and 
greater fibrinolytic potency

InTIME, InTIME-II

Reteplase (rPA) Deletion mutant of WT tPA; less 
FS and longer HL than alteplase

10 U over 2 min then repeat 10 U bolus at 
30 min

RAPID I-II, GUSTO III, 
INJECT

Tenecteplase (TNK) Multiple point mutant of WT tPA; 
longer plasma HL, more FS and 
resistant to inhibition by PAI-1

Single weight-based bolus over 5-10 sec 
(<60 kg = 30 mg; 60-69 kg = 35 mg; 
70-79 kg = 40 mg; 80-89 kg = 45 mg; 
>90 kg = 50 mg)

TIMI 10A,B, 
ASSENT-1,2,3

FS, fibrin-specific; WT, wild-type; HL, half-life; PAI-1, plasminogen activator inhibitor-1

Table 87-4 • Antithrombotic Therapy for STEMI

Agent Recommendation Supporting Trials

Aspirin 162-325 mg p.o., then 81 mg daily GISSI, GUSTO

Thienopyridine Clopidogrel 300 mg p.o. (if <75 years) or 75 mg 
(if >75 years), then 75 mg daily regardless of age, 
if bleeding risk acceptable

CLARITY-TIMI 28, COMMIT 

GP IIb/IIIa inhibitors For patients treated with PCI: recommended; 
for patients treated with fibrinolytic drug: not 
recommended

PCI trials: CADILLAC, RAPPORT, 
ISAR-2, ADMIRAL, ACE
Lytic trials: TAMI-8, IMPACT-AMI, 
PARADIGM, TIMI-14, GUSTO-V, 
ASSENT-3, ENTIRE-TIME-23 phase II

Heparin or heparin derivative For patients undergoing PCI: UHF or LMWH 
recommended, but not fondaparinux; for patients 
receiving fibrinolytic drug, UFH, LMWH, or 
fondaparinux recommended 

UFH: GISSI-2,ISIS-3, OSIRIS, GUSTO-I
LMWH: CREATE, ASSENT-3, ASSENT-3 
PLUS, ExTRACT-TIMI-25
Fondaparinux: OASIS-6

DTI Bivalirudin not recommended with streptokinase; 
can be used in patients undergoing PCI 

HERO-2, HORIZONS-AMI 

Fibrinolytic drugs See Table 87-5
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Table 87-6 lists contraindications to fibrinolytic therapy for 
STEMI.

Elective Percutaneous 
Coronary Intervention (PCI)

PCI creates a milieu analogous to that which occurs spon-
taneously during acute coronary syndrome (ACS). By dis-
rupting endothelial integrity, PCI exposes flowing blood 
to collagen and other procoagulant molecules that trigger 
thrombosis. Disruption of normal blood flow during bal-
loon inflation and introduction of foreign bodies into the 
vasculature, including guide wires, catheters, and stents, 
also promote thrombosis during PCI. Hence, anticoagulant 
therapy plays a leading role in the management of patients 
undergoing PCI. 

Antiplatelet Therapy
Aspirin is routinely given prior to PCI, and following PCI 
it should be continued at a dose of 162-325 mg daily for 
at least 1, 3, and 6 months with bare-metal, sirolimus, and 
 paclitaxel-eluting stents, respectively. Thereafter, aspirin 75-
162 mg daily is recommended for secondary prevention of 
cardiovascular events, as well as for protection against late 
stent thrombosis. A thienopyridine, such as clopidogrel, 

should be started before PCI. 2007 AHA/ACC Guidelines 
recommend an oral loading dose of clopidogrel of 600 mg. 
After PCI with a bare-metal stent, clopidogrel 75 mg daily is 
recommended for at least 1 month, and ideally for up to 12 
months. After drug-eluting stent implantation, clopidogrel 
should be given for at least 12 months to patients who are 
not at high risk of bleeding complications. If clopidogrel is 
first given at the time of PCI, administration of a GP IIb/IIIa 
receptor antagonist can be beneficial to achieve more rapid 
platelet inhibition than that achieved with clopidogrel alone, 
and GP IIb/IIIa receptor antagonists can be considered in all 
PCI cases, regardless of timing of clopidogrel administration, 
particularly in patients with high risk coronary anatomy. 

Anticoagulant Therapy
UFH is recommended in addition to antiplatelet therapy for 
elective PCI. In low risk patients, bivalirudin can be consid-
ered as an alternative to combined therapy with UFH and a 
GP IIb/IIIa antagonist. Bivalirudin or argatroban are recom-
mended in place of UFH in patients with heparin-induced 
thrombocytopenia. 

Coronary Artery Bypass Grafting (CABG)

Aspirin reduces vein graft occlusion within the first year 
after CABG and should be used indefinitely after CABG 
for prevention of myocardial infarction, death, and stroke. 
CABG can be performed safely in patients who take aspi-
rin. For elective CABG, thienopyridine therapy is usually 
stopped at least 5 days before surgery to reduce bleeding risk. 
Initiation of aspirin should not be delayed after CABG, as 
the benefit on vein graft patency is lost if aspirin is  initiated 
>48 hours after CABG. A thienopyridine should be used 
after CABG if aspirin is contraindicated. If CABG is per-
formed in patients presenting with UA or acute MI, up to 9 
months of combined aspirin and clopidogrel therapy is war-
ranted, after which clopidogrel can be discontinued. Several 
months of combined aspirin and thienopyridine (e.g., clopi-
dogrel) therapy is commonly used after CABG in patients 
without UA/MI, though data to support this strategy over 
aspirin alone are not available. Warfarin has not been shown 
to improve bypass graft patency over aspirin and may be as-
sociated with increased bleeding risk. 

ISCHEMIC STROKE

Primary Prevention

Aspirin is not recommended by the AHA solely for pri-
mary prevention of stroke in men. Aspirin is recommended 
for primary prevention solely of stroke in women consid-
ered at higher risk. Aspirin is recommended for primary 
prevention of combined cardiovascular endpoints that in-
clude stroke in men and women considered at moderate 

Table 87-6 • Contraindications to Fibrinolytic 
Therapy for STEMI

Absolute

Any prior intracerebral hemorrhage
Known structural cerebral vascular lesion 

(e.g., arteriovenous malformation)
Known malignant intracranial neoplasm 
Ischemic stroke within 3 mo except acute ischemic 

stroke within 3 h
Suspected aortic dissection
Active bleeding or bleeding diathesis (excluding menses)
Significant closed-head or facial trauma within 3 mo

Relative

History of chronic, severe, poorly controlled HTN
Severe HTN (systolic BP >180 or diastolic BP >110 mm Hg)
Recent (<3 mo) ischemic stroke, dementia, or other major 

intracranial pathology
Traumatic or prolonged (>10 min) CPR or recent 

(<3 wk) major surgery 
Recent (<2-4 wk) internal bleeding
Noncompressible vascular punctures
For SK/anistreplase: prior exposure (>5 days previous) 

or allergic reaction 
Pregnancy
Active peptic ulcer
Current use of vitamin K antagonist and prolonged INR

Modified from Acute ST Segment Elevation Myocardial Infarction: American 
College of Chest Physicians Evidence-Based Clinical Practice Guidelines 
(8th Edition). SK, streptonkinse; INR, international normalized ration; 
HTN, hypertension; CPR, cardiopulmonary resuscitation
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or high risk of hard cardiovascular events, as defined by 
the Framingham criteria. Warfarin is effective for primary 
prevention of stroke in patients with nonvalvular atrial fi-
brillation and should be used in patient considered at mod-
erate-high stroke risk, unless high risk of bleeding or other 
factors argue against its use. The ACTIVE W Trial showed 
that combined aspirin and clopidogrel treatment was infe-
rior to warfarin for stroke prevention in patients with atrial 
fibrillation and at least one stroke risk factor (i.e., age ≥75 
years, hypertension, prior stroke/transient ischemic at-
tack, left ventricular ejection fraction <45%, peripheral 
arterial disease, or age 55-74 with coronary artery disease 
or diabetes mellitus). However, aspirin can be considered 
for primary stroke prevention in lower risk patients with 
nonvalvular atrial fibrillation (e.g., with CHADS2 score of 
0-1) based on results of the SPAF III aspirin cohort study. 

Secondary Prevention

Patients who have sustained noncardioembolic stroke or 
TIA should receive an antiplatelet drug, with the com-
bined preparation of aspirin 25 mg/extended-release 
dipyridamole 200 mg b.i.d. preferred over aspirin alone, 
and clopidogrel preferred over aspirin alone. Unless a 
coronary artery disease indication is present, long-term 
combined treatment with aspirin and clopidogrel is not 
recommended for secondary stroke prevention. A vitamin 
K antagonist such as warfarin is recommended for patients 
who have sustained a cardioembolic stroke—e.g., stroke 
secondary to atrial fibrillation. In patients with crypto-
genic ischemic stroke and patent foramen ovale (PFO), 
antiplatelet therapy is recommended over warfarin or no 
therapy. If there is evidence of deep venous thrombosis 
(DVT) in patients with cryptogenic ischemic stroke and 
PFO, warfarin is recommended. 

Acute Ischemic Stroke

If initiated within 3 hours of symptom onset, i.v. t-PA is rec-
ommended. One study suggests that i.v. t-PA is also beneficial 
in patients presenting between 3 and 4.5 hours after symptom 
onset. For patients with angiographically demonstrated mid-
dle cerebral artery occlusion and without major early infarct 
signs on CT or MRI scan who can be treated within 6 hours of 
symptom onset, intraarterial tPA is recommended in centers 
with appropriate neurologic and interventional expertise.

PERIPHERAL ARTERIAL DISEASE (PAD)

Primary/Secondary Prevention

Primary prevention of PAD has not been studied as a sole end-
point. Aspirin and clopidogrel are each effective in reducing 
cardiovascular events in patients with PAD. The WAVE Study 
found that combined oral anticoagulant ( target INR 2-3) and 
antiplatelet therapy (which was aspirin in >90% of patients), 
as compared to sole antiplatelet therapy: 1) was not more ef-
fective in preventing major cardiovascular complications, and 
2) increased risk of life-threatening bleeding.

Treatment of Acute Arterial 
Thromboembolism

2008 ACCP Guidelines recommend UFH in patients with 
acute arterial emboli or thrombosis, followed by long-term 
treatment with a vitamin K antagonist. In patients with 
short-term (<14 days) thrombotic or embolic disease, in-
traarterial thrombolytic therapy is recommended, provided 
the patient is at low risk of developing myonecrosis and 
ischemic nerve damage during the time required to achieve 

flow-restoring thrombolysis.
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Acute and Chronic Venous 
and Lymphatic Disorders
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• Deep vein thrombosis (DVT) presents an extraor-
dinarily high risk for pulmonary embolism, as well 
as long-term complications such as post-phlebitic 
syndrome.

• Numerous clinical features encountered in hospital-
ized patients predispose to the development of DVT, 
thus warranting the use of various prophylactic mea-
sures based upon their specific risk.

• Venous duplex imaging remains the test of choice to 
exclude proximal DVT, but the D-dimer assay is being 
incorporated into many diagnostic algorithms. 

• Treatment for DVT typically consists of antithrom-
botic therapy followed by anticoagulation for at 
least 3 months with a provoked proximal DVT and 
an evaluation for possible indefinite therapy with 
unprovoked DVT. In addition, the use of compres-
sion stocking for 2 years following a proximal DVT 
reduces the risk of post-phlebitic syndrome.

• Thrombophilia testing for inherited and acquired dis-
orders may be considered for recurrent or unprovoked 

venous thromboembolism (VTE) or thrombosis in 
unusual territories.

• Chronic venous disease (CVD) is a common problem 
and may result in significant disability due to com-
plications including edema, advanced skin changes, 
and ulcerations.

• Physical exam findings typically establish the diagno-
sis of CVD, but testing such as venous duplex imag-
ing or air plethysmography may help to determine the 
pathophysiologic mechanism and guide management.

• Compression therapy remains the cornerstone in the 
treatment of CVD, whereas sclerotherapy and abla-
tion are often used to treat superficial reflux disease 
with advanced manifestations.

• Lymphedema may be a primary disorder or secondary 
to other conditions such as infection or prior surgery.

• Techniques such as compression therapy, deconges-
tive physiotherapy, and intermittent pneumatic com-
pression are used to reduce edema; topical skin care 
also helps to reduce the risk of infection.

d PRACTICAL POINTS

VENOUS THROMBOEMBOLISM

Venous thromboembolism (VTE) represents a spectrum 
of diseases ranging from isolated calf vein thrombosis to 
fatal pulmonary embolism (PE). Deep venous throm-
bosis (DVT) most commonly involves the veins of the 
lower  extremity but may arise within the venous sys-
tem at  numerous sites. An understanding of deep vein 

thrombosis affecting the lower extremity is the foun-
dation for  understanding this diverse disorder, venous 
thromboembolism.

Epidemiology

The incidence of VTE has been reported to be 1 to 2 per 
1000 in the generally population with nearly 500,000 cases in 
the United States annually. There is a strong age dependence 
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with the incidence increasing exponentially with age (1000 
per 100,000 for persons aged over 85 years). Approximately 
half of those with a DVT in the proximal lower extremity 
will experience a pulmonary embolism. In contrast, isolated 
calf vein thrombosis has a low risk for PE but 20% propagate 
to the proximal limb within 1 week. Overall, the 30-day mor-
tality with thrombotic event is as high as 30%. After suffering 
an initial venous thromboembolic event, 30% of survivors 
will develop recurrent VTE within 10 years. Thus, therapy 
goals will include secondary risk reduction. In addition, the 
chronic sequelae of post-phlebitic syndrome with venous in-
sufficiency is seen in about 30% of those following VTE. 

Pathophysiology

The prevailing view of the pathophysiology of VTE was de-
scribed by Virchow in the late 1900s. Vichow’s triad consists 
of the following:

vascular injury• 
stasis• 
hypercoagulability.• 

Venous thromboembolic episodes may be classified as second-
ary if associated with one or more recognized risk factors, or 
idiopathic if unprovoked. Both inherited and acquired predis-
posing conditions have been described (see Thrombophilia 
section). Recognized clinical risk factors include advanced 
age (>60 years), prior VTE, surgery, trauma, malignancy, 
pregnancy, oral contraceptive pill, prolonged immobility, and 
systemic diseases such as congestive heart failure, nephritic 
syndrome, and inflammatory bowel disease.

The highest surgical risk is with orthopedic and • 
trauma surgery.
The incidence of VTE with an active malignancy may • 
be as high as 10% with an especially high rate for pan-
creatic, gastrointestinal, ovarian, and lung cancers.
The use of oral contraception and hormone replace-• 
ment therapy increases the risk (three- to fivefold and 
two- to threefold, respectively) in proportion to the 
estrogen dose.
Pregnancy and puerperium is associated with an up to • 
three- to sixfold increased risk.

Clinical Presentation

The clinical presentation of VTE will depend upon the site 
of involvement and if a pulmonary embolism is present. 
Common symptoms and signs related to lower extremity 
DVT include the following:

acute leg swelling• 
leg pain and tenderness• 
skin discoloration and temperature alteration• 
° Most common is increased skin temperature and 

erythema

° Rarely phlegmasia alba dolens—or a cold and pale 
leg caused by obstructive ileofemoral thrombosis 
with compromised arterial perfusion

° Rarely phlegmasia cerula dolens—or marked swell-
ing and cyanosis caused by obstructive ileofemoral 
thrombosis with severe venous congestion.

In general the physical exam findings of a DVT are nonspe-
cific. Even the frequently described Homan’s sign (or calf 
pain upon forced dorsiflexion of the foot) is neither sensi-
tive nor specific.

Symptoms suggestive of PE include chest pain, shortness of 
breath, syncope, cough, and hemoptysis (see Chapter 18). 
Unique clinical presentations are seen with thromboses at 
other locations.

Upper extremity venous thrombosis usually occurs • 
as a complication of instrumentation or intravenous 
lines. Arm swelling is the key manifestation.
Superior vena cava syndrome is most commonly seen • 
with malignancy. This is characterized by marked 
swelling of the arms, neck, and face. 

Differential Diagnosis

There are a number of conditions that may mimic an acute 
lower extremity DVT. This includes the following:

superficial phlebitis• 
leg trauma (hematoma)• 
arthritis of the knee or ankle• 
ruptured Baker’s cyst• 
cellulitis• 
myositis • 
congestive cardiac failure• 
low protein states such as cirrhosis, nephrotic syn-• 
drome, and protein-losing enteropathy
peripheral arterial disease• 
lymphedema.• 

Diagnosis

There are significant limitations to establishing the diagno-
sis of a DVT based upon clinical findings alone. However, 
clinical signs and symptoms, established risk factors, and 
presence (or absence) of an alternative diagnoses may be 
used to establish the clinical probability even before any di-
agnostic testing. The Wells’ criteria and its modifications 
are well-established models for predicting the pretest prob-
ability of DVT (see Table 88-1). 

Venography was the gold standard modality for the diag-
nosis of DVT but has essentially been replaced by venous 
duplex imaging. Due to its invasive nature venography 
is now typically reserved for circumstances requiring 
endovascular therapies or to confirm a controversial 
diagnosis.
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Venous duplex has become the modality of choice for the 
diagnosis of DVT. The essential component of the exam 
is venous compressibility. This is supplemented by other 
elements such as venous flow, vein distention, and direct 
thrombus visualization. It has an excellent sensitivity and 
specificity (>95%) for the diagnosis of DVT in the proximal 

limb. The sensitivity is much lower, on the order of 70%, for 
a DVT in the distal limb (below the knee). Due to such lim-
itations of calf vein imaging, it is often recommended that 
scans be repeated within 1 week to exclude the propagation 
of a calf vein thrombus into the proximal limb.

The D-dimer assay has become a popular test to assist in 
excluding the diagnosis of DVT. D-dimer is a degradation 
product of cross-linked fibrin which is elevated in the set-
ting of active thrombus. However, elevated D-dimer lev-
els may be seen in a number of other conditions, including 
infection, malignancy, trauma, bleeding, pregnancy and 
 surgery. Thus, the assay has poor specificity but high sen-
sitivity making it a useful test to exclude the diagnosis of a 
DVT (with a negative result). The assay seems to be most 
useful when a low clinical probability is present or if com-
bined with venous duplex imaging (see Figure 88-1). 

Other techniques have also been utilized. Impedance pl-
ethysmography had been used in the past with reasonable 
sensitivity and specificity (on the order of 80-85%) but now 
is rarely used. Magnetic resonance venography and com-
puted tomographic venography are gaining experience but 
are more commonly used to assess venous outflow prior to 
intervention. In contrast, multidetector CT is being widely 
used in the diagnosis of PE with improving sensitivities 
(60-95%) and specificities (75-95%).

Prevention

VTE is a major complication of hospitalization affecting 
up to 20% of general medical patients, with a significant 

Table 88-1 • Pretest Probability of Deep Vein 
Thrombosis

Clinical Features Score

Active cancer (treatment ongoing or within 
the previous 6 months or palliative)

1

Paralysis, paresis, or recent plaster immobilization 
of the lower extremities 

1

Recently bedridden for more than 3 days or major 
surgery within 4 weeks

1

Localized tenderness along the distribution of the 
deep venous system

1

Entire leg swollen 1

Calf swelling by more than 3 cm when compared 
to the asymptomatic leg 

1

Pitting edema (greater in the symptomatic leg) 1

Collateral superficial veins (nonvaricose) 1

Alternative diagnosis as likely or more likely than DVT –2

Previously documented DVT 1

Probability (add points from clinical features)

DVT likely (moderate to high probability) ≥2

DVT unlikely (low probability) ≤1

Modified from Wells et al. N Engl J Med. 2003;349. 

Figure 88-1. A suggested algorithm for suspected DVT.

Determine pre-test
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impact upon health and health care delivery. Thus, there 
has been a focus on prevention with primary prophylaxis 
having been shown to reduce the rate of both VTE and 
PE. The American College of Chest Physicians (ACCP) 
Guidelines for VTE Prophylaxis were revised in 2008. DVT 
prophylaxis is currently divided into three groups (low, 
moderate, and high risk) for both medical and surgical is-
sues (see Table 88-2).

The low risk category includes medical patients who are fully 
mobile and admitted for brief periods, and surgical patients 
who are mobile, undergoing brief procedures (<30 minutes) 
with no additional risk factors. No specific prophylaxis is 
recommended but early ambulation encouraged for the low 
risk group (Grade 1A).

The moderate risk category includes medically patients who 
are sick and confined to bedrest and surgical patients under-
going major general, urological, or gynecological procedures. 
Suggested prophylaxis for the moderate risk group includes 
low-dose unfractionated heparin (UFH) (Grade 1A), low 
molecular weight heparin (LMWH) (Grade 1A) or throm-
boembolic deterrent stockings or intermittent pneumatic 
compression devices in high bleeding risk (Grade 1A). 
Prophylaxis should start as soon as possible and continue 
until discharge.

The high risk category includes patients undergoing major 
orthopedic procedures or with trauma. Suggested prophy-
laxis for the high risk group includes LMWH (Grade 1A), 
fondaparinux (Grade 1A), or warfarin for an INR 2.0-3.0 
(Grade1A-1B). Prophylaxis should begin early after postop-
erative and continue at least 10 days.

Aspirin and other antiplatelet therapy are ineffective in the 
primary or secondary prophylaxis of VTE.

Treatment

Therapy for VTE should prevent clot propagation, embo-
lization, and death while minimizing the risk of bleeding. 
Confirmed VTE requires the initiation of anticoagulation. 
The revised ACCP Guidelines for the Treatment of VTE in 
2008 conclude that:

Outpatient treatment of VTE is appropriate for pa-• 
tients without prior VTE, thrombophilic conditions, 
or substantial comorbidity.
Inpatient treatment of VTE is suggested with prior VTE, • 
comorbid medical conditions, or clinical instability. 

Heparins
Unfractionated heparin (UFH) binds to antithrombin III 
enhancing its affinity to inactivate thrombin (Factor IIa). 
Intravenous or monitored subcutaneous UFH has been 
shown to reduce morbidity, mortality, and recurrent throm-
bosis with greater efficacy upon achieving therapeutic 
 levels within 24 hours. This is a prolonged activated partial 
thromboplastin time (aPTT) that corresponds to plasma 
heparin levels of 0.3 to 0.7 IU/mL anti-Xa activity. Careful 
use of weight-based nomograms allows therapeutic level 
to be achieved more rapidly but still carries a 5% risk of 
major bleed. An additional caution with heparin therapy is 
the risk of  heparin-induced thrombocytopenia occurring in 
about 5% of those on heparin for 5-10 days. This requires 
the discontinuation of heparin and the use of alternative 
antithrombotic therapy.

LMWH binds to antithrombin III, yielding higher speci-
ficity for Factor Xa compared with thrombin. These 
agents have improved bioavailability, more predictable 
pharmacologic action, and do not require routine moni-
toring. LMWH is at least as effective as UFH in reducing 
recurrent thrombosis and mortality with lower bleeding 
risk. The major concerns with the use of LMWH are for 
those with renal dysfunction (as it is cleared through the 
kidneys and at a minimum its use requires dose adjust-
ment), extremes of body weight (<50 kg and >100kg), 
and pregnancy. 

LMWH, UFH, or fondaparinux are recommended • 
in the initial treatment of DVT for at least 5 days 
(Grade 1C).
The use of LMWH is favored over UFH preferably for • 
outpatient management (Grade 1C) or for inpatient 
treatment if necessary (Grade 1A).
Treatment with heparin preparations should continue • 
concurrent with a vitamin K antagonist until an INR 
of ≥2.0 for 24 hours (Grade 1A).
LMWH appears to be more efficacious than warfa-• 
rin in the initial treatment of those with cancer, thus 
being recommended for at least 3 months (Grade 1A). 
Either LMWH or a vitamin K antagonist should be 
continued as long as the cancer is active.

Table 88-2 • 2008 ACCP Guidelines for VTE 
Prophylaxis

Risk Category Clinical Feature Prophylaxis Strategy

Low Medical – fully mobile
Surgical – brief 

procedure with no 
risk factors

No specific 
prophylaxis

Early ambulation

Moderate Medical – bed bound
Surgical – major 

general, urologic, 
and gynecologic

LMWH
UFH-SQ
Compression 

therapy for high 
bleeding risk

High Medical – trauma
Surgical – orthopedic

LMWH
Fondaparinux
Vitamin K antagonist 

(INR 2-3)

LMWH, low molecular weight heparin; UFH-SQ, subcutaneous unfractionated heparin
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Warfarin
Warfarin inhibits the vitamin K-dependent coagulation fac-
tors of the extrinsic clotting pathway. It is recommended that 
a heparin preparation be used during initiation of therapy 
with warfarin due to the theoretical risk of enhanced throm-
bosis with an early inhibition of the vitamin K-dependent 
antithrombotic factors (proteins C and S). The INR needs 
frequent monitoring with a target of 2.0 to 3.0. Duration of 
therapy has been a controversial issue, but in general unpro-
voked thrombosis should be treated for at least 6 months, 
while a provoked thrombosis with transient risk factors can be 
treated for 3 months. It has been shown prolonged treatment 
for idiopathic DVT with warfarin in the therapeutic range 
(INR of 2.0 to 3.0) for over 2 years was effective in reducing 
the recurrence rate of VTE by threefold but low intensity ther-
apy (INR of 1.5 to 2.0) does not appear to be as beneficial.

ACCP Guidelines suggest VTE caused by transient • 
risk factors should be treated for at least 3 months 
(Grade 1A). Most other DVT should be evaluated all 
for potential indefinite therapy (Grade 1C) includ-
ing first unprovoked DVT with low bleeding risk and 
most with a second unprovoked DVT (Grade 1A).
Isolated calf vein thrombosis should be treated for • 
3 months rather than indefinite therapy (Grade 2B).
A rare complication of warfarin therapy is skin necro-• 
sis seen with protein C deficiency. 
Warfarin should be avoided in pregnancy due to the • 
risk for embryopathy and fetal bleeding.

Compression Stockings
Post-phlebitic syndrome affects about 30% of those with a 
DVT. Manifestations of post-phlebitis syndrome include leg 
pain, swelling, and even ulceration. Compression stockings 
(with 30-40 mm Hg tension) have been shown to reduce 
the risk of post-phlebitic syndrome by 50% with 2 years of 
use. The use of compression stocking is recommended in the 
routine care of those with proximal DVT (within 1 month 
and continued for at least 2 years)(Grade 1A).

Vena Cava Filters
The routine use of inferior vena cava (IVC) filters is dis-
couraged. IVC filters are indicated with contraindications 
to anticoagulant therapy (Grade 1C), such as active bleed-
ing, or failure of anticoagulant therapy. Complications of 
filter placement include dislodgement and thrombosis with 
a high risk of chronic limb sequelae. In theory, these issues 
may be reduced through the judicious use of removable or 
temporary filters, but the effect of this approach is not well 
established.

Thrombolysis
Catheter-directed thrombolysis has been suggested for 
extensive proximal DVT to reduce symptoms and subse-
quent risk for post thrombotic syndrome (Grade 2B). The 
use of adjunctive devices as part of pharmacomechanical 

thrombolysis may be appropriate to shorten treatment time 
(Grade 2C). Even after effective thrombolysis, the same du-
ration and intensity of anticoagulation is required.

Treatment at Other Sites
Thromboses at other locations require site-specific workup 
and treatment. 

Upper extremity venous thrombosis requires removal • 
of the intravenous lines.
Spontaneous or effort-induced subclavian vein • 
thrombosis requires anticoagulation using a regimen 
as suggested for lower extremity DVT, and consider-
ation towards catheter-directed thrombolytic ther-
apy with assessment for thoracic outlet compression 
(Grade 2C).
Superficial thrombophlebitis is typically managed with • 
the use of nonsteroidal antiinflammatory agents, warm 
compresses and leg elevation. However, extensive 
superficial venous thrombosis (for example, in close 
proximity to the saphenofemoral junction) may be 
treated with prophylactic or intermediate dose LMWH 
or intermediate dose UFH for 4 weeks (Grade 1B).

THROMBOPHILIAS

Thrombophilias are inherited or acquired disorders that 
predispose to thrombosis. It is important to recognize that 
thrombosis does not develop in all those with a thrombo-
philia. Treatment of those with a thrombophilia occurs after 
the development of a VTE. 

Epidemiology

Acquired thrombophilias are the consequence of an-
other medical condition or develop during an individual’s 
lifetime (see Table 88-3). The most common acquired 
thrombophilia is antiphospholipid antibody syndrome. 
Antiphospholipid antibodies are seen in 5% of the general 
population and 10-50% of those with autoimmune condi-
tions. The relative risk of thrombosis with antiphospholipid 
antibodies is 1.6 to 3.2.

Table 88-3 • Acquired Thrombophilias

Antiphospholipid antibody
Neoplasm
Myeloproliferative disorder
Heparin-induced thrombocytopenia
Disseminated intravascular coagulation
Thrombotic thrombocytopenic purpura
Nephrotic syndrome
Paroxysmal nocturnal hemaglobinuria
Pregnancy
Use of estrogen hormone 



1018 SECTION XIII /  Aorta and Vascular Disease

The most common inherited thrombophilias are Factor V 
Leiden and prothrombin gene mutation. Factor V Leiden mu-
tation is seen in 4- 8% of the general population and 20% of 
those with thrombosis. Similarly, prothrombin gene 20210A 
mutation is seen in about 2-3% of the general population and 
4-8% of those with thrombosis. Other identified inherited 
disorders include protein C and S deficiencies, antithrombin 
deficiency, and dysfibrinogenemia (see Table 88-4). The cu-
mulative lifetime incidence of thrombosis among carriers of 
familial disorders is about 10%.

Pathophysiology

Inherited thrombophilias are generally disorders of the co-
agulation cascade with deficiency or dysfunction of an an-
tithrombotic factor, or resistance of a prothrombotic factor 
to inactivation. Deficiency of antithrombotic factors in-
cludes protein C, protein S, and antithrombin deficiencies. 
Excessive activation of prothrombotic factors is seen with 
Factor V Leiden mutation, prothrombin gene mutation, and 
dysfibrinogenemia. 

Clinical Presentation

The most common clinical manifestation of thrombophilias 
is VTE both deep vein thrombosis and pulmonary embolism. 
These conditions should be suspected with unprovoked or re-
current VTE. Venous thrombosis in unusual territories such 
as cerebral, portal, mesenteric, or hepatic veins should also 
raise suspicion to a thrombophilia. Inherited thrombophilias 
may have a family history of VTE. These are also common 
among VTE occurring at a young age (<40 years old).

Arterial thrombosis (including stroke and myocardial in-
farction) are unusual complications of thrombophilias. 
Exceptions are the presence of an antiphospholipid syn-
drome, hyperhomocytinemia, heparin-induced thrombo-
cytopenia, and certain myeloproliferative disorders. Acute 
limb ischemia due to arterial thrombosis has a differential 
that includes embolism and progressive arterial occlusive 
disorders such as the following: 

cardioembolism• 
atherosclerosis• 
fibromuscular dysplasia• 

arterial dissection• 
aneurysmal disease• 
arterial entrapment• 
ergots alkaloids.• 

Pregnancy-related complications may be seen with throm-
bophilias, particularly with antiphospholipid antibody syn-
drome. These include purpura fulminas neonatalis, recurrent 
fetal loss, still birth, pre-eclampsia, and, possibly, placental 
insufficiency and intrauterine growth retardation. Many of 
these conditions are included in the criteria to establish a 
diagnosis of antiphospholipid antibody syndrome. The fetal 
loss criteria are defined as 3 or more spontaneous abortions 
with no more than 1 live birth or unexplained second or 
third trimester fetal death.

Diagnosis

Establishing a diagnosis of a thrombophilia begins with an 
understanding of the clinical indications that may prompt 
further testing. Established indication to evaluate for throm-
bophilias includes the following: 

unprovoked thrombosis• 
recurrent thrombosis• 
VTE at age • <40 years old
VTE with family history• 
thrombosis in unusual vascular territories.• 

There is no single test for all thrombophilias, but there are 
several commonly measured assays. A thorough history and 
physical exam is of paramount importance for the  physician 
to determine clinical risk factors and associated medical con-
ditions. Routine laboratory investigations should include a 
complete blood count with differential, serum electrolytes, 
liver function, renal function, and coagulation tests includ-
ing INR and PTT. Testing for the inherited thrombophilias 
includes the following:

DNA-based testing for Factor V Leiden and pro-• 
thrombin G20210A gene mutations
activated protein C resistance assay• 
functional assays for protein C, protein S, and anti-• 
thrombin
anticardiolipin antibody and lupus anticoagulant• 
plasma homocysteine levels.• 

An important consideration is the timing of performing 
the testing for thrombophilias. Plasma coagulation factors 
should not be tested during the acute thrombotic phase as 
their levels can be transiently decreased. This is observed 
with protein C, protein S, and antithrombin. The use of 
anticoagulant medications may affect coagulation factors. 
In addition to the vitamin K-dependent procoagulation fac-
tors, warfarin reduces protein C and S levels. Heparin af-
fects antithrombin levels and lupus anticoagulant testing. 

Table 88-4 • Hereditary Thrombophilias

Activated protein C resistance including 
Factor V Leiden mutation

Prothrombin gene mutation 20210A
Antithrombin deficiency
Protein C deficiency 
Protein S deficiency
Hyperhomocysteinemia
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In general, testing should be delayed for at least 6 weeks. 
Testing for protein C and S should be performed once war-
farin therapy has completed.

Treatment

Primary Prevention
Primary prophylaxis is not recommended simply due to the 
presence of an inherited thrombophilia. The use of primary 
prophylaxis depends upon exposure to a thrombotic risk 
such as surgery, trauma, or immobilization. The prophylac-
tic regimen in the presence of a thrombophilia is generally 
the same as without a thrombophilia. There are possible ex-
ceptions that warrant consideration:

Antithrombin deficiency, combined thrombophilias, • 
and homozygous mutations for Factor V Leiden or 
prothrombin gene should be treated throughout preg-
nancy and for 6-week postpartum with LMWH. 
Antithrombin deficiency may be treated with replace-• 
ment of antithrombin prior to high risk situations 
such as surgery. 
Hyperhomocysteinemia should be treated with folic • 
acid and supplemented with vitamin B6 and B12 until 
normalization of homocysteine levels.
Avoidance of oral contraceptives and hormone re-• 
placement is controversial in the absence of a history 
of VTE.

Acute Treatment
Treatment for VTE with a thrombophilia is generally the same 
as treatment without a thrombophilia. There are exceptions 
such as thrombosis with heparin-induced thrombocytopenia, 
disseminated intravascular coagulation and acute promyelo-
cytic (M3) leukemia. Treatment of the underlying disorder is 
required for disseminated intravascular coagulation and acute 
leukemia. The treatment of thrombosis with heparin-induced 
thrombocytopenia has several unique features:

Remove all heparin exposure.• 
Don’t use LMWH.• 
Treatment requires a direct thrombin inhibitor such • 
as argatroban or leupirudin, which may require renal 
dose adjustment. Fondaparinux has been used but is 
not FDA-approved for this indication.
Warfarin should not be initiated until the platelet • 
count exceeds 100,000.
Overlap the direct thrombin inhibitor with warfarin • 
for at least 5 days.

There are several issues with the treatment of thrombosis 
with antiphospholipid antibody syndrome. Use of either 
UFH or LMWH should be continued until 4 to 6 weeks 
postpartum, then may be converted to warfarin. The target 
INR is in the 2.0 to 3.0 range rather than a higher range, as 
once was the clinical practice.

Secondary Prevention
Idiopathic or recurrent VTE should be considered for sec-
ondary prophylaxis with indefinite therapy. An identified 
inherited thrombophilia may modify the risk/benefit ratio 
to guide the duration of therapy (or need for secondary pre-
vention). Most heterozygous mutations will be treated simi-
lar to those without an identified abnormality. In contrast, 
 homozygous and mixed heterozygous mutations (or com-
bined thrombophilias) favor the use of indefinite therapy.

CHRONIC VENOUS DISEASE

Chronic venous disorders encompass a spectrum of venous 
abnormalities ranging from dilated cutaneous veins, such as 
spider veins and telangiectasias, to venous ulceration. The 
spectrum of disease consisting of varicose veins and more 
advance manifestations is referred to as chronic venous dis-
ease (CVD). The term chronic venous insufficiency (CVI) 
is most often used to indicate the most advanced forms of 
venous disease with skin changes or ulceration. CVI devel-
ops due to problems with valve incompetence or venous ob-
struction with resulting venous hypertension.

Epidemiology

CVD is a common problem with varicose veins, affecting 
5-35% of the United States adult population. There is a 
female predominance: women have an approximate two-
fold increased risk over men. Risk factors associated with 
the development of CVD include age, female gender, family 
history of varicose veins, pregnancy, obesity, previous leg in-
jury, and phlebitis. Other possible risk factors include occu-
pational or environmental factors such as prolonged sitting, 
standing, or crossing legs.

The most serious complications venous ulcers, either ac-
tive or healed, are seen in about 1% of the adult population. 
Almost 5 million people in the United States have CVI, 
of which 10% will develop venous ulcers. Risk factors as-
sociated with the first-time development of a venous ulcer 
include maternal family history and physical activity and 
history of deep vein thrombosis.

Complications of CVD have a significant impact on the 
health care system. The disability due to venous ulcers leads 
to loss of productive work hours as well as early retirement. 
Venous ulcer care has been estimated to cost up to 3 million 
dollars annually in the United States.

Pathophysiology

The pathophysiology of CVI is best understood through 
appreciation of the normal venous anatomy and function. 
The venous system serves as a conduit to return blood to 
the heart even against gravity from the lower limbs. Blood 
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is prevented from pooling in the lower limbs by a series of 
one-way valves within the superficial and deep veins, and 
the action of muscle pumps, forcing blood centrally. The su-
perficial and deep veins are connected by a series of perfora-
tor veins, which also contain valves preventing blood from 
flowing from the deep to the superficial veins with muscu-
lar  contraction. Proper functioning of these mechanisms 
will help to maintain a normal venous pressure around 15 
to 30 mm Hg.

The principal superficial veins are the great saphenous vein, 
which runs from the ankle to join the common femoral vein 
at the saphenofemoral junction, and the small saphenous 
vein, which runs from ankle to join popliteal vein at the 
saphenopopliteal junction. The deep veins within the lower 
limb run beneath the facial layer. In the calf these include 
veins within the muscle architecture and paired axial veins 
running alongside the corresponding artery. These veins 
join to form a popliteal vein, which becomes the femoral 
vein (previously referred to as the “superficial” femoral vein) 
after passing through the adductor canal. The femoral vein 
is joined by the deep femoral vein in the upper thigh to form 
the common femoral and eventually iliac veins—providing 
the major venous outflow of the leg. 

There are several possible mechanisms involved in CVI in-
cluding the development of incompetent valves in the deep 
or superficial or perforator venous systems, or obstruction 
to venous outflow, or a combination. Chronic venous ob-
struction is increasingly recognized as an important cause 
of CVI (see Table 88-5). These processes ultimately lead 
to venous hypertension particularly during standing or pro-
longed sitting. Loss of the normal muscle pump function 
may exacerbate this problem. Chronic venous hypertension 
can lead to progressive varicose vein formation and various 
skin changes ranging from hyperpigmentation to lipoderma-
tosclerosis to venous ulceration.

Varicose veins are classified as primary if only the super-
ficial veins are affected. Those arising due to a coexist-
ing problem, such as incompetence of perforator or deep 
veins, are termed secondary. Once varicose veins form, 

progressive venous dilatation may cause dysfunction of 
the valves, thus perpetuating the cycle and causing more 
incompetence.

Clinical Presentation 

Chronic venous disorders most commonly present due to 
the appearance of telangiectasias, reticular veins, and/or 
varicose veins. The most common symptoms related to CVD 
are pain, swelling, and ulceration. The pain or discomfort of 
the leg is typically described as heaviness or aching that is 
aggravated by prolonged standing and relieved by elevation. 
Varicose veins may become sore due to venous distention. 
Varicosities are also prone to superficial thrombophlebitis. 
Edema begins in the perimalleolar region but extends up to 
leg with accumulation occurring in a dependent manner. 

Chronic venous-related skin changes are a prelude to the 
development of venous ulcerations. This includes hyper-
pigmentaion due to hemosiderin deposition and lipoderma-
tosclerosis with scarring and thickening of the skin due to 
fibrosis in the dermis and subcutaneous fatty tissue. In addi-
tion, atrophie blanche may be seen with atrophic skin sur-
rounded by dilated capillaries. There is also an increased risk 
of other skin problems including eczematous dermatitis, cel-
lulitis, and lymphangitis. Ultimately, cutaneous ulcers may 
develop typically in the perimalleolar region with delayed 
wound healing.

The routine venous exam should include an evaluation 
in both the supine and upright positions to induce maxi-
mal venous distention. Varicose veins are often in the 
 distribution of the affected superficial veins with dilation 
of their branches. Edema is typically pitting, however pro-
tracted edema may become more resilient to palpation, thus 
 referred to as brawny edema. The skin needs to be inspected 
for characteristic skin findings or ulcerations either active 
or healed. The Brodie–Trendelenberg test may help distin-
guish deep and superficial reflux. This bedside test uses a 
tourniquet or manual compression over the superficial veins 
followed by placement of the limb in the dependent posi-
tion. The rapid appearance of varicose veins in the absence 
of compression but delayed appearance with compression 
implies superficial venous incompetence. 

A consensus classification scheme, known as the CEAP 
classification, was developed for venous reporting standards 
to provide a basis for uniform reporting, diagnosis, and 
treatment of CVD (see Table 88-6). The basic elements 
of the CEAP classification include clinical class, etiology, 
anatomic and pathophysiologic classifications. Additional 
schemes have been developed to provide objective mea-
sures of disease severity, including the venous severity 
score (VSS). These seem most useful to assess longitudinal 

Table 88-5 • Causes of Venous Obstruction

Chronic deep vein thrombosis•
Malignancy•
Retroperitoneal fibrosis•
 May–Thurner syndrome (or impaired venous outflow due •
to compression of the left iliac vein as crossed over by the 
right common iliac artery)
Arterial aneurysms•
Pelvic masses•
 Other rarer causes of venous obstruction include aplasia of •
the pelvic veins as seen in Klippel–Tr�naunay syndrome.
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changes in CVD with treatment or when comparing differ-
ent modalities of treatment. 

Differential Diagnosis

The differential diagnosis for CVI includes conditions that 
may cause edema as well as those that may cause ulceration. 
This includes the following conditions:

Congestive heart failure—especially right heart fail-• 
ure, which causes bilateral pitting edema.
Systemic conditions such as nephrosis, cirrhosis and • 
endocrinologic disorders.
Medication side effect—may be seen with calcium • 
channel blockers, nonsteroidal antiinflammotory 
agents, and certain oral hypoglycemics.
Peripheral arterial disease—onset of critical limb • 
 ischemia results in rest pain and ulceration.
Deep vein thrombosis and superficial throm-• 
bophlebitis—may cause pain and swelling but with a 
more acute onset.
Lymphedema—typically with nonpitting edema • 
(at least in the later stages) and without venous skin 
changes.
Regional disorders such as ruptured Baker’s cyst, soft • 
tissue hematoma, gastrocnemius tear or cellulitis.

Diagnosis

The diagnosis of CVD is made with history and physical 
exam, but noninvasive and rarely invasive testing may be 
required. The easiest and most cost-efficient method to con-
firm the diagnosis is venous duplex ultrasonography with 

reflux testing. Duplex is a very sensitive modality for the 
detection and exclusion of deep vein thrombosis, especially 
in the proximal limb. However, duplex reflux testing is also 
sensitive to detection of reflux in the venous systems. This 
technique most often uses rapid cuff inflation and defla-
tion with patients in an upright (or semi-upright) position. 
Venous flow towards the head is augmented by cuff inflation 
then abnormal flow towards the feet may be seen following 
deflation, indicating venous reflux. 

Several plethysmographic techniques may be used to assess 
for venous reflux including photoplethysmography and air 
plethysmography. Air plethysmography is particularly use-
ful for assessing the contribution of each pathophysiologic 
mechanism, including reflux, obstruction, and muscle pump 
dysfunction. Photoplethysmography is most useful for estab-
lishing a diagnosis of reflux but provides limited additional 
information.

Invasive imaging such a contrast venography is rarely per-
formed unless an intervention is planned. More commonly, 
computed tomography and magnetic resonance imaging are 
used to evaluate for central venous stenosis. In addition, in-
travascular ultrasound (IVUS) is rapidly gaining acceptance, 
being utilized to visualize periluminal vascular anatomy and 
guide interventions. Ambulatory venous pressure monitor-
ing, the hemodynamic “gold standard” for the assessment of 
CVD, is rarely performed.

Treatment (see Table 88-7)

Medical Treatment
Medical treatment is generally aimed at minimizing the 
degree of edema and preventing complications. Behavioral 
measures may include elevation of the legs when at rest and 
weight loss programs. Skin care is important to prevent in-
fection, with the use of emollients to keep the skin mois-
turized. Hyperkeratosis may respond to topical 20% urea 
cream. Ulcerations should be attended to by a wound care 

Table 88-6 • CEAP Classification of Venous Disease

Class Definition

C Clinical signs (grade 0-6), supplemented by (s) 
for symptomatic and (a) for asymptomatic

0 No visible or palpable signs of venous disease

1 Telangiectasias, reticular veins, malleolar flare

2 Varicose veins

3 Edema without skin changes 

4 Skin changes ascribed to venous disease 
(pigmentation, lipodermatosclerosis)

5 Skin changes (as defined above) in conjunction 
with healed ulceration

6 Skin changes (as defined above) in conjunction 
with active ulceration

E Etiologic classification (congenital, primary, 
secondary)

A Anatomic distribution (superficial, deep, or 
perforator, alone or in combination)

P Pathophysiologic dysfunction (reflux or 
obstruction, alone or in combination)

Table 88-7 • Treatment of Chronic Venous Disease

Medical Treatment•
Behavioral measures
Skin care
Compressive garments

Interventional Management •
Sclerotherapy
Catheter venous ablation 
Venous stenting

Surgical Therapies•
Venous ligation and stripping
Subfascial endoscopic perforator ligation
Venous bypass 
Valve reconstruction and transplant
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specialist. There are a variety of topical dressings to control 
fluid drainage and local skin maceration, as well as biologic 
human skin substitutes to facilitate healing.

Compressive leg garments are the mainstay of treatment 
for nearly all stages of CVD. The most common garment 
is graded elastic compression stockings to provide external 
resistance to oppose the hydrostatic forces of venous hy-
pertension. Pneumatic compression devices have been use 
to help reduce edema to allow for application of other gar-
ments or to promote healing of ulcers. 

Interventional Management
Chemical sclerotherapy may be used to obliterate venous ab-
normalities, such as cutaneous veins and varicose branches, 
by direct injection of a sclerosing agent into the vein. 
Ultrasound-guided foam sclerotherapy is being used more fre-
quently even for the truncal superficial veins. Percutaneous 
venous ablation using radiofrequency or laser is being used to 
obliterate incompetent great or small saphenous veins. The 
procedure is effective in alleviating symptoms with a low 
complication risk for deep vein thrombosis and thermal inju-
ries. Venous stenting, particularly of the iliac veins, has been 
used to restore venous outflow with venous obstruction, with 
good results in terms of patency and clinical improvement.

Surgical Therapies
Surgical options should be considered for CVI refractory to 
medical and less invasive therapy, to complement compres-
sive therapy. The surgical procedure will depend upon the 
underlying pathophysiolgic mechanism. The most common 
operative procedures are venous ligation and stripping, as 
well as vein avulsion to treat superficial incompetent and 
varicose veins. Subfascial endoscopic perforator surgery pro-
vides a means to ligate incompetent perforator veins from 
a site remote from an area with skin injury. Venous bypass 
may be considered for venous obstruction that is not ame-
nable to an endovascular procedure. In rare circumstances, 
valve reconstruction and transplant have been performed in 
an attempt to restore valvular patency and function.

LYMPHATIC DISORDERS

Lymphedema is the most commonly recognized disorder of the 
lymphatic system. It is a disorder characterized by limb swell-
ing due to excessive accumulation of fluid in the extracellular 
space due either to inadequate drainage or overproduction of 
lymph. It may be classified into primary or secondary lym-
phedema based upon its etiology (see Table 88-8).

Epidemiology

Primary lymphedema is an idiopathic condition resulting from 
inherited abnormalities in lymphatic structure and function. 
It has an incidence of 1 per 10,000 in people under the age of 

20 years accounting for about 20% of affected persons. There 
is a strong female predominance with a female-to-male ratio 
of 4:1. Approximately 75% of primary lymphedema is due to 
lymphedema praecox, typically affecting females in their teen-
aged years to early twenties. Less than 10% of primary lym-
phedema presents after the age of 35 as lymphedema tarda.

Secondary lymphedema is an acquired disorder of the lym-
phatic system that is more common than primary lym-
phedema. It may result from damage to the lymphatic from 
processes such as malignancy, surgery, radiation, or infec-
tion. In fact, the most common worldwide cause of lym-
phedema is filariasis, caused by organisms including the 
parasite Wuchereria bancrofti. 

Pathophysiology

The pathophysiology of lymphedema may be divided into 
either low output failure with reduced lymphatic transport 
or high output failure with normal transport capacity over-
whelmed by excessive lymph production. Insufficiency of 
the lymphatic vasculature may result from lymphatic dyspla-
sia (as seen in primary lymphedema) or anatomic derange-
ments with obstruction or obliteration of lymph channels 
(in secondary lymphedema). 

Familial patterns of primary lymphedema have been described. 
Milroy’s disease is a congenital disorder manifested in infancy. 
In this condition impaired lymphangiogenesis may be a con-
sequence of a missense mutation in a gene-encoding vascular 
endothelial growth factor (VEGF)-3 receptor. Another disor-
der, called Meige’s disease, is a familial form of lymphedema 
praecox. These disorders may be a result of agenesis, hypopla-
sia, hyperplasia, or obstruction of the lymphatic vessels.

Secondary lymphedema results from the loss, destruction, or 
obstruction of the normal lymphatic channels. In addition 

Table 88-8 • Causes of Lymphedema

Primary

Congenital
Familial
Syndrome-associated
Sporadic

Lymphedema praecox
Familial
Sporadic

Lymphedema tarda

Secondary
Infection
Post-surgical
Malignancy
Post-radiation
Post-traumatic
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to parasitic infection, recurrent bacterial infection may dam-
age the lymphatic vessels causing lymphedema. Surgery with 
lymph node biopsy and excision is one of the most common 
secondary causes in North America. Other secondary causes 
include infiltration by malignant cells, radiation, trauma, and 
inflammatory diseases. Longstanding chronic venous insuffi-
ciency and even pregnancy may precipitate lymphedema.

Clinical Presentation

Lymphedema results in swelling of the limb. It most com-
monly affects the lower limbs, although upper extremity dis-
ease may be seen particularly following surgery with lymph 
node dissection. During the early stages edema may subside 
with limb elevation but rarely in more advanced stages 
(see Table 88-9). Similarly, pitting may be present during 
the early stages but is not a feature of the later stages. The 
common description of lymphedema is as nonpitting edema. 
There may be extension of edema into the toes producing a 
classic ‘square toe’ sign. There may be induration with thick-
ening of the skin creating an orange peel, or so-called “peau 
d’orange,” appearance. An exam finding termed Stemmer 
sign (inability to pinch the skin at the base of the toe) is a 
specific but nonsensitive sign for lymphedema. 

Lymphedema can be complicated by recurrent infection such 
as cellulitis and lymphangitis. Progressive trophic changes 
with fibrosis and induration of the skin may develop, leading 
to a cobblestone appearance called elephantiasis. It tends to 
cause severe swelling associated with immobility and can 
cause psychological strain. A rare complication is the devel-
opment a highly lethal malignancy angiosarcoma.

Differential Diagnosis

The differential diagnosis of lymphedema encompasses con-
ditions that may produce chronic swelling of one or more 
limbs. This includes the following conditions: 

Chronic venous insufficiency and post-phlebitic • 
syndrome

Congestive heart failure—causing bilateral dependent • 
pitting edema
Myxedema—seen with both hypothyroidism and thy-• 
rotoxicosis (in pretibial region)
Lipedema—caused by the excessive distribution of fat • 
in the subcutaneous tissue
° Onset is at puberty or pregnancy
° Occurs more commonly in women
° Unlike lymphedema, it spares the feet
° Fat deposition is symmetric and the woody fibrotic 

skin changes are not seen
Reflex sympathetic dystrophy and chronic limb • 
 dependency
Factitious edema—caused by habitual application of • 
a tourniquet.

Diagnosis

The diagnosis is usually made based upon clinical history 
and physical examination. Testing is typically performed to 
exclude other conditions or to guide therapy. Perhaps the 
most important is an imaging study such as a CT or MRI 
to exclude secondary lymphedema due to malignant ob-
struction of the pelvic (or axillary) lymphatics. However, 
findings of lymphedema include thickened dermis and en-
largement of the subcutaneous tissue with a characteristic 
honeycomb appearance. Ultrasonography may also be used 
to exclude other causes of limb swelling, such as acute or 
chronic venous disease. It may also be useful to visualize the 
extent of subcutaneous involvement with lymphedema.

Tests that may be performed to confirm the diagnosis of 
lymphedema include lymphangiography and lymphoscin-
tigraphy. Lymphangiography involves the direct visualiza-
tion of the lymphatic channels with injection of contrast, 
although is rarely performed as it requires a lymphatic 
cut-down. This is typically reserved for evaluation of can-
didates for lymphatic surgery. A more useful technique is 
lymphoscintigraphy, allowing for the visualization of the 
lymphatic system and assessment of lymphatic function. 
This is performed after an indirect injection of radiocon-
trast into the subcutaneous tissue of the hand or foot. 
Images are then obtained with a gamma camera after trans-
port of contrast to lymph nodes creating a pattern of the 
lymphatic channels.

Treatment (see Table 88-10)

Conservative measures are the mainstay of therapy for lym-
phedema, including interventions focused on edema reduc-
tion and preventive measures. Behavioral maneuvers such as 
elevation of the lower limbs is worthwhile but less effective 
than in venous edema. Compression therapy with wraps or 
stockings may be tried as tolerated. Lymphatic massage, par-
ticularly as part of a decongestive physiotherapy program, 

Table 88-9 • International Society of Lymphology 
Classification

Stage Clinical Features

0 Latent or subclinical

1 Early fluid accumulation
Subsides with limb elevation
Pitting may occur

2 Limb elevation rarely reduces swelling
Pitting is common until late stage

3 Encompasses elephantiasis
Pitting is absent
Trophic skin changes are common
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helps with lymphatic drainage and aids in discomfort relief. 
Intermittent pneumatic compression devices may help to 
force excess lymph fluid out from the subcutaneous tissues. 
There is limited or no role for diuretic therapy in the treat-
ment of lymphedema.

The prevention of complications of unabated lymphedema 
is another focus in all patients. Skin hygiene is impor-
tant with daily cleaning and use of emollients to prevent 
 fissuring. Antibiotics should be used early if there are con-
cerns for a bacterial skin infection. Similarly, fungal infec-
tions are common and require antifungal therapy. Exercise 

such as walking and swimming may be effective in reducing 
the swelling.

There is a limited role for operative methods tending to offer 
palliative rather than curative options. These are generally 
reserved for severe limb enlargement with deformity result-
ing in impairing function. The simplest operation is resec-
tion of the excessive skin and subcutaneous tissue known 
as a “debulking” procedure. This must be considered with 
caution as disruption of the superficial lymphatic channels 
may worsen the edema. Microsurgical techniques including 
reconstruction with a lymphatic collector or interposition 
vein and lympho-venous shunt have been tried with limited 
success.
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Table 88-10 • Treatment for Lymphedema

Edema reduction

Compression wraps
Pneumatic compression device
Decongestive physiotherapy with lymphatic massage
Limb elevation

Preventive measures
Topical skin care
Antibiotics and antifungals
Exercise
Tumor surveillance

Operative treatment
Resection or “debulking”
Microsurgical reconstruction or shunting
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Cardiac Tumors
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INTRODUCTION

Primary and secondary cardiac tumors are rare cardiac le-
sions and include both benign and malignant neoplasia. It 
is important that the clinician be able to recognize cardiac 
tumors by different imaging modalities, but a definite di-
agnosis must await surgical excision. Nevertheless, their 
imaging features by either echocardiography or magnetic 
resonance imaging (MRI), their location in different car-
diac chambers or in the myocardium, and other clinical 
features allow a presumptive presurgical diagnosis in most 
cases.

In this chapter, we describe the major imaging features of 
each of the cardiac tumors, with emphasis on echocardio-
graphic-pathologic correlation. Newer technology, such as 
three-dimensional echocardiography and its role in delin-
eating cardiac tumors, is described. We also give a differen-
tial diagnosis for other cardiac masses such as thrombi.

CLINICAL PICTURE

Clinically, cardiac tumors come to attention because of a 
variety of symptoms: flow obstruction with signs and symp-
toms of heart failure, embolism, arrhythmias or constitu-
tional symptoms. Echocardiography is the first imaging 
modality because it allows a rapid screening test and pro-
vides excellent anatomic and functional information. It can 
also be used for surveillance after resection. Recently, three-
dimensional echocardiography has become a major imag-
ing modality. However, some tumors may be differentiated 
better by contrast MRI or CT scan. For instance, because 
MRI has the highest soft tissue contrast, it can distinguish 
between hemangioma (high water content) and fibroma 
(low water content).

CARDIAC TUMORS—CLASSIFICATION 
(TABLE 89-1 AND 89-2)

Cardiac tumors can be classified either by their prevalence 
according to patient age, or their location. For instance, 
myxomas are most often seen in the left atrium and sarco-
mas are seen in the right atrium. However, so the reader may 
be aware of the possibility that any cardiac tumor can also 
be encountered in an unusual location, we prefer to classify  
them by histologic type: benign, malignant, and metastatic 
type (Table 89-1).

Primary cardiac tumors are divided into benign and malig-
nant lesions:

• Cardiac tumors are rare lesions that may be 
intra-cavitary or intra-mural. Their clinical mani-
festations are protean and should be included in 
differential diagnosis. Echocardiography is used 
as screening test and allows a rapid diagnosis. 
Magnetic resonance imaging and CT scan play a 
role in delineating the nature and extent of car-
diac tumors.

• Myxomas are the most frequent cardiac tumors; 
they usually are found in the left atrium, and rarely 
attached to the mitral valve.

• Papillary fibroelastomas are usually attached to 
the aortic or mitral valve and may cause stroke. 

• The clinical context helps in differential diagnosis 
of cardiac tumors with thrombi and vegetations.

• Malignant neoplasms of the heart are also rare and 
one should think of metastasis to the heart from 
a remote site (melanoma, renal cell carcinoma) 
or by contiguity to the heart (lung, breast).

d PRACTICAL POINTS
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Benign tumors include: myxoma, papillary fibroelas-• 
toma, rhabdomyoma, fibroma, lipoma, hemangioma, 
and paraganglioma (An overview of several of these 
are given in Table 89-2).
Malignant lesions are: sarcoma, lymphoma, and peri-• 
cardial mesothelioma.

Secondary cardiac tumors are metastasized from a remote neo-
plasia that invades the heart either by local contiguity or by 
metastasis from a remote site.

BENIGN CARDIAC TUMORS

Cardiac Myxomas

Cardiac myxoma is the most common primary tumor • 
of the heart.
About 75% of myxomas are found in the left atrium, • 
20% in the right atrium and rare cases in the ven-
tricles or on cardiac valves.
The majority of myxomas are attached to fossa • 
 ovalis by a pedunculated stalk; they may be sessile 
( Figure 89-1). 
On transthoracic echocardiography they manifest as • 
spherical or polypoid mobile masses that may protrude 
into an atrioventricular valve (Figure 89-2).

A characteristic feature of myxoma is heterogeneity, • 
which reflects hemorrhage, cyst formation and calci-
fication.
Polypoid myxomas are more likely to embolize (• Figure 
89-3 A and B, 89-4).
Cardiac myxomas usually appear as sporadic lesions • 
and, in about 10% of cases, as familial (as part of Car-
ney complex with cutaneous lesions, Cushing syn-
drome, and Sertoli cell tumors).
Because myxomas are potentially life-threatening le-• 
sions, urgent surgical excision is indicated. Surgical 
excision is considered safe, with excellent long-term 
results and low risk of recurrence.
However, the risk of recurrence always exists and is • 
more likely related to unsuspected multifocal myxoma 
rather than recurrence in situ. Nevertheless, post-
 operative serial follow-up with echocardiography is 
usually employed. 

Papillary Fibroelastoma

Papillary fibroelastomas are the second most com-• 
mon primary benign cardiac tumor. They involve, 

Table 89-2 • Features of Major Benign Cardiac Tumors

Tumors Location Imaging Features Clinical Presentation

Myxoma 75% LA, 20% RA, 5% other Spherical or polypoid mobile 
heterogeneous mass

Flow obstruction arrhythmias, 
constitutional symptoms

Fibroelastoma Usually on cardiac valves Pedunculated small mass with 
frond-like surface

TIA or stroke

Rhabdomyoma Usually myocardium Multiple well-circumscribed 
masses (hyperechoic) 

Most often in children, 
50% tuberous sclerosis

Fibroma Usually myocardium Single, round heterogeneous mass Chamber obliteration, arrhythmias

LA, left atrium; RA, right atrium; TIA, transient ischemic stroke.

Table 89-1 • Classification of Cardiac Tumors 
According to their Histological Nature

Benign Malignant Metastasis

Myxoma
Papillary
Fibroelastoma
Rhabdomyoma
Fibroma
Lipoma
Hemangioma
Teratoma

Sarcoma
Angiosarcoma•
Leiomyosarcoma•
Fibrosarcoma•
Rhabdomyosarcoma•

Lymphoma
Pericardial
mesothelioma

Lung
Breast
Melanoma
Renal cell 
Lymphoma

Figure 89-1. Left atrial myxoma. Note the heterogeneous 
 nature of this spherical myxoma.
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predominantly, the cardiac valves. However, atypical 
locations such as ventricles or atria are possible.
They affect equally adult men and women (mean age • 
60 years).
The most common clinical presentation is transient • 
ischemic attack (TIA) or stroke from either emboliza-

tion of tumor fragments or activated platelets on con-
tact with the tumor.
Echocardiographic and gross anatomy is notably char-• 
acteristic: small (0.5 to 2.0 cm in diameter), mobile, 
irregular pedunculated mass with frondlike surface 
(Figure 89-5 and 89-6).
There is controversy as to whether fibroelastomas are • 
distinct from Lambl’s excrescences or derived from 
them.
Their appearance is also confused on transthoracic • 
echocardiography with vegetations. In these circum-
stances clinical context may help to make the correct 
diagnosis.
The treatment of papillary fibroelastomas is surgical • 
excision with or without valve repair or replacement 
depending on the size of the tumor and the clinical 
context.
Recurrence after surgical excision has not been re-• 
ported.

Figure 89-2. Left atrial myxoma protruding into mitral valve.

Figure 89-3. A. Polypoid myxoma and B. Polypoid myxoma 
with frond-like surface.

Figure 89-4. Huge myxoma of right atrium protruding into 
tricuspid  valve and right ventricle. The arrowhead points to 
 calcification and the arrow points to neurons.

Figure 89-5. Papillary fibroelastoma of tricuspid valve. The 
 arrowhead points to frondlike surface characteristic of this tumor.

B

A
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Rhabdomyomas

Rhabdomyomas are benign myocardial hamartomas • 
that represent 90% of cardiac tumors in infants and 
children.
A characteristic feature of rhabdomyomas is their ap-• 
proximately 50% of cases they are associated with tu-
berous sclerosis. In the remainder of cases they appear 
sporadically.
Another feature of rhabdomyomas is that they regress • 
spontaneously with increasing age.
Most rhabdomyomas are discovered in utero by fetal • 
echocardiography, sometimes because of nonim-
mune fetal hydrops or fetal death. Other presen-

tation features include tachyarrhythmias or heart 
failure.
They appear as white, well-cirumscribed, lobulated • 
nodules, 3-4 cm on average particularly in the ven-
tricular myocardium.
At echocardiography, they manifest as solid hyper-• 
echoic masses in the myocardium of the ventricles or 
the interventricular septum.
Magnetic resonance imaging may help better delineate • 
these tumors when surgery is being considered (i.e., in 
the case of life-threatening arrhythmias or heart failure).
However, the majority of rhabdomyomas regress spon-• 
taneously, and surgery is not routinely required.

Figure 89-6. A. Papillary fibroelastoma of pulmonary valve. 
B and C. Gross pathologic and histology of fibroelastoma.

B

C

A
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Fibroma

Cardiac fibroma typically affects children and rarely • 
adolescents and adults.
Fibromas are round, well-circumscribed tumors lo-• 
cated within the ventricular myocardium, sometimes 
extending into the chamber lumen.
They manifest as a single heterogeneous mass varying • 
in size from 2 to 10 cm.
They may obliterate a cardiac chamber or be the un-• 
derlying substrate of arrhythmias.

Hemangioma

Hemangiomas are vascular tumors that can af-• 
fect patients of all age group. They manifest on 
transthoracic echocardiography as poorly circum-
scribed spongy masses located either within the 
myocardium or in a chamber (Figure 89-7, 89-8 
and 89-9).

Lipoma

Lipomatous hypertrophy of the atrial septum is one • 
presentation of lipomas.
The fatty infiltration involves the superior and in-• 
ferior portions of the atrial septum and results in a 
dumbbell-shaped appearance on two-dimensional 
echocardiography (Figure 89-10).
In some cases they may be confused with atrial myxo-• 
mas, and transesophageal echocardiography may be 
needed to clarify the diagnosis.
They are usually benign and rarely associated with • 
clinical manifestations.

Pericardial Teratoma

Pericardial teratomas are benign tumors of the peri-• 
cardium that typically affects infants and children. 
They manifest as heterogeneous cystic masses on the 
right side of the heart compressing the right chambers 
or causing tamponade.

MALIGNANT PRIMARY 
CARDIAC NEOPLASMS

Malignant primary tumors of the heart are quite rare • 
and include sarcoma (angiosarcoma, rhabdomyosar-
coma, fibrosarcoma, leiomyosarcoma), lymphoma, 
and pericardial mesothelioma.

Figure 89-7. Hemangioma attached to mitral valve.

Figure 89-8. Hemangioma on TEE. Note that the tumor is 
 attached to anterior mitral leaflet.

Figure 89-9. Three-dimensional echo demonstrates the valvu-
lar structure of hemangioma consistent with vascular channels.
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They infiltrate the cardiac tissues and disrupt the nor-• 
mal anatomic planes, unlike the characteristics of well-
circumscribed benign cardiac tumors (Figure 89-11 
and 89-12).
The heart appears relatively immobile without its • 
translational motion.
Primary malignant tumors of the heart are less com-• 
mon than metastasis to the heart from a remote neo-
plasm. Therefore a thorough assessment by MRI or 
CT scan is warranted to determine the primary loca-
tion and to help the clinician decide whether resec-
tion might be possible.

A feature of malignant cardiac neoplasms is their loca-• 
tion. For example, angiosarcomas are usually located 
in the right atrium and appear as large heterogeneous 
broad-based masses with extension to pericardium.
Cardiac sarcomas are optimally assessed by MRI, • 
which shows their extension, associated pericardial 
effusion, and possible metastasis.
Primary cardiac lymphomas are very rare and of non-• 
Hodgkin type. They may be associated with AIDS. 
Transthoracic echocardiography typically shows hy-
poechoic myocardial masses in the right atrium or 
right ventricle associated with pericardial effusion. 

Figure 89-10. Lipomators hypertrophy of atrial septum with 
characteristic dumbbell shape.

Figure 89-11. Leiomyosarcoma of left atrium. Note the large attachment to left atrial wall, not the fossa ova-
lis. Also note the heterogeneous structure and shape of this tumor consistent with a malignant neoplasm.

Figure 89-12. Chordoma. This is a malignant tumor of the 
medullary spine with hematogeneous spread to right ventricle.
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Cardiac sarcomas are highly aggressive tumors with • 
a poor prognosis. The mean duration of survival 
is from 3 to 12 months. In resectable lesions sur-
gery offers only palliation, as the recurrence rate is 
high. Chemotherapy and radiation have not proved 
beneficial. Heart transplant in unresectable lesions 
confined to the heart has been performed with satis-
factory results.
The prognosis of primary cardiac lymphomas is poor as • 
well. Chemotherapy may result in remission in some 
cases.

METASTATIC TUMORS 
TO THE HEART

Malignant tumors can spread to the heart through direct 
invasion (lung cancer) or by hematogeneous (melanoma) 
or venous spread (renal cell carcinoma).

Melanoma has a high propensity to metastasize to the • 
pericardium and myocardium.
The presence of echogenic masses in the pulmonary • 
veins or inferior or superior vena cava suggests the 
primary location and nature of the neoplasm. For ex-
ample, the presence of a mass in the inferior vena cava 
extending to the right atrium suggests renal cell carci-
noma. Similarly, a mass in pulmonary veins extending 
to the left atrium suggests lung or breast carcinoma 
(Figure 89-13). 
Pericardial effusion may develop during the course of • 
a cancer or as the first sign in a patient with an undi-
agnosed metastatic cancer. In this case the prognosis 
is uniformly poor.
Pericardiocentesis with biopsy is generally appropriate • 
and reveals malignant cells.

DIFFERENTIAL DIAGNOSIS 
WITH INTRACARDIAC THROMBI

Cardiac tumors may be confused with intracardiac thrombi. 
However, there are some clues suggesting one or the other:

Left ventricular thrombi occur in the presence of aki-• 
nesis from myocardial infarction or in dilated hypoki-
netic cardiomyopathy. They may be mural adherent 
to the endocardium, or mobile and protruding into 
left ventricular cavity with potentially the risk of em-
bolization (Figure 89-14 and 89-15).
Left ventricular thrombi are best imaged with tran-• 
sthoracic echocardiography at the apex using high 

Figure 89-13. Presence of a mass in the inferior vena cava. 
This patient had renal cell carcinoma with metastasis to the 
heart.

Figure 89-14. Large thrombus in a patient with dilated car-
diomyopathy and severe left ventricular dysfunction. Note the 
irregular shape of the mass. In live action, the portion of the 
thrombus shown by arrowhead was mobile with potential risk 
of embolization.

Figure 89-15. Another patient with dilated cardiomyopathy and 
left apical  thrombus. The echo-lucent center of the thrombus 
suggests actively growing thrombus.
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 frequency (5 Mhz) and short focus transducer. Off-axis 
views as well as the use of ultrasound contrast help in 
detecting apical thrombi.
 In most cases, left ventricular thrombi have an echo-• 
lucent center best seen using three-dimensional 
echocardiography.
The echo-lucent center indicates lysis phenomenon • 
and suggests that the thrombus is new and actively 
growing.
Thrombi may be seen in any cardiac chamber. In right • 
atrium and right ventricle, they suggest pulmonary 
thrombo-embolic disease from deep venous throm-
bosis (Figure 89-16). In this location they appear 
as long mobile masses called serpentine, as they look 
like a snake. In the left atrium, they may be associated 
with atrial fibrillation associated or not with mitral 
stenosis. In this location they may be attached to the 
interatrial septum or to the atrial free wall.

Another differential diagnosis is endocardial fibroelastosis. 
This is a rare condition in which the left ventricular apex is 
infiltrated with dense fibrosis that has a characteristic echo-
genicity or brightness. An important feature here is that 
there is no myocardial akinesis as opposed to myocardial 
infarction and scar. Transesophageal echocardiography pro-
vides few or no advantages over transthoracic imaging for 
assessing the apex and detecting left ventricular thrombi.

Suggested Readings

 1. Burke A, Jeudy J Jr, Virmani R. Cardiac tumors: an update. 
Heart. 2008;94:117–123.

 2. Feigenbaum’s Echocardiography, 6th ed. City: Lippincott Wil-
liams and Wilkins; 2005.

 3. Grebenc ML, Rosado de Christenson ML, Burke AP, et al. Pri-
mary cardiac and pericardial neoplasms: radiologic-pathologic 
correlation. Radiographics. 2000;20(4):1073–1103.

Figure 89-16. This patient presented with deep venous throm-
bosis and dyspnea. Here, the thrombus is entrapped in the right 
ventricular outflow tract.
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HIV and Heart
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• The rate of myocardial infarction (MI) is higher 
in HIV patients taking protease inhibitors (PIs). 
The risk increases as the duration of treatment 
lengthens.

• Lower CD4 counts in untreated patients are associ-
ated with lower total body cholesterol, lower HDL, 
and higher triglyceride levels. Mean HDL levels are 
significantly lower (28–35 mg/dL) in HIV patients 
with coronary artery disease than in those without 
coronary artery disease.

• Coronary angioplasty and stenting have excellent im-
mediate results, but the stent restenosis rate is much 
higher than that of patients without HIV infection.

• Protease inhibitors induce dyslipidemia and insulin 
resistance. The effect of PIs is drug specific: ritona-
vir lowers HDLs and increases TGs; indinavir is for 
insulin resistance, without any effect on lipopro-
teins; amprenavir has no effect on lipoproteins; and 
lopinavir/ritonavir increases TGs, with no effect on 
LDLs, HDLs, or insulin resistance.

• Combination of protease inhibitors and statin can 
produce rhabdomyolysis. (a) Simvastatin should not 
be used with PI. (b) Atorvastatin’s dose should be 

decreased. (c) Pravastatin is safe because it does not 
interact with cytochrome P450.

• Lipodystrophy is clinically evident in 20 to 35% of pa-
tients after 1 to 2 years of highly active antiretroviral 
therapy (HAART). Exercise, either alone or with met-
formin, has been shown to improve lipodystrophy.

• Fibrates reduce triglycerides in HIV patients on 
HAART and are conjugated by glucuronidation with 
renal elimination. Ritonavir and nelfinavir are induc-
ers of glucuronidation and could decrease the effect 
of the fibrates. Fibrates should be used cautiously 
with statins due to the risk of myopathy.

• There is a higher prevalence of smoking in HIV pa-
tients, up to 70 to 80% in some areas. HIV patients 
are less likely to quit and it is a major focus of atten-
tion in caring for HIV patients.

• Following introduction of highly active antiretroviral 
therapy (HAART), the incidence of myocarditis, car-
diomyopathy, heart failure, and pulmonary hyperten-
sion has decreased substantially.

• Primary and secondary cardiac lymphomas (usually B 
cell lymphomas) have been reported in HIV patients.

d PRACTICAL POINTS

EPIDEMIOLOGY

In 2003, greater than 1 million people were estimated to have 
HIV or AIDS in the United States, with 40,000 new cases 
each year (70% men and 30% women). Among men, there 
were 60% from homosexual sex, 25% from injection drug use, 
and 15% from heterosexual sex. Among women, there were 
75% from heterosexual sex and 25% from injection drug use.

Twenty-five percent of newly infected persons in the United 
States are younger than 35 years of age.

Among the newly infected patients, 50% are black, 30% are 
white, and 20% are Hispanic.

Twenty-five percent of U.S. residents with HIV infection 
are unaware of their condition.
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The mortality rate has decreased in the United States since 
the introduction of highly active antiretroviral therapy 
(HAART) (Figure 90-1).

HIV INFECTION AND 
CORONARY DISEASE

The rate of myocardial infarction (MI) (Table 90-1) is 
higher in HIV patients taking protease inhibitors (PIs). 
The risk increases as the duration of treatment lengthens.

CLINICAL FEATURES OF CORONARY 
DISEASE IN HIV PATIENTS (TABLE 90-2)

Sixty-seven percent of patients presented with acute MI. 
The gender majority are male, and only 9% are female. The 
mean or median age is very young (42-50 years), 11 years 
younger than the control non-HIV patients with acute cor-
onary syndrome.

Greater than half were cigarette smokers at the time of the 
coronary event.

Treatment: receiving PIs—49 to 71%

Cholesterol profile: Mean HDL was very low (28–35 mg/dL). 
These levels are significantly lower than those of HIV patients 
without coronary disease. They are also lower than non-HIV 
control subjects with coronary disease. Mean LDL was lower in 
HIV coronary patients than in non-HIV coronary patients. In 
one study, it was much higher in HIV patients with coronary 
disease than in those without. The typical HIV patient with 
coronary disease is male, a smoker, has very low HDL choles-
terol, and is significantly younger than non-HIV patients with 
coronary disease.

Single vessel disease is common.

The thrombolysis in myocardial infarction (TIMI) score is 
low. The immediate outcome is excellent.

Figure 90-1. As the frequency of use of antiretroviral therapy, 
including PIs, increased in HIV-infected patients, their mortal-
ity during this same time period decreased. (Reproduced with 
permission from Palella et al from Hsue PY, Waters DD. What a 
cardiologist needs to know about patients with human immuno-
deficiency virus infection. Circulation. 2005;112:3947–3957.)
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Table 90-1 • Studies Comparing Coronary Event Rates in HIV Patients with Versus Without Pls

Study Patients, n Age, y Follow-Up Events Results

Bozette et al 36,766 NA 40 mo 1207 admissions 
for CVD

No increase in CVD admissions 
with Pls or with increase in duration 
of Pl treatment

Coplan et al 10,986 37 (mean) 1 y 29 Mls Risk of Ml not increased in Pl- vs non–Pl-
treated patients; OR, 1.69; 95% Cl, 
0.54–7.48

Holmberg et al 5672 42.6 (mean) 3.1 y 21 Mls Risk of Ml increased in Pl- vs non–Pl-
treated patients; OR, 7.1; 95% Cl, 1.6–44.3

DAD Study Group 23,468 39 (median) 1.6 y on Pls 126 Mls Risk of Ml increased with increased 
exposure to Pl combination therapy 
(P < 0.001)

Mary-Krause et al 34,976 37.7 (mean) 33 mo 60 Mls Risk of Ml increased in Pl- vs non–Pl-
treated patients; OR, 2.56; 95% Cl, 
1.30–6.34

Klein et al 4159 42.6 (mean) 3.6 y 72 CHD events, 
including 47 Mls

Event rates in Pl- vs non–Pl-treated 
patients similar but increased in HIV 
patients vs controls

Barbaro et al 1551 35.5 (median) 36 mo 25 coronary 
events, including 
13 Mls

Risk of Ml increased in Pl- vs non–Pl-
treated patients; RR, 11.5; 95% Cl, 
2.7–48.5

CVD indicates cardiovascular disease; OR, odds ratio; and CHD, coronary heart disease. 
From Hsue PY, Waters DD. What a cardiologist needs to know about patients with human immunodeficiency virus infection. Circulation. 2005;112:3947–3957.
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Coronary angioplasty and stenting have excellent immedi-
ate results, but the stent restenosis rate is much higher than 
that of patients without HIV infection. Restenosis devel-
oped in 15 of 29 HIV patients compared with 3 of 21 non-
HIV patients (52% vs. 14%; P = .006). Restenosis rate is 
higher after both balloon angioplasty and stenting. There 
are no data available for drug-eluting stents.

Coronary bypass surgery is documented, but no long-term 
follow-up data are available. The median age of the bypass 
patients was 44 years.

SURROGATE MEASURES OF 
ATHEROSCLEROSIS IN HIV PATIENTS

Endothelial Dysfunction 
and HIV Medications

HIV infected children have endothelial dysfunction com-
pared with age and sex matched control subjects in the ab-
sence of cardiovascular risk factors.

PI use in HIV patients is associated with endothelial dys-
function as assessed by brachial artery flow mediated vaso-
dilatation. This is mediated by the atherogenic dyslipidemia 
induced by PIs.

One study showed elevated levels of soluble adhesion mol-
ecules, indicative of endothelial damage. Another study 
showed that patients receiving HAART had higher levels of 
P-selectin, plasminogen activator inhibitor type 1, and tissue 
plasminogen activator but not soluble intracellular adhesion 
molecule 1.

Endothelial Dysfunction and HIV Infection

HIV can damage endothelium through several mechanisms. 
Tat protein causes endothelial dysfunction. Tat protein is a 

small cationic polypeptide released from infected cells; it in-
teracts with different types of receptors present on the surface 
of endothelial cells, activating signal transduction pathways, 
and triggers the expression of adhesion molecules, vascular 
endothelial growth factor, and platelet activation factor.

Membrane particles, shed by the death of CD4 lympho-
cytes, induce endothelial dysfunction, with reduction in 
nitric oxide and prostacyclin-induced vasodilation.

Carotid Intima-Media Thickness (IMT), HIV Medications, 
and HIV Infection

Results of different studies show that carotid plaques are 
more common in patients receiving PIs.

Carotid and femoral artery plaques were associated with clas-
sic coronary risk factors and not with PI use in the large Swiss 
HIV Cohort Study. IMT increased in patients with conven-
tional coronary risk factors. Mean carotid IMT was thicker 
in HIV patients than in control subjects (P < 0.001).

Predictors of thicker IMT in HIV patients included:

Older age• 
Higher LDL cholesterol• 
Cigarette pack-years• 
Hypertension• 

There was rapid progression of carotid IMT in HIV patients 
after 1 year, but not in control subjects (P = .002). The 
rapid progression of carotid IMT in HIV patients, plus their 
thicker baseline values, strongly suggests very high rates of 
coronary and cerebrovascular events.

This suggests that immune reconstitution stimulates the 
rapid progression of atherosclerosis in HIV patients.

Carotid IMT is correlated with classic risk factors and a low 
nadir CD4 count.

Table 90-2 • Clinical Features of Coronary Disease in HIV Patients

Study
Patients,

n Age, y
Current

Smoking, %
CD4 Count, 
cells/mm3 Pl Use, % 

Ml on Presenta-
tion, n (%)

Single-Vessel 
Disease, n (%)

David et al 16 43* 81 234 (74-731)* 69 8/16 (50) NA

Matetzky et al 24 47 ± 9 58 318 ± 210 71 24 (100) 5/21 (24)

Escaut et al 17 46 ± 6 71 272 ± 185 65 11/17 (65) 9/17 (53)

Mehta et al 129† 42 ± 10 NA 313 ± 209 NA 82/106 (77) 26/76 (35)

Ambrose et al 51 48 ± 9 55 426 ± 290 59 34/51 (67) 21/45 (47)

Varriale et al 29 46 ± 10 55 >500 in 18/29 66 29 (100) NA

Hsue et al 68 50 ± 8 68 341 (3-4360)* 49 37/68 (54) 20/56 (36)

NA indicates not reported.
*Median value; all other values are means.
†Patients drawn from 25 previous reports.
From Hsue PY, Waters DD. What a cardiologist needs to know about patients with human immunodeficiency virus infection. Circulation. 2005;112:3947–3957.
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PATHOGENESIS OF 
ATHEROSCLEROSIS IN HIV PATIENTS

PIs induced deleterious metabolic effects in HIV patients, 
including dyslipidemia and insulin resistance. HIV disease 
is atherogenic, associated with accelerated T-cell prolifera-
tion, heightened T-cell activation, and high levels of inflam-
matory markers. These immunological perturbations persist 
even after the introduction of HAART. Persistent levels of 
immune activation are observed even after years of treatment 
mediated viral suppression. The level of immune activation 
has been independently associated with CD4 T-cell nadir, 
which is a predictor of the progression of carotid IMT.

HIV INFECTION AND 
ATHEROSCLEROSIS

 1. T lymphocytes—CD4 cells are the major population 
and promote atherosclerosis (similar to immunosup-
pressed patient after cardiac transplantation) through 
proinflammatory cytokines, tumor necrosis factor, and 
interleukins.

 2. Chronic low-grade inflammation accelerated athero-
sclerosis—C-reactive protein levels are higher in HIV 
patients.

 3. Monocyte chemoattractant protein – 1 plasma level 
+ frequency of a mutation in the promoter region of 
the monocyte chemoattractant protein—1 gene—
higher in HIV patients with atherosclerosis than HIV 
patients without atherosclerosis.

 4. Coagulation abnormalities and thrombotic events
  a)  Protein S deficiency is most common, occurring in 

73% of HIV infected men.
  b)  von Willebrand factor has higher levels in  untreated 

HIV patients and tends to decrease to normal with 
HAART.

  c) Platelet activation increased in HIV patients.
  d)  Smoking activates platelets and increases 

 coagulation.

Endothelial dysfunction + inflammation + platelet activa-
tion + hypercoagulation = a therosclerosis and thrombosis 
of the arterial wall.

HIV TREATMENT—HIGHLY ACTIVE 
ANTIRETROVIRAL THERAPY (HAART)

HAART is recommended for symptomatic HIV disease pa-
tients and asymptomatic HIV infected patients with CD4 
<200 cells/mL. It is considered the treatment for asymp-
tomatic HIV infected patients with CD4 >200 and <350 
cells/mL (based on data from several studies, including the 
HIV Outpatient Study).

There are four broad classes of drugs:
 a) Nucleoside reverse-transcriptase inhibitor (NRTI)
 b) Nonnucleoside reverse-transcriptase inhibitor (NNRTI)
 c) Protease inhibitor (PI)
 d) Cell membrane fusion inhibitor

The regimens consist of three drugs: 2 NRTI + NNRTI 
or PI. There are frequent changes in the treatment regi-
men due to adverse effects, failure of viral suppression, and 
incomplete compliance with treatment.

PI is the largest class. (Table 90-3). It blocks the HIV pro-
tease enzyme. Viral proteins constructed within the infected 
cell cannot be released as active viral particles, which dis-
rupts viral replication at a late stage.

PI side effects include, gastrointestinal dysfunction, sexual 
dysfunction, disorders of glucose and lipid metabolism, 
hepatotoxicity, and an increased risk of bleeding.

PI inhibits metabolism of the cytochrome P450 system, spe-
cifically at the 3A4 enzyme, interacting with many drugs. PI 
and statin can produce rhabdomyolysis. 
 a) Simvastatin should not be used with PI. 
 b) Atorvastatin’s dose should be decreased. 
 c) Pravastatin is safe, because it does not interact with 

cytochrome P450.

NRTI incorporates into viral DNA, leading to defective 
structural analogs of viral nucleotides (Table 90-4). It pre-
maturely terminates viral strand synthesis and then inhibits 
viral replication.

NRTI is well tolerated, although it can produce mitochon-
drial toxicity, including, peripheral neuropathy, myopathy, 
lactic acidosis, hepatic steatosis, pancreatitis, and lipodystro-
phy. NRTIs do not inhibit the cytochrome P450 system.

NNRTI binds directly to the reverse transcriptase enzyme 
and blocks DNA elongation (Table 90-4). The favored 
regimen is high antiviral potency plus good tolerability plus 
toxicity and viral cross resistance and does not overlap with 
NRTI. Side effects include, rash, elevation of liver enzymes, 
and fat redistribution.

Fusion inhibitors are the newest class. They prevent confor-
mational changes necessary for the fusion of virions to host 
cells. They are costly and injected and for patients in whom 
other antiretroviral regimens have failed.

Adverse Metabolic Effects of HIV Treatment

Interrelationship: HIV disease and its treatment and coronary 
risk factors are complex and not completely understood.

Low CD4 count in untreated HIV patients equals lower total 
cholesterol, lower HDLs, and higher triglycerides (TGs).
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PI treatment: hyperlipidemia and insulin resistance (studied 
in HIV negative subjects, for short duration).

Effect of PIs is drug specific:

ritonavir lowers HDLs and increases TGs• 
indinavir is for insulin resistance, without effect on • 
lipoproteins
amprenavir has no effect on lipoproteins• 
lopinavir/ritonavir increases TGs, with no effect on • 
LDLs, HDLs, or insulin resistance

Multicenter AIDS Cohort Study (Figure 90-2):

Fifty HIV patients had blood samples taken before HIV 
status became positive, and before and after treatment, 
which included a PI in 48/50 patients. The total choles-
terol and LDL cholesterol decreased after the onset of HIV 
disease and returned to preinfection levels or higher with 
treatment. The HDL cholesterol decreased after onset 
of HIV disease and did not recover after treatment was 
started. TGs were measured only once during treatment 
and were high.

Summary of clinical studies of the effects of PIs on lipids in 
HIV patients found an increase at 48 weeks of treatment:

Total cholesterol increased by 66%.• 

LDLs increased by 37%.• 
TGs increased by 80%.• 

At 64 weeks of treatment:

total cholesterol increased by 40%• 
LDL increased by 19%• 
TG increased by 148%• 

Cross-sectional study of HIV patients found the total cho-
lesterol to be >240 mg/dL in:

27% receiving PI• 
23% receiving NNRTI• 
44% receiving PI • + NNRTI
10% receiving NRTI• 
8% untreated• 

TG levels were >200 mg/dL in:

40% receiving PI• 
32% receiving NNRTI• 
54% receiving PI • + NNRTI
23% receiving NRTI• 
15% untreated• 

The prevalence on diabetes was 1.1% in untreated patients 
and 4.3% in treated patients with PI + NNRTI.

Table 90-3 • Protease Inhibitors

Generic Name Brand Name Typical Dose* Pills, n/d Common Adverse Events
Important Drug 
Interactions†

Amprenavir Agenerase 1200 mg BID 16 Lactic acidosis, periorbital and 
peripheral numbness, rash, 
nausea, diarrhea

Lovastatin, simvastatin, 
bepridil

Atazanavir Reyataz 400 mg/d 2 Lactic acidosis, 
hyperbilirubinemia, ↑ PR interval

Proton pump inhibitors, 
bepridil

Fosamprenavir Lexiva 1400 mg BID 4 Prodrug of amprenavir with 
higher bioavailability

Flecainide, propafenone, 
lovastatin, simvastatin

Indinavir Crixivan 800 mg TID 6 Dry eyes, mouth, and 
skin; nephrolithiasis; 
hyperbilirubinemeia; neutropenia; 
paronychia; vasculitis

†

Lopinavir/
Ritonavir

Kaletra 400/100 mg 
BID

6 Pancreatitis, Gl side effects 
common but mild

See ritonavir†

Nelfinavir Viracept 1250 mg BID 
or 750 mg 
TID

9–10 Nephrolithiasis, more diarrhea 
than other Pls

Amiodarone quinidine, 
lovastatin, simvastatin, 
atorvastatin (?) 

Ritonavir Norvir 600 mg BID 12 Pancreatitis, altered taste 
sensation

As for nelfinavir; bepridil, 
clozapine, estradiol, 
flecainide, methadone, 
propafenone

Saquinavir Fortovase 1200 mg TID 18 Altered sense of taste †

Gl indicates gastrointestinal.
*The typical dose may not be the dose used with combination therapy.
†All Pls interact with antiarrhythmic drugs, ergots, triazolobenzodiazepines (alprazolam [Xanax], midazolam [Versed], and triazolam [Halcion]), and pan-inducers of the cyto-
chrome P450 enzymes (barbiturates, carbamazepine, ethanol, phenytoin, and rifamycins). These drugs should not be used with Pls.
From Hsue PY, Waters DD. What a cardiologist needs to know about patients with human immunodeficiency virus infection. Circulation. 2005;112:3947–3957.
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The long-term consequences of these metabolic abnormal-
ities include an increase in coronary events and stroke.

Replacement of PIs with nevirapine, efavirenz, and abacavir 
result in reduced LDLs and TGs and increased HDLs.

Lipodystrophy or lipoatrophy (HIV associated fat redistribu-
tion) and the Metabolic Syndrome (Figure 90-3):

selective loss of fat from face and extremities• 
accumulation of fat in the neck, dorsocervical region, • 
abdomen, and trunk
is associated with metabolic abnormalities:• 

  a) insulin resistance
  b) impaired glucose tolerance
  c) elevated TGs 
  d) low HDLs 
  e) hypertension

clinically evident in 20 to 35% of patients after 1 to 2 • 
years of HAART

development and severity is strongly associated • 
with the type and duration of therapy; most likely 
to induce severe lipodystrophy is a combination of PI 
+ 2NRTI (particularly stavudine + didanosine)
Exercise with or without metformin can improve body • 
composition in patients with lipodystrophy. 

Hypertension associated with HIV is linked to insulin resis-
tance and metabolic syndrome.

RISK FACTOR PROFILES 
OF HIV PATIENTS

In a Norwegian cross-sectional study, the 10-year coronary 
heart disease risk greater than 20% was 2 times higher in 
patients treated with HAART than in a matched control 
group without HIV (11.9% vs. 5.3%).

HIV patients in the United Kingdom and United States 
found a similar high level of risk. Smoking, low HDLs, 

Table 90–4 • NRTIs and NNRTIs

Generic Name Brand Name Typical Dose Common Adverse Events

NRTIs

Abacavir (ABC) Ziagen 300 mg BID Hypersensitivity reaction 
in ≈ 4%

Didanosine (ddl) Videx EC 250 mg/d if <60 kg: 
400 mg/d ≥ 60 kg

Peripheral neuropathy in 15%, 
optic neuritis, rare pancreatitis

Emtricitabine Emtriva 200 mg/d Stopping may exacerbate 
hepatitis B

Lamivudine (3TC) Epivir 150 mg BID Generally well tolerated

Stavudine (d4T) Zerit 30 mg BID if <60 kg; 
40 mg BID if ≥60 kg

Peripheral neuropathy; higher 
risk in patients with CD4 
counts <50

Tenofovir Viread 300 mg/d Nausea; generally well 
tolerated

Zalcitabine (ddC) Hivid 0.375–0.75 mg TID High rate of peripheral 
neuropathy, oral ulcers; rarely 
used because of toxicity

Ziduvidine (AZT) Retrovir 300 mg BID Nausea, headache, fatique, 
anemia, neutropenia, 
neuropathy, myopathy

Combination NRTIs

AZT + 3TC Combivir 1 tablet BID Same as AZT

AZT + 3TC + ABC Trizivir 1 tablet BID Same as AZT and ABC

NNRTIs

Delavirdine Rescriptor 400 mg TID Rash, fat redistribution, 
↑ increased ALT/AST

Efavirenz Sustiva 600 mg/d Rash, CNS symptoms, 
including insomnia 

Nevirapine Viramune 200–400 mg/d Rash, hepatitis

CNS indicates central nervous systems.
From Hsue PY, Waters DD. What a cardiologist needs to know about patients with human immunodeficiency virus infection. Circulation. 2005;112:3947–3957.
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Figure 90-2. Lipid levels in HIV-infected men before HIV seroconversion (pre-HIV), 
before starting HAART (Pre-HAART), and first (HAART 1), second (HAART 2), third 
(HAART 3), and fourth (HAART 4) visits after starting HAART. The mean interval be-
tween the pre-HIV and pre-HAART measurements was 7.8 years and between the pre-
HAART and first post-HAART measurement was 1.3 years; subsequent mean intervals 
between measurements were 0.5, 2.1, and 0.6 years. Total and LDL cholesterol levels 
increased during HAART but were depressed before treatment vs values before HIV 
infection. (Data derived from Riddler et al. from Hsue PY, Waters DD. What a cardi-
ologist needs to know about patients with human immunodeficiency virus infection. 
Circulation. 2005;112:3947–3957.)

A B C

Figure 90-3. Characteristics of lipodystrophy. A. Advanced HIV/AIDS treated for many years with ART has striking lipotrophy of 
the face and “buffalo hump” of the upper back and cervical neck. (From Wolff K, Johnson RA: Fitzpatrick’s Color Atlas and Synopsis of 
Clinical Dermatology, 6th Edition: http://www.accessmedicine.com.) B. Facial wasting. (From Wolff K, Goldsmith LA, Katz SI, Gilchrest BA, 
Paller AS, Leffell DJ: Fitzpatrick’s Dermatology in General Medicine, 7th Edition: http://www.accessmedicine.com.) C. Human immunode-
ficiency virus infection–associated lipodystrophy with increased abdominal fat. Note loss of subcutaneous fat from lateral buttock and 
deposit in the trunk, which causes increased waist–hip ratio. (From Wolff K, Goldsmith LA, Katz SI, Gilchrest BA, Paller AS, Leffell DJ: 
Fitzpatrick’s Dermatology in General Medicine, 7th Edition: http://www.accessmedicine.com.)

http://www.accessmedicine.com
http://www.accessmedicine.com
http://www.accessmedicine.com
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cholesterol levels, and other components of metabolic 
syndrome increase the coronary risk in HIV patients, and 
HIV specific factors related to altered immunity accelerated 
atherosclerosis.

Coronary risk assessment in these studies based on the 
Framingham risk calculator were never validated in HIV 
patients; therefore, it underestimates the true risk.

TREATMENT OF CORONARY RISK 
FACTORS IN HIV PATIENTS

The management of risk factors for coronary artery disease is 
based on data extrapolated from that on non-HIV patients 
(currently there is no direct evidence that treating coronary 
risk factors improves outcome of HIV patients).

The Adult AIDS Clinical Trial group recommended treat-
ment of dyslipidemia according to the guidelines of the 
National Cholesterol Education Program Adult Treatment 
Panel III (NCEP).

All statins, except for pravastatin, are metabolized by the 
cytochrome P450 system, in which all PIs are as well me-
tabolized. Healthy volunteers, a combination of PIs (ritio-
navir and saquinavir), increased the area under the curve for 
24 hour blood statin levels by 30% for simvastatin and, 79% 
for atorvastatin and decreased the area by 50% for pravasta-
tin. Simvastatin and lovastatin are contraindicated in com-
bination with PIs. Atorvastatin should be used cautiously. 
Pravastatin is safe, but with limited potency. Ezetimide was 
not studied in HIV patients. Statins are an attractive ap-
proach to LDL lowering due to the lack of drug- to- drug 
interaction. Newer PIs, like atazanavir, are not associated 
with lipid abnormalities.

NNRTIs affect the cytochrome P450 3A4 enzyme in a 
complex way. Delaviradine inhibits the enzyme and has the 
same constraints as statin plus PIs. Efavirenz is a mixed in-
ducer and inhibitor of the enzyme; few data are available 
regarding its effect on statin concentration.

Fibrates such as bezafibrate, fenofibrate, and gemfibro-
zil reduce TGs in HIV patients on HAART and are 
conjugated by glucuronidation with renal elimination. 
Ritonavir and nelfinavir are inducers of glucuronida-
tion and could decrease the effect of the fibrates. Fibrates 
should be used cautiously with statins due to the risk of 
myopathy.

Niacin reduces TGs, but can worsen blood glucose levels. It 
is a poor choice for many HIV patients.

Treatment of metabolic syndrome:

It is associated with increased cardiovascular risk.• 
It is defined as hypertriglyceridemia, with low HDLs, • 
increased remnant lipoproteins, increased small LDLs, 
abdominal obesity, hypertension, insulin resistance, 
glucose intolerance, proinflammatory state, and pro-
thrombotic state.
Obesity is the primary treatment target.• 
Diet and exercise may improve dyslipidemia, hyper-• 
tension, glucose intolerance, level of inflammation, 
and thrombotic markers.

High-sensitivity C-reactive protein:

higher levels in HIV patients due to chronic infection• 
independent predictor of 5-year mortality in a small • 
study of HIV-infected women
statin, with its anti-inflammatory effects, might be of • 
benefit

There is a higher prevalence of smoking in HIV patients, 
up to 70 to 80% in some areas. HIV patients are less likely 
to quit and it is a major focus of attention in caring for HIV 
patients.

HIV AND RELATED LEFT 
VENTRICULAR DYSFUNCTION 
AND MYOCARDITIS

Before HAART:

presence of heart failure and left ventricular dys-• 
function—dismal prognosis, even in HIV infected 
children, independent of CD4 count
congestive heart failure—2% of all HIV patients, • 
most commonly with lowest CD4 count
global left ventricular dysfunction detected by • 
echocardiogram—15% of HIV patients
myocardial biopsy—revealed myocarditis with cardio-• 
tropic viral infection in almost all cases 
in autopsy studies—myocarditis identified in greater • 
than half of the 71 patients evaluated

biventricular dilation present in 10% of cases• 
in histological studies—evidence of myocyte hyper-• 
trophy and myocarditis
pathogenesis of dilated cardiomyopathy in setting of • 
HIV is unknown—possible:

  a. direct effect of HIV infection on the heart
  b. toxic effect from antiretroviral therapy
  c. increased cytokine activity
  d. opportunistic infection
  e. illicit drug use
  f. nutritional disorders
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After HAART, the incidence of myocarditis, cardiomyopa-
thy, and heart failure decreased substantially.

HIV-RELATED PULMONARY 
HYPERTENSION

Before HAART:

incidence 0.5%• 
pathogenesis is unknown—possibly related to infec-• 
tion with human herpesvirus 8 (HHV-8)
effect of the antiretroviral treatment on pulmonary • 
hypertension is not known
Swiss Cohort Study—pulmonary hypertension has • 
increased in untreated patients and decreased in the 
treated ones

After HAART:

pulmonary hypertension has decreased.• 
bosentan—oral endothelin receptor antagonist im-• 
proved exercise tolerance and hemodynamic mea-
surements in a small study of HIV patients.

OTHER HIV-ASSOCIATED 
CARDIAC ISSUES

Pericardial effusion:

incidence 11% per year • 
small effusions and asymptomatic• 
patients with pericardial effusion have shorter • 
6-month survival rate than AIDS patients without 
pericardial effusion (36% vs. 93%)

most frequent type of effusion—greater than one third • 
of cases
incidence after introducing HAART is unknown• 

Kaposi’s sarcoma

most frequent neoplasm in HIV patients• 
cardiac involvement reported in autopsy studies• 

Cardiac lymphomas—primary and secondary—in HIV pa-
tients particularly B-cell lymphomas have been reported.

Algorithm for evaluating and treating cardiovascular com-
plications in patients with HIV (Figure 90-4).
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Patient with symptomsAsymptomatic patient

Panel A

Panel B Panel C

Address all cardiac risk factors
(as shown in Panel B)
Consider diagnostic testing:
• stress testing
• cardiac catheterization
• echocardiogram

Possible lipid lowering therapy
Diet modification
Exercise
Possible antihypertensive therapy
Smoking cessation
Primary prevention with ecasa

Fasting lipids
Fasting blood sugar
Blood pressure check
Cigarette smoking
BMI assessment
HIV medications

Figure 90-4. One possible algorithm for evaluating risk factors and cardiovascular disease in HIV 
patients. (From Hsue PY, Waters DD. What a cardiologist needs to know about patients with human 
immunodeficiency virus infection. Circulation. 2005;112:3947–3957.)
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Infective Endocarditis
Hashem Sadek

91

• S. aureus is the most common organism causing 
endo carditis.

• Treat resistant Staph with vancomycin and sensitive 
organisms with nafcillin.

• Treat right-sided endocarditis for 2 weeks (unless 
complicated), left-sided for 4 weeks, resistant and 
prosthetic for 6 weeks.

• Gram-negative and fugal endocarditis carry the high-
est mortality risk.

• In intravenous drug users, the tricuspid valve is most 
commonly affected. Most of these patients have an 
abnormal chest X-ray. Staph Aureus is the most com-
mon organism, however all other organisms (other 
gram positives, gram negatives, and fungi) have 
been implicated. 

• CHF has the greatest impact on prognosis of endo-
carditis. Treatment is surgical

• Embolization is a common complication. CNS is 
most common site.

• Annular extension carries a high mortality rate. 
Diagnose with TEE. Treat surgically.

• Outpatient antibiotic treatment of IE is only used on 
patients with low risk of complications. Start treat-
ment in-house and continue with i.v. antibiotics only 
(oral antibiotics have no role in IE). Use combination 
regimen, high dose, and long duration for resistant 
and high risk endocarditis (dangerous organism or 
complicated endocarditis).

• Anticoagulation in IE:
0 Highly controversial.
0 No evidence of benefit in native valve IE
0 OK to continue anticoagulation in mechanical 

valve IE except in patients with S. aureus IE with 
CNS emboli (hold for 2 weeks).

0 Aspirin increases risk of bleeding.

d PRACTICAL POINTS

Infective endocarditis (IE) is one of the oldest ailments 
known to mankind. However, despite all the advances 
in medicine, we have not done much better with regard to 
mortality of this deadly disease. Endocarditis is a favorite 
topic for the cardiovascular boards that can be mastered 
without much difficulty. In the following chapter, we  outline 
the major causes of endocarditis, the classification, diagno-
sis, and treatment of endocarditis. We include the latest up-
dates in the AHA/ACC Guidelines released in 2008.

DEFINITION

Endocarditis means, literally, infection and inflammation of 
the endocardium. Clinically, the vast majority of cases begin 
as an infection of the endocardial lining of cardiac valves, 
which can then spread to the AV ring, the myocardium, or 
the great vessels. 
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DIAGNOSIS

The following are the classic (Olser) manifestations of 
 infective endocarditis: 

Bacteremia or fungemia • 
Valvulitis (masked in right-sided IE)• 
Embolic phenomena (masked in right-sided IE) • 
 (Figure 91-1)
Immunologic (vascular) phenomena (more likely in • 
subacute IE).

Obviously, quite a few types of IE can be missed in diagno-
sis if one depends on the classic Oslerian manifestations 
(Table 91-1) The Modified Duke Criteria (Table 91-2 
and 91-3) is currently the gold standard for diagnosis 
of IE.

ECHOCARDIOGRAPHY

All patients should undergo echocardiography within 
12 hours of evaluation. The choices are transthoracic 
or transesophageal echocardiography (TTE versus TEE). 
(Figure 91-2) TEE is more cost effective and carries a 
higher sensitivity and specificity. Therefore, one should 
start with TTE only if:

Patient is low risk (has fever and known murmur with • 
no additional signs of endocarditis).

But, one should start with TEE if: 

Patient is high risk (has prosthetic valves, congenital • 
heart diseases, new heart failure, new murmur, his-
tory of endocarditis, or other signs of endocarditis).

Table 91-1 • Clinical and Laboratory Features of 
Infective Endocarditis

Feature Frequency, %

Fever 80–90

Chills and sweats 40–75

Anorexia, weight loss, malaise 25–50

Myalgias, arthralgias 15–30

Back pain 7–15

Heart murmur 80–85

New/worsened regurgitant murmur 10–40

Arterial emboli 20–50

Splenomegaly 15–50

Clubbing 10–20

Neurologic manifestations 20–40

Peripheral manifestations (Osler’s nodes, 
subungual hemorrhages, Janeway lesions, 
Roth’s spots)

2–15

Petechiae 10–40

Laboratory manifestations

Anemia 70–90

Leukocytosis 20–30

Microscopic hematuria 30–50

Elevated erythrocyte sedimentation rate >90

Elevated C-reactive protein level >90

Rheumatoid factor 50

Circulating immune complexes 65–100

Decreased serum complement 5–40

Figure 91-1. Septic emboli with hemorrhage and infarction 
due to acute Staphylococcus aureus endocarditis. (Source: Fauci 
AS, Kasper DL, Braunwald E, Hauser SL, Longo DL, Jameson 
JL, Loscalzo J: Harrison’s Principles of Internal Medicine, 17th ed. 
http://www.accessmedicine.com)

If TTE images are expected to be of poor quality (such as 
in morbidly obese patients, very thin patients, or patients 
with COPD).

Other indications for TEE:

Intraoperative:  Prepump for documentation of extent 
TEE  of IE and postpump to confirm suc-

cessful repair.

TEE after TTE if:  High risk criteria on TTE (large or 
mobile vegetations, valvular regurgi-
tation, perivalvular extension, or left 
ventricular dysfunction).

Repeat TEE:  Persistent suspicion after negative 
initial evaluation. After completion 
of therapy to establish baseline.

ORGANISMS AND TREATMENT

Bacterial infection is by far the most common etiology of endo-
carditis (Table 91-4); it accounts for over 96% of endocarditis 

http://www.accessmedicine.com
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Table 91-3 • Classification of IE using Duke Criteria

Definite IE:
 2 major criteria met •

or
 1 major and 3 •
minor criteria met

or
 5 minor criteria met•

or
 Pathology/•
organism
confirmation of 
a vegetation or 
an intracardiac 
abscess

Possible IE:
 1 major and 1 •
minor criteria 
met

or
 3 minor •
criteria met

Rejected IE:
 Firm alternative•
diagnosis

or
 Resolution •
of symptoms 
(<4 days)

or
 Does not meet •
criteria for 
possible IE

or
 No pathology/•
organism
confirmation

Durack et al. Am J Med. 1994 Mar;96(3):200–209.

Table 91-2 • Duke Criteria

Major Criteria Minor Criteria

Blood culture positive for IE:
 Typical microorganism in 2 separate cultures in absence of a •
primary focus (Streptococcus viridans, Streptococcus bovis,
HACEK*, Staphylococcus aureus or enterococci)

Persistently positive blood culture: 2 cultures 12 h apart 
or

All of 3 cultures
or

The majority of >4 cultures
 Single positive blood culture for • Coxiella burnetti or 
antiphase 1 IgG antibody titer >1:800

Evidence of endocardial involvement:
 TEE for patients with prosthetic valves and at least possible IE•
TTE in all other patients as the initial test showing:•

Mobile intracardiac mass (valves or implanted material)
Abscess
New partial dehiscence of prosthetic valve
New or worsening valvular regurgitation

Predisposing heart condition, IV drug use, or fever 
(temperature >38°C)
Vascular phenomena: 

Major arterial emboli•
Septic pulmonary infarcts•
Mycotic aneurysm•
Intracranial hemorrhage•
Janeway lesions•

Immunologic phenomena:
Glomerulonephritis•
Osler’s nodes•
Roth’s spots•
Rheumatoid factor•

Microbiological evidence: Positive culture that doesn’t meet 
major criteria or serological evidence of active infection

*Acronym for a set of organisms Haemophilus parainfluenzae, Aggregatibacter actinomycetemcomitans, Aggregatibacter aphrophilus, Cardiobacterium hominis, Eikenella 
 corrodens, Kingella kingae 
TEE, Transesophageal echocardiograph 
Durack et al. Am J Med. 1994 Mar;96(3):200–209.

cases. Below is a list of causes of infectious endocarditis and 
their treatment (Table 91-5):

Staphylococcus

Staphylococcus Aureus
Staphylococcus Aureus is by far the most common cause of 
endocarditis, accounting for 32-35% of all endocarditis cases 
in the developed world. Unfortunately, it also has a very 
high mortality rate (up to 40% in left-sided endocarditis). 
Infection can occur with oxacillin-sensitive Staphylococcus 
Aureus (OSSA) or, with increasing prevalence, oxacillin-
resistant Staph aureus (ORSA). 

Coagulase-negative Staph
Coagulese-negative Staph includes Staph Epidermidis and 
others. Although the tendency is to dismiss it as a contami-
nant, this group of organisms is one of the most common 
causes of both prosthetic as well as native valve endo-
carditis. Most coagulase-negative Staph organisms are oxa-
cillin resistant.

Treatment of Staphylococcus Endocarditis
Left-sided endocarditis: 

left-sided OSS: nafcillin for 4 weeks • + gentamycin for 
the first 3-5 days
Left-sided ORS: vancomycin for 6 weeks.• 

Right-sided endocarditis: 

Usually carries less morbidity and mortality risk com-• 
pared to left-sided endocarditis. 
It is most common in IV drug use patients. • 
Treatment for complicated right-sided endocarditis • 
(resistant organism, metastatic infection, renal  failure, 
or left-sided involvement) is same as for left-sided en-
docarditis.
Right-sided oxacillin-sensitive Staph (OSS): Combi-• 
nation of a beta lactam and an aminoglycoside antibi-
otic for 2 weeks.
Right-sided oxacillin-resistant Staph (ORS): Same as • 
for left-sided endocarditis. 
Surgery is generally not preferred in IV drug use pa-• 
tients, due to high incidence of recurrence (especially 
if patient has a long history of IV drug use or advanced 
HIV).
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Figure 91-2. Imaging of a mitral valve infected with Staphylococcus aureus by low esophageal four-chamber-view transesophageal 
echocardiography (TEE). A. Two-dimensional echocardiogram showing a large vegetation with an adjacent echolucent abscess cav-
ity. B. Color flow Doppler image showing severe mitral regurgitation through both the abscess fistula and the central valve orifice. A,
abscess; A-F, abscess fistula; L, valve leaflets; LA, left atrium; LV, left ventricle; MR, mitral central valve regurgitation; RV, right ven-
tricle; veg, vegetation. (Source: Fauci AS, Kasper DL, Braunwald E, Hauser SL, Longo DL, Jameson JL, Loscalzo J: Harrison’s Principles
of Internal Medicine, 17th ed. http://www.accessmedicine.com)

A B

Table 91-4 • Organisms Causing Major Clinical Forms of Endocarditis

Percent of Cases 
Native Valve Endocarditis

Prosthetic Valve Endocarditis at 
Indicated Time of Onset (Months 
After Valve Surgery Endocarditis in Injection Drug Users

Organism

Community-
Acquired
(n = 683)

Health Care-
Associated
(n = 128)

<2
(n = 144)

2–12
(n = 31)

>12
(n = 194)

Right-
Sided
(n = 346)

Left-
Sided
(n = 204)

Total 
(n = 675)a

Streptococcib 32   8   1   9 31   5 15 12

Pneumococci   1   –   –   –   –   –   –   –

Enterococci   8 16  8 12 11   2 24   9

Staphylococcus aureus 35 44c 22 12 18 77 23 57

Coagulase-nagitive 
staphylococci

  4 15 33 32 11   –   –   –

Fastidious gram-
negative coccobacilli 
(HACEK group)d

  3   –   –   –   6   –   –   –

Gram-negative bacilli   3   5 13   3   6   5 13   7

Candida spp.   1   6   8 12   1   – 12   4

Polymicrobial/
miscellaneous

  6   1   3   6   5   8 10   7

Diphtherods   –   –   6   –   3   –   –    0.1

Culture-negative   5   5   5   6   8   3   3   3

aThe total number of cases in larger than the sum of right- and-left-sided cases because the location of infection was not specified in some cases. 
bIncludes viridans streptococci; Streptococcus bovis; other non-group A, groupable streptococci; and Abiotrophia spp. (nutritionally variant, pyridoxal-requiring streptococci). 
cMethicillin resistance is common among these S. aureus strains. 
dIncludes Haemophilus spp., Actinobacillus actinomycetemcomitans, Cardiobacterium hominis, Eikenella spp., and Kingella spp. 
Note: Data are complied from multiple studies.

http://www.accessmedicine.com
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Table 91-5 • Antibiotic Treatment for Infective Endocarditis Caused by Common Organismsa

Organism Drug (Dose, Duration) Comments

Streptococcis

Penicillin-susceptibleb

streptococci, S. bovis
 Penicillin G (2–3 mU IV q4h for 4 weeks)•
 Ceftriaxone (2 g/d IV as a single dose for •
4 weeks)
 Vancomycin• c (15 mg/kg IV q12h for 
4 weeks)
 Penicillin G (2–3 mU IV q4h) or ceftriaxone (2 g •
IV qd) for 2 weeks

plus gentamicind (3 mg/kg qd IV or IM, as a single 
dosee or divided into equal doses q8h for 2 weeks)

–
Can use ceftriaxone in patients with 
nonimmediate penicillin allergy
Use vancomycin in patients with severe or 
immediate b-lactam allergy
Avoid 2-week regimen when risk of 
aminoglycoside toxicity is increased and in 
prosthetic valve or complicated endocarditis

Relatively penicillin-
resistantf streptococci

 Penicillin G (4 mU IV q4h) or ceftriaxone (2 g IV •
qd) for 4 weeks

plus gentamicind (3 mg/kg qd IV or IM, as a single 
dosee or divided into equal doses q8h for 2 weeks)

 Vancomycinc as noted above for 4 weeks•

Penicillin alone at this dose for 6 weeks or with 
gentamicin during initial 2 weeks preferred 
for prosthetic valve endocarditis caused by 
streptococci with penicillin MIC <0.1 μg/mL

–

Moderately penicillin-
resistantg streptococci, 
nutritionally variant 
organisms, or Gemella
morbillorum

 Penicillin G (4–5 mU IV q4h) or ceftriaxone (2 g •
IV qd) for 6 weeks

plus gentamicind (3 mg/kg qd IV or IM as a single 
dosee or divided into equal doses q8h for 6 weeks)

 Vancomycin• c as noted above for 4 weeks

Preferred for prosthetic valve endocarditis caused 
by streptococci with penicillin MICs of > 0.1 μg/
mL

–

Enterococcih

 Penicillin G (4–5 mU IV q4h) plus •
gentamicind (1 mg/kg IV q8h), both 
for 4–6 weeks
 Ampicillin (2 g IV q4h) • plus gentamicind

(1 mg/kg IV q8h), both for 4–6 weeks
 Vancomycin• c (15 mg/kg IV q12h) plus 
gentamicind (1 mg/kg IV q8h), both for 
4–6 weeks

Can use streptomycin (7.5 mg/kg q12h) in lieu of 
gentamicin if there is not high-level resistance to 
streptomycin

–

Use vancomycin plus gentamicin for penicillin-
allergic patients, or desensitize to penicillin

Staphylococci

Methicillin-susceptible,
infecting native valves 
(no foreign devices)

 Nafcillin or oxacillin (2 g IV q4h for 4–6 weeks) •
plus (optional) gentamicind (1 mg/kg IM or IV 
q8h for 3–5 days)
 Cefazolin (2 g IV q8h for 4–6 weeks) plus •
(optional) gentamicind (1 mg/kg IM or 
IV q8h for 3–5 days)
 Vancomycin• c (15 mg/kg IV q12h for 4–6 weeks)

Can use penicillin (4 mU q4h) if isolate is 
penicillin-susceptible (does not produce 
β-lactamase)
Can use cefazolin regimen for patients with 
nonimmediate penicillin allergy

Use vancomycin for patients with immediate 
(uiticarial) or severe pencillin allergy

Methicillin-resistant,
infecting native valves 
(no foreign devices)

Vancomycin• c (15 mg/kg IV q12h for 4–6 weeks) No role for routine use of nifamin

Methicillin-susceptible,
infecting prosthetic 
valves

 Nafcillin or oxacillin (2 g IV q4h for 6–8 weeks) •
plus gentamicind (1 mg/kg IM or IV q8h for 
2 weeks) plus rifampini (300 mg PO q8h for 
6–8 weeks)

Use gentamicin during initial 2 weeks; determine 
susceptibility to gentamicin before initiating 
rifampin (see text); if patient is highly allergic to 
penicillin, use regimen for methicillin-resistant 
staphylococci; if β-lactam allergy is of the minor, 
nonimmediate type, can substitute cefazolin for 
oxacillin/nafcillin

Methicillin-resistant,
infecting prosthetic 
valves

Vancomycin• c (15 mg/kg IV q12h for 6–8 weeks)

plus gentamicind (1 mg/kg IM or IV q8h for 2 weeks)

plus rifampini (300 mg PO q8h for 6–8 weeks)

Use gentamicin during initial 2 weeks; determine 
gentamicin susceptibility before initiating rifampin 
(see text)

(continued)
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Table 91-5 •  (Continued)

Organism Drug (Dose, Duration) Comments

HACEK Organisms

 Ceftriaxone (2 g/d IV as a single dose •
for 4 weeks)
Ampicillin/sulbactam (3 g IV q6h for 4 weeks)•

Can use another third-generation cephalosporin at 
comparable dosage
–

aDoses are for adults with normal renal function. Doses of gentamicin, streptomycin, and vancomycin must be adjusted for reduced renal function. Ideal body weight is used to 
calculate doses of gentamicin and streptomycin per kilogram (men = 50 + 2.3 kg per inch over 5 feet; women = 45.5 kg + 2.3 kg per inch over 5 feet). 
bMIC, <0.1 μg/mL.
cDesirable peak vancomycin level 1 h after completion of a 1-h infusion is 30–45 μg/mL.
dAminoglycosides should not be administered as single daily doses for enterococcal endocarditis and should be introduced as part of the initial treatment. Target peak and trough 
serum concentrations of divided-dose gentamicin 1 h after a 20- to 30-min infusion or IM injection are ~3.5 μg/mL and >1 μg/mL, respectively; target peak and trough serum 
concentrations of streptomycin (timing as with gentamicin) are 20–35 μg/mL and <10 μg/mL, respectively. 
eNetilmicin (4 mg/kg qd, as a single dose) can be used in lieu of gentamicin. 
fMIC, >0.1 μg/mL and <0.5 μg/mL.
gMIC, >0.5 μg/mL and <8.0 μg/mL.
hAntimicrobial susceptibility must be evaluated; see text. 
iRifampin increases warfarin and dicumarol requirements for anticoaqulation.

Prosthetic Valve Staph Endocarditis
This carries the highest mortality of all endocarditis 
types. Treatment for the two types (OSS and ORS) are 
shown.

OSS: triple therapy with oxacillin, rifampin (6 weeks) and 
gentamycin (first 2 weeks).

ORS: triple therapy with vancomycin, rifampin (6 weeks) 
and gentamycin (first 2 weeks).

Streptococcal Streptococcus

Streptococcal endocarditis is characterized by the large 
number of organisms that are associated with it. Some 
characteristics:

Strep viridans•  used to be the most common cause of 
endocarditis (Figure 91-3); now it is surpassed by 
S. aureus.
It is implicated in community-acquired endocarditis • 
in non IV drug use patients.
Strep anginosus•  has highest rate of abscess formation 
and septic emboli.
Colonoscopy is indicated in • Strep bovis endocarditis 
(rule out colon cancer)
Abiotrophia• , Granulicatella, and Gemella species are 
treated the same as Streptococci.
Other species include • S. pneumoniae, S. pyogenes
Groups B, C, and G Strep are uncommon causes of • 
endocarditis.

Treatment
Treatment approaches, based on susceptibility to penicillin, 
are as follows:

Uncomplicated, highly penicillin-susceptible: peni-• 
cillin G for 2 weeks (4 weeks if complicated)

Figure 91-3. Vegetations (arrows) due to viridans streptococ-
cal endocarditis involving the mitral valve. (Source: Fauci AS, 
Kasper DL, Braunwald E, Hauser SL, Longo DL, Jameson JL, 
Loscalzo J: Harrison’s Principles of Internal Medicine, 17th ed. 
http://www.accessmedicine.com)

Moderate penicillin susceptibility: penicillin G for • 
4 weeks
Low penicillin susceptibility: high-dose ampicillin for • 
4-6 weeks.
Prosthetic valve endocarditis: treat for 6 weeks and • 
add gentamycin for low susceptibility

Enterococcus
Enterococcus is a major cause of endocarditis.

E. faecalis • and E. faecium are the most common forms 
of this bacteria.
High resistance occurs to penicillin, ampicillin, van-• 
comycin, and gentamycin.
Susceptibility testing is key.• 

http://www.accessmedicine.com
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Treatment
Pan-sensitive: penicillin G for 4-6 weeks.• 
Gentamycin-resistant: penicillin G • + streptomycin 
for 4-6 weeks.
Pan-resistant: ampicillin sulbactam • + gentamycin for 
6 weeks.

HACEK Organisms

Fastidious Gram-negative bacilli • 
Culture might take 2 weeks to grow• 
The acronym for the following set of organisms•  Hae-
mophilus parainfluenza, H. Aphrophilus, H. paraphro-
philus, H. influenza, Actinobacillus actinomycetomitans, 
Cardiobacterium hominis, Eikenella corrodens, Kingella 
kingae, and K. dentitrificans.
These infections are usually community acquired, • 
 affecting native valves in non IV drug use patients
Positive blood culture means endocarditis.• 

Treatment
Ceftriaxone or ampicillin sulbactam for 4 weeks• 

Other Gram-negative Bacilli

Other Gram-negative bacilli account for 2% of endocarditis 
cases. Risk factors include intravenous drug use, presence of 
prosthetic valve, and liver cirrhosis. A high mortality rate 
of 60-80% is expected in these forms of endocarditis. Some 
types are:

Enterobacteriaceae• : 
° Salmonella is very destructive (valve perforation, 

myocardium, pericardium, and great vessels).
° Others, like E. coli, Klebsiella, Proteus, and Serratia, 

are rare.
° Treat 7-10 days before valve replacement. 
° Treat with a combination of penicillin and amino 

glycoside 
Pseudomonas• :
° These are found almost exclusively in IV drug use 

(all have abused tripelennamine and pentazocine; 
also known as the “T and P blues”).

° They have high rates of complications (embolism, 
abscess and CHF)

° Early surgery is recommended for left-sided, while 
medical management is sufficient for right-sided 
pseudomonas endocarditis).

° Treatment is done with combination high-dose to-
bramycin and penicillin for 6 weeks.

Unusual Gram-negative organisms: • 
° Very rare; these include Neisseria (gonococcal, 

meningococcal, and others) and Moraxella.
° They infect prosthetic or abnormal valves.
° They usually have low antibiotic resistance.

Culture-negative Endocarditis

Up to 20% of endocarditis is diagnosed by strict crite-• 
ria in the setting of negative blood cultures.
One group is caused by fastidious bacteria, non-• 
 bacteria, or inadequate technique; it is treated 
empirically with ampicillin-sulbactam or ceftriaxone. 
Another group is caused by pathogens that do not • 
grow in regular culture media: these include Bartonella, 
Clamydia, Brucella, Legionella, etc. Treatment is more 
complicated:
° Native valve: ampicillin-sulbactam + gentamycin
° Prosthetic valve <1 year (treat with everything 

you have!):
vancomycin  – + gentamycin + cefepime + rifampin
Prosthetic valve  – >1 year:
ceftriaxone  – + gentamycin + doxycyclin.

Fungal Endocarditis

This is rare but exhibits a high mortality rate, in ex-• 
cess of 80%.
Candida•  (more common, easy to culture) and Asper-
gillus account for most of the cases of fungal endo-
carditis.
Fungal endocarditis is a stand-alone indication for sur-• 
gery. It is reasonable to initiate treatment with amphot-
ericin B prior to surgery, then continue i.v. antifungal for 
6 weeks. Oral antifungal might be needed for years (see 
Table 91-6).

Table 91-6 • Indications for Surgery in IE

Surgery for Native Valve IE Surgery for Prosthetic Valve IE

Class I:
 Valve stenosis or •
regurgitation resulting in 
heart failure
 Severe mitral or aortic •
regurgitation with evidence 
of elevated LV end-diastolic 
pressure or LA pressure)
 Fungal or other resistant •
organisms
 Other complications •
(heart block, annular or 
aortic abscess, fistula or 
perforation)

Class I:
 Valve obstruction or •
regurgitation resulting in 
congestive heart failure
 Increasing valve obstruction •
or regurgitation
Valve dehiscence •
 Other complications such •
as abscess formation

Class IIa
 Recurrent emboli or •
persistent vegetation on 
adequate therapy

Class IIa
 Persistent bacteremia or •
recurrent emboli
Relapsing infection•

Class IIb
 Mobile vegetation • >1 cm 
with or without emboli

Class III
 Routine in uncomplicated •
cases with sensitive 
organisms
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Figure 91-4. A. Multiple brain abscesses associated with bacterial endocarditis (S. aureus) in a 55-year-old man. The large abscess in 
the right hemisphere shows a characteristic ring enhancement. B. Contrast-enhanced CT scan 4 months after institution of antibiotic 
treatment. The abscesses have resolved. (Source: Ropper AH, Samuels MA: Adams & Victor’s Principles of Neurology 9th ed. http://
www.accessmedicine.com)

A
B

COMPLICATIONS OF IE

Congestive Heart Failure (CHF)

CHF has the greatest impact on prognosis of IE.• 
It is more commonly seen in aortic valve endocarditis • 
(A>M>T).
Causes: valvular perforation, chordal rupture, valve • 
obstruction, or intracardiac shunt
Operate as soon as possible; the worse the HF class, • 
the worse the surgical outcome.
Sterilization of valves using antibiotics prior to valve • 
replacement should be avoided (2-3% incidence of re-
infecting the prosthetic valve versus mortality >50% 
if CHF should develop as a complication of endo-
carditis).
Always consider valve repair.• 

Embolization

Embolization occurs in 20% of endocarditis cases, • 
most commonly affecting central nervous system 
(middle cerebral artery distribution) (Figure 91-4).
Left-sided valve emboli and emboli caused by•  S. aureus, 
Candida, HACEK, and Abiotrophia carry the worst prog-
nosis.
Embolization incident increases:• 
° In presence of large vegetation

° In presence of S. aureus
° When there is mitral valve involvement (anterior 

leaflet).
° During first 2 weeks of endocarditis (however, an-

timicrobial therapy decreases the incidence of em-
bolization during those 2 weeks drastically).

Annular Extension
Carries a grave prognosis• 
Presentation: aortic • > mitral > tricuspid
° Incidence of up to 40% of native and 100% me-

chanical valve endocarditis
° Presence of perivalvular cavities 
° Heart block in case of aortic IE
° Can form fistulous tracts (90% mortality)
TEE is highly sensitive and specific for diagnosis• 
Treatment is surgical, except in a small percentage of • 
patients with small (<1 cm) abscesses, no progres-
sion, and no abscess complications (such as heart 
block).

Splenic Abscess
These account for less than 5% of IE cases.• 
Most commonly caused by • S. aureus and Strep viridians
May complicate splenic infarction or occur as a result • 
of septic emboli
Suspect in patient with abdominal pain, persistent • 
fever, or recurrent bacteremia

http://www.accessmedicine.com
http://www.accessmedicine.com
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CT and MRI are most sensitive and specific (may be • 
difficult to distinguish infarct from abscess; look for 
increasing size on recurrent studies)
Treatment is splenectomy. Consider splenectomy • 
prior to valve surgery to prevent seeding of the new 
valve.

Mycotic Aneurysms (MA)
MA is uncommon.• 
Results from seeding of the intima or the vasa • 
 vasorum
Most commonly seen in the intracranial vessels fol-• 
lowed by visceral arteries
Intracranial MA• 
° Mortality rate >70%
° MCA distribution most common
° CT and MRA good options but angiography is gold 

standard
° Treat with coil (endovascular occlusion) when 

possible, preferably before valve surgery.
Extracranial MA• 
° High incidence of rupture and mortality
° Presentation might be missed or confused with em-

bolic events. Rupture is usually fatal.
° Surgery is the only treatment option.

PREVENTION OF IE

Pathogenesis of Endocarditis

Nonbacterial thrombotic endocarditis (NBTE) is • 
thought to be the initial event. It forms as a result 
of turbulent flow (valvular or congenital heart dis-
ease). Transient bacteremia (secondary to mucosal 
trauma in the mouth, CI, or GU tract) then seeds 
the NBTE. 
700 species of bacteria live in the human mouth. • 
Strep viridans•  group is by far the most common organ-
ism picked from the blood stream during transient 
bacteremia following dental procedures. 
Poor dental hygiene increases the risk of bacteremia • 
with oral flora.

Controversy Over Prophylactic Antibiotic 
Therapy for Dental Procedures

The incidence of transient bacteremia following dental pro-
cedures is highly variable and is not much more than that 
which occurs when a person brushes his teeth, or even when 
eating! The cumulative exposure to bacteremia over 1 year 
of routine activities is more than 5 million times that of a 
single dental procedure.

There is no evidence that antibiotic prophylaxis prevents 
IE, even in patients with underlying cardiac conditions 
(such as mitral valve prolapse, congenital heart diseases or 
rheumatic heart diseases).

In the new AHA/ACC Guidelines, fewer patients are can-
didates for antibiotic prophylaxis.

Who should Receive Prophylactic 
Antibiotics? Prophylaxis is indicated 
only in high risk patients
 1. Patients with prosthetic valves (or prosthetic material 

used for valve repair)
 2. Patients who have had previous IE
 3. Patients with congenital heart disease (unrepaired, 

repaired with residual defect, or within 6 months of 
repair)

 4. Patients who are cardiac transplant recipients with 
valvulopathy.

Type of Procedure?
Oral: Any procedure involving gingival tissue injury or 
 mucosal perforation.

Respiratory tract: Invasive procedures only (biopsy, tonsil-
lectomy, etc.); not for simple bronchoscopy, and only in 
high risk patients.

Table 91-7 • Antibiotic Regimens for 
Prophylaxis of Endocarditis in Adults with 
High-Risk Cardiac Lesiona,b

A. Standard oral regimen

1. Amoxicillin 2.0 g PO 1 h before procedure

B. Inability to take oral medication

1. Ampicillin 2.0 g IV or IM within 1 h before procedure

C. Penicillin allergy

1.  Clarithromycin or azithromycin 500 mg PO 1 h before 
procedure

2. Cephalexinc 2.0 g PO 1 h before procedure

3. Clindamycin 600 mg PO 1 h before procedure

D. Penicillin allergy, inability to take oral medication

1.  Cefazolinc or ceftriaxonec 1.0 g IV or IM 30 min before 
procedure

2. Clindamycin 600 mg IV or IM 1 h before procedure

aDosing for children: for amoxicillin, ampicillin, cephalexin, or cefadroxil, use 
50 mg/kg PO; cefazolin, 25 mg/kg IV; clindamycin, 20 mg/kg PO, 25 mg/kg IV; 
clarithromycin, 15 mg/kg PO; and vancomycin, 20 mg/kg IV. 
bFor high-risk lesions, see Table 118-8. Prophylaxis is not advised for other lesions. 
cDo not use cephalosporins in patients with immediate hypersensitivily (urticaria, 
angioedema, anaphylaxis to penicillin. 
Source: W. Wilson et al: Circulation, published online 4/19/07.
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GI or GU tract: No prophylaxis for GI or GU procedures 
 except if the patient is high risk, and has ongoing GI or 
GU infection.

Cardiac surgery: Especially with insertion of any prosthetic 
material. 

When?
Treatment with antibiotics should be 2 hours before the 
procedure.

What? (Table 91-7)
For oral procedures: ampicillin (2 grams oral/i.m. or i.v.). 
Azithromycin (500 mg), or clindamycin (600 mg) if allergic.

For respiratory tract procedures: same as for oral procedures; 
consider adding Staphylococcal coverage.

For cardiac surgery: Cover Staph (aureus and epidermidis).
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randomized trials comparing bivalirudin, 
484t

therapy, 373–374
unfractionated heparin (UFH), 461
vitamin K antagonists, 1006–1007

Anticoagulation, 201, 811–812. See also 
Warfarin

Antiepileptic drugs (AED), 99
Antifactor Xa, 201
Antihypertensive and Lipid-Lowering 

Treatment to Prevent Heart Attack 
Trial (ALLHAT), 238

Antiplatelet agents, 89, 203, 320, 445, 479, 
993, 1009

Antiplatelet therapy, 461, 478, 479, 993–994
Antiretroviral therapy, 223t, 1036f, 1038
Antithrombotic agents, 985
Antithrombotic drugs, 999, 1008

classifi cation of, 1006t
Antithrombotic therapy, 461, 484, 888, 888t
Anti-Xa agent fondaparinux, 203
Aorta diseases, 967

acute aortic syndromes
aortic dissection, 970–973
intramural hematoma, and penetrating 

atherosclerotic ulcer, 973–974
aneurysmal disease

abdominal aneurysms, 967–969
introduction, 967
thoracic aneurysms, 969–970

etiologies
aortic occlusion, 974
aortic trauma, 974
aortic vasculitis, 974
infectious aortitis, 974

Aortic arch
cranial displacement, 113
types, 990f

Aortic coarctation, 246
Aortic dissection

classifi cation of, 971f
defi nitive surgical and medical therapy, 

indications for, 972t
risk conditions for, 970t

Aortic insuffi ciency (AI), 970
Aortic laceration

diagnosis of, 118
mechanism of, 118

Aortic regurgitation, 10, 43, 409–410, 
411f, 869

acute, 552
chronic, 552
diagnostic testing, 871–872
etiology, 869–870
history, 10
pathophysiology, 869–870
physical examination, 10–11, 870–871
role of exercise, 553, 554
treatment, 872–873

Aortic root aneurysm, TEE views, 569f
Aortic root angiography, 862
Aortic sclerosis

history, 9
physical exam, 9–10

Aortic stenosis (AS), 43, 408–409, 551f, 
569–570, 861, 901

aortic valve replacement for, 573f
diagnostic studies, 866

chest X-ray, 866
echocardiography, 866–867
electrocardiogram, 866

indications for surgery for, 901
management, 43

strategy for patients with, 902, 902f, 903f
mitral stenosis in association, 865
natural history, 867
pathology, 865–866
severity in adults, 864t
symptomatic, 901
treatment of patients, 864

asymptomatic severe aortic stenosis, 865
low gradient aortic stenosis, 865
natural history, 864–865
surgical vs. medical therapy, 865

Aortic valve
coronary cusp, long axis view, 567f
pathology, 901
short axis view of, 566f

Aortic valve surgery, 902, 904
aortic annulus enlargement, 905f
mitral regurgitation, 905

Carpentier’s functional classifi cation, 905f
management strategy, 905, 906f, 907

patient–prosthetic mismatch, 904–907
valve choice, 904
venous drainage obtained by, 904f

Aortography, 118, 151, 568, 968, 974
Apical thrombus, left, 1033
Apixaban, 203
Apolipoproteins, 220
Area under the curve (AUC), 267, 1042
β-Arrestin, 654
Arrhythmias, 91, 96, 185–186

in athletes, 156
atrial fi brillation in athletes, 157
bradyarrhythmias, 156
electrocardiography in athletes, 157–158
ventricular arrhythmias, 156–157

Brugada syndrome, 919
catecholaminergic polymorphic VT, 919
familial atrial fi brillation, 919
long QT syndrome, 918–919
short QT syndrome, 919

Arrhythmogenic right ventricular dysplasia/ 
cardiomyopathy (ARVD/C), 152–155, 
779, 846, 850t, 852, 915–916

arrhythmias and risk of sudden cardiac 
death, 153–154

clinical presentation, 154
criteria for the diagnosis, 153t
diagnosis

echocardiography, 154–155
electrocardiography, 154
magnetic resonance imaging, 155

electrocardiogram, 154f
genetics, 153
incidence, 153
reliability to diagnose, 153t
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structural changes, 153
treatment, 155

Arterial thrombosis, pathophysiology of
blood coagulation cascade, 999–1000
blood platelets, 1001
endogenous anticoagulant pathways, 

1000–1001
endothelium, 1002
fi brinolytic system, 1002
hemostatic and fi brinolytic factors, 

abnormal expression role of
antithrombin defi ciency, 1004
factor V Leiden (FVL), 1004
fi brinolytic factors, 1004
homocysteine, 1004
lipoprotein(a) (Lp(a)), 1004
lupus anticoagulant, 1004
protein C/S, 1004
prothrombin 20210A, 1004

leukocytes and cell-derived microparticles, 
1001

thrombophilia screening recommendations 
for, 1004

vascular triggers, 1002–1003
Arterial thrombosis treatment

anticoagulant drugs
direct thrombin inhibitors, 1007
heparin, 1006
vitamin K antagonists, 1006–1007

antiplatelet drugs
aspirin therapy in CAD patients, clinical 

issues relevant to, 1006
in coronary artery disease

coronary artery bypass grafting 
(CABG), 1011

elective percutaneous coronary 
intervention (PCI), 1011

primary prevention, 1007
secondary prevention, 1007
ST elevation myocardial infarction 

(STEMI), 1009–1011
unstable angina (UA)/non-ST segment 

elevation myocardial infarction 
(NSTEMI), 1007–1009

fi brinolytic drugs, 1007
ischemic stroke, 1011–1012

acute ischemic stroke, 1012
primary prevention, 1011–1012
secondary prevention, 1012

peripheral arterial disease (PAD), 1012
acute arterial thromboembolism 

treatment, 1012
primary/secondary prevention, 1012

Arterial ulcer, 982f
Aschoff bodies, 733
Aschoff’s nodule, 866
Aspirin, 320, 357, 380, 448, 477, 993, 1005

inhibitors, 1006
resistance, 1006
therapy in CAD patients, clinical issues 

relevant to, 1006
Assessment of Cardioversion Using 

Transesophageal Echocardiography 
(ACUTE), 578

Asymptomatic carotid artery disease
indications for screening, 991t

Asymptomatic Carotid Atherosclerosis Study 
(ACAS), 995

Asymptomatic Carotid Stenosis Stenting 
versus Endarterectomy Trial (ACT-1), 
997

Asymptomatic Carotid Surgery Trial (ACST), 
995, 997

Atheromata, protruding, 576f
Atherosclerosis

clinical manifestations, 284
epidemiology

incidence, 284
risk factors and genetics, 284–285

and infl ammation, 305–306
novel risk factors for, 284t, 305, 306t, 307t

cardiac markers, 310–311
cytokines, 311
fi brinogen, 308
infl ammatory proteins, 306–308
lifestyle risk factors, 311–312
lipoprotein-associated phospholipase A2 

(Lp-PLA2), 308–309
lipoproteins, 311
models for interaction, 306f
oxidation, 309–310

pathogenesis
angiogenesis in atherosclerotic lesions, 

287
atherosclerotic lesions, fi brous cap 

formation on, 286–287
atherosclerotic lesions, locations of, 285
calcium deposition in atherosclerotic 

lesions, 287
classifi cation of atherosclerotic lesions, 

287–288
Glagov phenomenon, 287
infl ammation in, 285–286
plaque formation and evolution, 285
plaque rupture, 288–289
plaque vulnerability determinants in 

advanced atherosclerotic lesions, 288
pathophysiology, 284
treatment

cigarette smoking and lifestyle factors, 
290

hyperlipidemia, 289
hypertension, 289

treatment of, 284, 289, 289t
Atherosclerosis Risk in Communities (ARIC) 

cohort study, 267, 272, 307
Atherosclerotic plaque

progression of, 286f
thrombosis of, 288

Atherosclerotic renal artery stenosis 
(ARAS), 975

angiotensin II, 977–978
clinical consequences of

cardiovascular events, 976
hypertension, 976
ischemic nephropathy, 976

management of
medical therapy, 978–979

renal artery revascularization, 979
renovascular hypertension, 

pathophysiology of
RVH phase I, 977
RVH phase II, 977
RVH phase III, 977

Atherothrombosis mechanisms, 1003f
Atrial abnormalities, 125, 143
Atrial activation, right, 125
Atrial/coronary sinus pacing, 145
Atrial fi brillation (AFib), 46, 126, 128, 456, 

577, 729, 806, 806f, 807f
classifi cation, 807
and congestive heart failure, adverse 

interplay between, 809f
electrophysiologic feature of, 806
epidemiology, 806
vs. fl utter, 806t
future investigations in, 816
goals of managing, 810

anticoagulation, 811–812
CHADS2 scoring system, 811t
rate control, 810–811
rhythm control, 812–816

secondary causes, 809–810
strategy for managing, 816f
supraventricular tachycardia (SVT), 91
symptoms associated with, 809
thromboembolism in, 812t
warfarin therapy for, 59t

Atrial fl utter (AFlr), 54, 125, 127–128, 128f, 
797, 807

cavotricuspid isthmus-dependent fl utter, 
808

future investigations in, 816
goals of managing, 810

anticoagulation, 811–12
rate control, 810–811
rhythm control, 812–816

noncavotricuspid isthmus-dependent 
fl utter, 808

as result of proarrhythmic effect of drugs, 
808–809

secondary causes, 809–810
symptoms associated with, 809

Atrial myxoma, left, 1028f
into mitral valve, 1029f

Atrial myxoma, right, 1029f
Atrial rhythms, 125

atrial fi brillation, 128
atrial fl utter, 127
atrial premature complexes, 126

conducted, 126
nonconducted, 126

atrial tachycardia, 126–127
multifocal, 127

ectopic atrial rhythms, 126
sino-atrial exit block, 126
sinus arrhythmia, 126
sinus bradycardia, 126
sinus pause/arrest, 126
sinus rhythms, 126
sinus tachycardia, 126
supraventricular tachycardia, 127
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Atrial septal defects (ASDs), 505, 926
primum (ASD–primum), 141
secundum (ASD–secundum), 141

Atrial septostomy, 180
Atrial septum, lipomators hypertrophy, 1032f
Atrio-ventricular (AV)

conduction, 820
abnormalities, 352

junctional escape complexes, 129
junctional premature complexes, 128
junctional rhythms, 128, 129
junctional tachycardia, 129
nodes, 146
nonparoxysmal, 129

Attenuation, 519, 520
Attenuation coeffi cient, 520
Autoimmune disorders, 735
Autonomic neuropathy

autonomic function tests, 252
diabetic, 247, 248t, 252

Azathioprine, 78, 749, 750

B
Bacterial toxins, 733
Balloon angioplasty, 455, 979
Bare-metal stent (BMS), 343, 453

advent of, 478
Beam geometry, schematic representation, 

522f
Benign cardiac tumors

cardiac myxoma, 1028
features of, 1028t
fi broma, 1031
hemangiomas, 1031
lipoma, 1031
papillary fi broelastomas, 1028–1030
pericardial teratoma, 1031
rhabdomyomas, 1030

Bernoulli equation, 543
Beta-blockers, 45, 243, 321, 332, 374–375, 

376, 452, 456, 460, 587, 692, 697, 855
adrenergic blocking agents, 867
adverse effects, 698
caveats using, 698
clinical outcomes, 698
clinical trials, 699t
indications, 698
mechanism of action, 698
preprocedural, 485
trials, risk reductions for, 254

Bezafi brate, 1042
Bias, 66

interviewer, 66
misclassifi cation, 66
recall, 66
selection, 66

Bicuspid aortic valve, 917
Bile acid sequestrants, 227–228
Bileafl et St. Jude’s valve, 583f

three-dimensional TEE, 583f
Bioethics principles, 14t
Bioprosthetic valve, apical view of, 555f
Biplane method, 537f
Biventricular pacemakers, 714

Bleeding, acute, 106
Blood clotting proteins, 1000f
Blood coagulation system, tissue factor 

(TF), 1000
Blood pressure measurement technique, 236
Blood transfusions, 91
Blunt cardiac injury (BCI)

clinical picture of, 114
complications of, 117
thoracic aortic injuries, 118
treatment of, 117

Board-certifi ed genetic counselor, 78
Body mass index (BMI), 41, 171, 184, 224, 

267, 290, 308, 376, 993
Borderzone ischemia, 100
Bosentan, 179
Bradyarrhythmias, 47, 91, 352
Bradycardia, 47, 99, 143, 353t, 750, 789, 793, 

837, 840, 856
Brain death

cardiac dysfunction in, 102
criteria for, 19t

Brain–heart connection, 94
Bronchoalveolar lavage (BAL), 192
Bruce treadmill protocol, 211
Brugada syndrome, 781, 919

type I, 782
B-type natriuretic peptide (BNP), 459
Bundle branch blocks, 820–821

conduction patterns, 820f
Bypass angioplasty revascularization 

investigation (BARI study), 454

C
Cabergoline, 894, 895
Ca2+/calmodulin-dependent kinase II 

(CaMKII), 652
Ca2+channel, 652
Cachexia, 108, 671, 758f
Ca2+ homeostasis, 655
Calcifi c aortic valve disease, 862
Calcineurin, 652

activation of, 748
inhibitor, 748, 749

causes of gout, 755
concentration of, 751
hypertension, 754

Calcium channel blockers, 177–178, 238, 867
Calcium sensitizers, 702
Calsequestrin gene (CASQ2), 919
Calstabin2, 657
Canadian Cardiovascular Society (CCS), 4

classifi cation of angina pectoris, 5t
classifi cation system, 316

Carcinoid heart disease, 897
biochemical markers, 898
clinical presentation, 897–898
diagnosis, 899
echocardiographic features, 898, 898f
natural history, 899
pathophysiology, 897
prognosis and factors associated with, 898
treatment, 899

pharmacologic, 899

surgical, 899
Carcinoid syndrome, 712, 897, 899
Carcinoid tumors, 897
Carcinoid valvular heart disease, 891
Cardiac allograft vasculopathy (CAV), 

751–754
Cardiac amyloidosis, 704, 708–710

classifi cation, 708, 710t
clinical manifestations, 710
pathophysiology, 710

Cardiac auscultation, 850
Cardiac biomarkers, 91, 99, 458, 459, 739

creatine kinase MB (CK-MB), 458
troponin I (TnI), 458
troponin T (TnT), 458

Cardiac care units (CCU), 189
Cardiac catheterization, 106, 107, 109, 171, 

381f, 555, 616, 620, 635, 644–646, 680, 
681, 706, 709t, 728, 737, 864, 872, 876, 
902, 903

to assess diagnosis and severity of PAH, 171f
for assessment of MS severity, 397
for characterization of valvular lesion, 546
confi rming suspicion of pericardial 

constriction, 107
coronary circulation, 260
echocardiography supplanted use of, 397
femoral artery puncture, 119
fondaparinux-treated patients undergo, 1009
for hemodynamic assessment, 409, 863
and increased PCWP, and pulmonary 

hypertension, 409
IVUS catheter advanced over guidewire, 

423
laboratory, 329, 332, 339, 1009, 1010, 1043f
prior to anorexigen therapy, 893
prior to aortic valve replacement, 901
serves as risk stratifi cation tool for, 372
with transseptal technique of left heart 

catheterization, 119
without prior screening, 250

Cardiac computed tomography, 318, 632–633, 
633f

angiography, 634, 635f
artifacts, 636, 636f
calcium scoring, 633–634, 633f
criteria for, 637t
symptomatic patient, evaluation of, 

634–636, 635f, 636f
Cardiac death, 613
Cardiac disease, clinical evidence of, 575
Cardiac dysfunction, 98

subarachnoid hemorrhage-induced, 98
Cardiac electrophysiology (EP), 785

Atrio-His (AH) interval, 787–788
automaticity, 786
basic cycle length, 786, 786f
burst (or continuous), 788
complications, 789
conductivity, 786
contraindications for study, 789
corrected sinus node recovery time 

(CSNRT), 787
coupling interval, 788
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cycle length, 786
effective refractory period, 788
effects of pharmacological agents on, 

795–796
electrical system in heart, 786f
evaluation, 792

atrio-ventricular (AV) node, 793–794
AV refractory periods, 794
His bundle, 793–794
sino-atrial conduction time, 792–793
sino-atrial (SA) node, 792
Wenckebach, 794

excitability, 786
extrastimulus protocols, 788
functional refractory period, 788–789, 788f
His-ventricular (HV) interval, 788
incremental pacing, 788
indications for study, 789
initiation of arrhythmias, 794–795, 795f
intraatrial conduction time (IACT), 787
programmed electrical stimulation (PES), 

788, 794–795, 795f
pulmonary regurgitation (PR) interval, 

787, 949
QRS duration, 787
relative refractory period, 788
sino-atrial conduction time (SACT), 787
sinus node recovery time (SNRT), 787, 787f
techniques, 789

intracardiac recordings, 790f, 791f
radiograph of catheter positions, 790f
sample protocol of EP study, 791
use of electrode catheters, 789, 790

Cardiac embolism, 575
Cardiac enzymes, 91, 115, 449
Cardiac fi broma, 920, 1031
Cardiac infl ammation. See Myocarditis
Cardiac injury, 26, 98, 114, 666

blunt cardiac injury (BCI)
clinical picture of, 114
complications of, 117
thoracic aortic injuries, 118
treatment of, 117

penetrating cardiac injury, 114, 117
complications of, 113–114
missile velocity, 113

Cardiac inotropy, 652, 854
Cardiac lusitropy, 652
Cardiac magnetic resonance (CMR), 850
Cardiac manifestations, in epilepsy, 99–100
Cardiac markers

BNP and N-Pro-BNP, 310–311
troponin, 310

Cardiac MRI, 624
aortic disease, 632, 632f
appropriateness criteria for, 625t
congenital heart disease, 631, 631f
imaging techniques, 624
ischemic heart disease, 624, 626–628, 626f, 

627f, 628f
masses, 631–632, 631f, 632f
nonischemic cardiomyopathy, 628–629, 630
pericardium, 632
valvular heart disease, 629–631, 630f

Cardiac muscular contraction, 387
Cardiac nuclear imaging, 603–604, 604f
Cardiac output, 538
Cardiac physiology, assessment of, 387
Cardiac plane, defi nition, 604
Cardiac positron emission tomography, 595

image acquisition, 597
Cardiac pressure waveforms, 387
Cardiac rehabilitation programs, 322
Cardiac resynchronization therapy (CRT), 45, 

715, 720, 721, 721f
chest radiograph, 720f
current indications and future trials, 

723–724
procedure safety, 724
review of clinical trials, 721–723, 722t

CARE-HF, 723
COMPANION trial, 723
early trials of cardiac resynchronization 

therapy, 721
MIRACLE trials, 721, 723

Cardiac source of emboli, 575–576
Cardiac tamponade, 106–107, 413–414, 415f

RV compression, 559f
Cardiac trauma surgery, 112
Cardiac tumors, 919

cardiac fi broma, 920
classifi cation, 1027–1028, 1028t
clinical picture, 1027
myxoma, 919–920
rhabdomyomas, 920

Cardiogenic shock, 377
ACC/AHA recommendations, 379t
clinical manifestations, 378–380
diagnosis, 378–380
etiology, 378
initial reperfusion therapy, complicating 

STEMI, 381f
mortality

predictors of, 378
rates in, 377

population of all shock patients screened, 
379f, 380f

SHOCK trial, 377–378
time of onset, 378–380
treatments, 380

advances in PCI, 383
aspirin, 380
CABG, 381–382
IABP, 380–381
PCI vs. CABG, 382
primary PCI, 381–382
primary PCI + IABP, 382–383
revascularization, early, 381–382
sympathomimetic inotropic, 380
thrombolytics, 380
vasopressor agents, 380

Cardiology/American Heart Association, 328
classifi cation system, 328

Cardiomyocytes, 654, 733
calcium handling in, 656, 656f
cell necrosis, 659
cytoskeleton and sarcomere of, 658f
excitation-contraction coupling, 655

human immunodefi ciency virus, 733
morphological integrity of, 657
signaling pathways, 653f

Cardiomyopathies, 657, 703
arrhythmogenic right ventricular 

cardiomyopathy (ARVC), 915–916
dilated cardiomyopathy, 913–914
hypertrophic cardiomyopathy, 410–412, 

914–915
noncompaction of the left ventricle 

(NCLV), 916
restrictive cardiomyopathy, 412, 916

Cardiopulmonary bypass (CPB), 902
Cardiopulmonary stress testing (CPET), 205

applications, clinical, 211
chronic heart failure, 212–214
evaluation of dyspnea, 211–212

basic measurements obtained during, 206
defi nitions, 205
functional capacity, 205
indications for, 211

AHA/ACC guidelines, 211t
measured and derived variables from, 207t
mechanics of, 206

device, 206
instrumentation, 206
potential limitations, 207
protocol, 206
reproducibility, 206–207
variability, 206–207

nature of test, 205
normal values for

peak oxygen uptake, and ventilatory 
parameters during, 208t

Cardiorenal model, of disease, 675f
CardioSEAL® device, 956
Cardiovascular disease (CVD), 291, 305, 

458, 849
chronic diseases, prevalence per WHO, 

292f
common, 75–76
coronary artery disease (CAD)

epidemiology, 248–249
testing, 249–250

development, 265, 272
diabetic autonomic neuropathy (DAN), 

252–255
blood pressure, 253
coronary artery disease, 254
dyslipidemia, 253–254
glycemic control, 252–253
usual treatments, 255

diabetic cardiomyopathy, 250–252
hypertension, 251
infl ammation, 251
insulin resistance, 251
microcirculation, 251
pathophysiology, 251
systolic and diastolic cardiac 

abnormalities, 251–252
diagnosis of, 458
hyperglycemia, role of, 247–248
intraoperative management, 167

anesthesia technique, 167–168, 168t
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Cardiovascular disease (CVD) (continued)
blood pressure and heart rate 

management, 167
fl uid overload, 168
monitors, 167
normothernia, 168
prophylactic, 168

molecular basis of, 71–72
mortality from, 292, 292f
postoperative management, 169

arrhythmias, 169
benefi t versus risk of anticoagulation, 169
blood pressure, 169
myocardial infarctions, 169
pain control, 169
troponin levels, 169

preoperative management in, 162
approach to patient, 162–163
assessment, 161–162
cardioverter defi brillators, 165
coronary revascularization, 166–167
diagnostic testing, decision to perform, 

163–165
medications, 165–166
permanent pacemakers, 165
tests for, 165

prevention, NCEP/ATP III guidelines 
for, 271

risk factor for, 262, 301
secondary prevention of, 255

Cardiovascular magnetic resonance (CMR), 
107, 738

Cardiovascular nuclear stress testing
acute chest pain, evaluation of, 620–621
applications of, 609
congestive heart failure (CHF)

improved patient survival, 621–622
coronary hyperemia

exercise and pharmacologic, 610–611
death rates, 622f
hard event rate, 615f
myocardial viability, radionuclide 

techniques for, 622t
in post-MI patients, 621
risk stratifi cation, 613

scan abnormality, 614
SPECT-MPI

annual rates of, 615f
mildly abnormal, 614
nuclear imaging, 617–620
quantitative stress polar maps of, 612f
treatment benefi t, 614
use of, 615–617

SPECT/PET image analysis, 611
ED, guidelines for, 621

SPECT/PET-MPI, CAD detection, 611–613
Cardiovascular Outcomes in Renal 

Atherosclerotic Lesions (CORAL) 
trial, 979

Cardiovascular risk, assessment of
adverse cardiac events

cardiac arrest and death, 82
myocardial infarction (MI), 82

Duke activity status index, 84t

perioperative, 81
annual economic and social cost 

associated with, 82
device management, 91
impact of functional capacity, 84
intermediate risk clinical predictors, 83
minor clinical predictors, 84
patient-specifi c factors that impact, 83
surgery specifi c factors that impact, 84–85

physiological basis for adverse events, 82
postoperative

management of MI, 92
monitoring, 91–92
physiologic alterations, contributing, 83t

preoperative, 82
questions asked/answered during, 82

specifi c conditions, 85
arrhythmias, 91
congestive heart failure, 90
coronary artery disease, 85–90
valvular heart disease, 90–91

Cardiovascular (CV) specialists, role of, 273
Cardiovascular stress, biomarkers of, 31

natriuretic peptides, 31
applications of, 33
B-type natriuretic peptide (BNP), 31
elevated, differential diagnosis of, 33
levels, factors affecting, 33–34, 33t
natriuretic peptides (NPs), 31

Cardiovascular traumatic injury
aortic rupture, 118
blood pressure, 113
blunt cardiac injury (BCI)

complications of, 117
treatment of, 117

classifi cation, and physical causes of
myocardial contusion—blunt cardiac 

injury (BCI), 114
nonpenetrating injuries, 112
penetrating injuries, 112–114

depend on, 112
foreign bodies, retaintion, 118–119
iatrogenic, 119
laboratory studies, 115–116
rapid assessment and therapy, 114–115

Cardioverter defi brillators, implantable
basic concepts

detection, 845–846
sensing, 845

indications for, 846–847
radiographic evaluation, 847–848

acute and chronic complications, 848t
Carney complex, 920
Carotid artery disease (CAD), 229, 230, 989, 

990
carotid angiography, 992
carotid artery revascularization, 994–998

risk assessment, 997–998
treatment recommendations, 998

cervicocerebral circulation, anatomy of, 990
clinical syndromes of, 991
comparison of, 990t
diagnosis of, 991
etiology, 989

imaging modalities, advantages and 
disadvantages of, 992t

medical treatment
antiplatelet therapy, 993–994
risk factor modifi cation, 992–993

pathophysiology, 990–991
screening, 991
vs. coronary, 990t

Carotid artery stenting (CAS), 996
goal of, 996

Carotid duplex ultrasound (CDU), 991
Carotid endarterectomy (CEA), 994, 998

early randomized trials of, 995
goal of, 995
high risk criteria for, 995

Carotid intimal/medial thickness (CIMT), 308
Carotid revascularization

potential complications of, 997t
Carotid Revascularization Endarterectomy 

versus Stent Trial (CREST), 997
Carotid stenosis

duplex ultrasound criteria for, 991t
severity assessment

angiographic methods, 993
Carpentier’s classifi cation, 550
Catecholaminergic polymorphic ventricular 

tachycardia, 781, 919
Catheter-based carotid angiography, 992
Catheter occlusion, 962f
CD4 counts, 733
Cellular respiration, 205
Centers for Medicaid and Medicare Services 

(CMS), 355
Central nervous system

complications of cardiac surgery, 100
disorder, 143, 239
injury, 143f

Central sleep apnea (CSA), 183, 312
Central venous pressure (CVP), 115, 191f
Ceramide trihexosidase, 711
Cerebral hypoperfusion, 99, 849
Cerebrovascular accident (CVA), 989
Cervical venous pressure, 113
CFTR gene, 75f
Chagas’ disease, 734
Chamber size and wall thickness, assessment

left atrial size, 536–537
left ventricular size, 535
left ventricular wall thickness, 535–536
right atrial size, 537
right ventricular size, 537
right ventricular wall thickness, 537

Chaotic atrial tachycardia, 127
Charter on medical professionalism, 20t
Chelation therapy, 322
Chest fi lm, role of, 516
Chest pain, 4–6, 105, 316

acute evaluation of, 620f
differential diagnosis, 317t
echocardiography, indications for, 556t
history, 4t

Chest radiography, 318, 499–500, 971
approach to chest fi lm, 500–502

enhanced AP radiograph, 502f
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PA examination, 500f, 502f
PA radiographs, 501f

cardiothoracic silhouette, evaluation of
ascending aortic segment, 504f, 

513–514
atrial appendage segment, 507–511, 

508f–510f
left heart border, 502–503, 503f, 504f
left ventricular contour, 503f, 511–512, 

512f–514f
pulmonary artery segment, 503–507, 

505f–508f
right atrial contour, 508f, 514–516, 515f
right heart border, 512–513, 515f

Cholesterol, 1036
absorption inhibitors, 228–229
lowering agents, 225t
and recurrent events, 308

Chordoma, 1032f
Chromatin, 73, 73f
Chromosomes, 73, 73f, 75f

aberration, 922
genes, 72

Chronic heart failure (CHF), 13, 31, 32, 183, 
212, 214, 670

clinical trials of ARBs in, 697t
defi brillators in, 716

CABG-patch trial, 718
defi nite, 717
DINAMIT, 718
MADIT clinical trials, 716–717
review of clinical trials, 716–718
SCD-HeFT, 717–718

indications for primary prevention devices, 
718–719

ACC/AHA classifi cation of 
recommendations, 718t

level of evidence, 718t
recommendations for ICD therapy, 719t

Chronic kidney disease (CKD), 468, 886
Chronic thromboembolic PH (CTEPH), 174
Chronic venous disease (CVD), 1019

clinical presentation, 1020–1021
diagnosis of, 1021
differential diagnosis for, 1021
epidemiology, 1019
interventional management, 1022
medical treatment, 1021–1022
pathophysiology of, 1019–1020
surgical therapies, 1022

Chylomicrons (CM), 220, 269
Chylous pericarditis, 105
Cigarette smoking, 296t
Cilostazol, 985
Circle of Willis, 991
CLARITY-TIMI-28 trial, for patients with 

myocardial infarction, 1009
Claudication exercise programs, 984
Clinical decision-making strategies, for ACS 

patient, 463
The Clinical Outcomes Utilizing 

Revascularization and Aggressive Drug 
Evaluation (COURAGE) trial, 616

Clopidogrel, 356, 357–358, 449f, 452, 478

Clopidogrel and metoprolol in myocardial 
infarction (COMMIT) trial, 42, 332, 
339, 343, 357, 438, 448, 449, 460, 
1010t

Clopidogrel versus aspirin in patients at risk 
of ischemic events (CAPRIE)

studies, 1007
trial, 478

Clotting factors, 999, 1006
Cocaine-related angina, 452
Cognition

after cardiac arrest, 101
and heart surgery, 100–101

Colchicine, 105, 106, 755
Color Doppler, 570f, 571f, 582f

interatrial septum with, 577f
Color fl ow Doppler, 527
Color fl ow mapping, 532
Common carotid artery (CCA), 990
Commotio cordis, 114
Compliance, of left ventricle, 432
Computed tomographic angiography 

(CTA), 992
limitations of, 992

Computed tomography (CT), 105, 107, 244, 
568, 727, 862, 968

scanning of heart, 109
Confl ict of interest (COI), 20t

types of, 21t
Confounding, 66, 66f
Congenital heart disease (CHD), 778–779, 

926
apical position, 926
atrial situs, 926, 928t
atrioventricular connection, 926–927, 

927f, 928t
echocardiographic images (See Specifi c 

lesions)
echocardiographic techniques, 926, 927f
heritable syndromes associated with, 952t
orientation, 926
ventricular morphology, 926–927, 928t
ventriculoarterial relationship, 927–928

Congenital LQTS gene, 783
Congestive heart failure (CHF), 249, 312, 621, 

757, 782
symptoms, 6t

Connective tissue disorders, 916
Ehlers-Danlos syndrome, 917
Loeys-Dietz syndrome, 917
Marfan syndrome, 916

Conotruncal defects, 921
chromosomal aberration, 922
DiGeorge syndrome, 922
Tetralogy of Fallot (TOF), 921
transposition of great arteries (TGA), 922
truncus arteriosus, 921–922

Constrictive pericarditis, 108, 413, 414f, 559
Continuity equation, 545f
Continuous positive airway pressure (CPAP), 

191
therapy, 184, 185

Continuous renal replacement therapy 
(CRRT), 195

advantages of, 195–196
disadvantages of, 195–196
nomenclature, 195

Continuous wave (CW), 527, 530, 554f
Doppler recording of transmitral velocity, 

546f
Doppler tracing, 535f, 546f, 553f
signal, 565

Contrast agents, 587
Contrast echocardiography, 532–535

ASE recommendations for, 533t
Contrast-induced acute kidney injury, 467

biomarkers for, 471–472
change in defi nition, 468
consensus on complication, 468
consensus statements, 469t
dialysis and hemofi ltration, 469–470
differences in iodinated contrast, 468–469
follow-up, 471
future approaches, 472
pathophysiology, 468, 470
pharmacologic prophylaxis, 470–471
volume expansion, importance of, 469

Contrast-induced acute kidney injury 
(AKI), 468

Contrast-induced nephropathy (CIN), 468
Contrast microbubble injection, 536f
Coronary angiography, 319, 422, 463, 864–865
Coronary arterial system, functional anatomy, 

420f
Coronary artery bypass grafting (CABG), 42, 

381–382, 452, 591, 972, 991, 1011
class III indication, 454t
class I indications, 454t
perioperative complications, 456

Coronary artery bypass surgery, 101, 570f, 578, 
579, 599, 718, 991

Coronary artery calcifi cation (CAC), 302, 
308, 619

Coronary artery disease (CAD), 4–6, 41, 247, 
249, 254, 305, 316, 317, 319, 535, 609, 
641, 856–857, 1005

abnormal cholesterol, prevalence of
in adults, 296–297
in youth, 296

arterial and distal coronary pressure changes 
in patient with, 422f

atherosclerosis risk in communities (ARIC) 
study, 294

cause of, 306
demographics and prevalence, 291
detection of, 589–590
diabetes, prevalence of

in adults, 298–299
in youth, 297–298

diagnosis of, 585, 597–598
echocardiographic detection, 588–589
elevated cholesterol levels, 254
epidemiology, 248–249
ethnic groups, prevalence and risk factors, 

302
fall in CHD death rates, 293–294
fractional fl ow reserve, 417
global burden of disease, 291–292
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Coronary artery disease (CAD) (continued)
history, 4
hypertension, 299–301

children and adolescents, 300–301
older adults, 300

identifi cation of, 249
physical activity

adults, 302
youth, 301–302

physical exam, 5
prehypertension, 301
premature occurrence, 248
prevalence of cardiovascular disease in 

United States, 292–293
probability estimating, 317
right ventricular infarction, 417
risk factors, 277t, 294–295, 318, 322
smoking prevalence of

in adults, 295–296
in youth, 295

stable, 451
CABG vs. PCI for chronic stable angina, 

454–455
chronic stable angina, preoperative 

treatment of, 456
high and low risk categories, stratifying 

patients into, 453–454
introduction, 452
medical therapy, 452–453
PCI for chronic stable angina, 455–456

subclinical atherosclerosis, 302–303
testing, 249–250
under-recognition by United Nations, 303

Coronary artery physiology, 420
concept of coronary fl ow reserve, 421–422
coronary arterial circulation, 420–421
coronary blood fl ow, 421

Coronary artery revascularization prophylaxis 
(CARP) trial, 591

Coronary artery risk development in young 
adults (CARDIA) Study, 308

Coronary calcium
prevalence, 303f
quantifi cation, 318
scanning, 590, 633f
screening, 619

Coronary calcium scores (CCS), 619, 642
Coronary care units (CCU), 355
Coronary circulation, anomalies, 150–152
Coronary endothelial cell, 782
Coronary fl ow reserve (CFR), 428f, 428t, 485
Coronary fl ow velocity

in patients with acute myocardial 
infarction, 427f

recording at rest and during hyperemia, 
427f

Coronary heart disease (CHD), 292, 327
diagnosis and risk assessment for, 302
HRs for, 303f
percentage breakdown of deaths, 293f
prevalence of, 293t, 294f
prevention of, 302
risk factors, 284t, 308

Coronary syndromes, unstable

conservative strategy, initial hospital care, 
332

initially invasive/conservative strategies, 
selection, 328–329

initially invasive strategy, medical therapy 
for, 330–331

initially onservative strategy, medical 
therapy for, 331–332

introduction, 327–328
long-term medical therapy in patients with 

UA/NSTEMI
antiplatelet therapy, 332–333
discharge planning, 333–334
invasive vs. conservative strategy, 329t
renin-angiotensin-aldosterone system 

blockade, 333
risk stratifi cation, 328
UA/NSTEMI, ACC/AHA guidelines 

for, 327
Coronary vasodilatory reserve, use of, 423
Coronary vasospasm, 589
Corticosteroids, 105, 106, 230, 735, 741, 748, 

751, 837t
Cost considerations at end-of-life, 18
COURAGE trial, for patients with ischemia, 

616
Court-appointed guardian, 15
Coxsackie–adenoviral receptor (CAR), 733
Coxsackie B virus, 657, 733
C-reactive protein (CRP), 34–35, 41, 285, 306

levels, 259
Creatine kinase (CK), 115, 727, 739
Creatine kinase myoglobin (CKMB), 727, 739
Creatine phosphokinase, 116
CREDO trial, 478
Curative catheter ablation, 813, 814f
Cushing’s syndrome, 245
Cyanosis, 922
Cyclic adenosine monophosphate (cAMP), 258
Cyclic guanosine monophosphate (cGMP) 

formation, 258, 274
Cyclooxygenase (COX), 1005
Cyclooxygenase-1 and 2 (COX-1 and 2), 

243, 461
Cyclophosphamide, 782
CYP3A4 pathway, 278
Cytokines, 34, 72, 184, 194, 259, 287, 652, 

660, 673, 736, 742, 749, 1038
interleukin-6 (IL-6), 311
interleukin-18 (IL-18), 311

Cytolytic agents, 747
Cytotoxicity, degree of, 468

D
Dabigatran, 203
Dallas criteria, 495

of endomyocardial biopsy specimens, 
731–732

Data safety monitoring boards (DSMB), 23
D-dimer, 200
DeBakey/Stanford classifi cations, 970
Deceleration injuries, 113
2D-echocardiography in pericardial 

constriction, 108f

Decision-making capacity, 14
determination, 15
elements of, 14t

Decision-making process, 463
Deep vein thrombosis (DVT), 197, 1012

algorithm for, 1015f
diagnosis of, 1014–1015
differential diagnosis, 1014
and dyspnea, 1034, 1034f
pretest probability of, 1015t
prophylaxis, 462

Defi brillators
clinical trials, 716–718
complications, 720
cost of defi brillator implant, 720
implantation, 149
malfunction, evaluation of, 847

failure to convert arrhythmia, 847t
failure to shock, 847t
inappropriate delivery of therapy, 

847, 847t
Degenerative valve disease, 901
Delivery system, 957
Deoxyribonucleic acid (DNA), 72–73, 73f
Desmin, 657
Device therapy, 812. See also Defi brillators; 

Implantable cardioverter-defi brillator 
(ICD)

Dextrocardia, 124, 141, 922, 926
Diabetes

coronary artery disease (CAD)
epidemiology, 248–249
testing, 249–250

diabetic autonomic neuropathy (DAN), 
247, 252–255

blood pressure, 253
coronary artery disease, 254
dyslipidemia, 253–254
glycemic control, 252–253
presence of, 252
usual treatments, 255

diabetic cardiomyopathy (DCM), 247, 
250–252

hypertension, 251
infl ammation, 251
insulin resistance, 251
microcirculation, 251
pathophysiology, 251
systolic and diastolic cardiac 

abnormalities, 251–252
diabetic heart disease, pathophysiological 

process, 248t
exercise testing in patients, indications 

for, 249t
follow-up after initial stress testing, 250t
hyperglycemia, role of, 247–248
LDL and HDL subparticle changes, 270t
prevalence, 299t
prevention programs, 271
symptomatic diabetic patients, cardiac 

testing of, 249t
The Diabetes Epidemiology Collaborative 

Analysis of Diagnostic Criteria in 
Europe (DECODE)
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study for metabolic syndrome, 268
Diabetes mellitus (DM), 40, 247, 274, 289, 

294, 318, 754–755, 993
diagnosed cases of, 298
prevalence, 297
prevention, 271

Diagnostic tests, 68
negative predictive value, 69
positive predictive value, 68
sensitivity, 68
specifi city, 68
trade-off between sensitivity and 

specifi city, 68f
Diamond Forrester scheme, 318
Diastolic blood pressure (DBP), 38, 248
Diastolic dysfunction fi lling patterns, 252, 

684–685
abnormal relaxation pattern, 684
irreversible restrictive pattern, 685
left atrial (LA) pressure estimation, 685t
left atrial volume as indicator of, 685
LV fi lling pressures, echocardiographic 

estimation, 685
pseudonormal fi lling pattern, 685
restrictive fi lling, 685

Diastolic fl ow reversal, 571f
Diastolic relaxation abnormality

pulse wave Doppler (PWD) tracing of, 538
Diastolic restrictive abnormality

PWD tracing of, 539f
Dietary approaches to stop hypertension 

(DASH) diet, 238
Dietary modifi cation, 224–225
Diffusion, 195
DiGeorge syndrome, 922
Digitalis

adverse effects, 694
clinical outcomes, 693
indications, 693–694
mechanism of action, 693
recommended dosing, 694
toxicity, 129, 131, 139, 140, 140f

symptoms of, 139, 694
treatment of, 694

Dihydropyridine calcium channel 
antagonists, 321

Dilated ascending aortic segment
differential diagnosis of, 515t

Dilated cardiomyopathy, 732, 913–914, 1033f
defi nition, 251

Dilated LAA segment
differential diagnosis of, 511t

Diltiazem, 178
Dipyridamole, contraindications, 611t
Direct thrombin inhibitors (DTIs), 201, 462, 

483
Diuretics, 177, 692

adverse effects, 692–693
clinical outcomes in HF patients, 692
indications, 692
resistance, 693

DNA variation, 73
Dobutamine, 610

contraindications, 611t

echocardiography, 591
stress, 587, 588, 592

advantage of, 586
echo, 646

Docosahexaenoic acid (DHA), 229
Do not resuscitate (DNR), 16
Doppler assessment of progressive diastolic 

dysfunction, 542f
Doppler echocardiography, 108, 171, 530–532, 

554
used to, 547

Doppler equation, 526
Doppler imaging, 224, 526, 550, 556, 591, 991

color fl ow mapping, 532
continuous wave Doppler, 530–532
tissue Doppler, 532

Doppler shift, 526
Doppler wire, 426–427

clinical applications, 426–427
and coronary fl ow velocity measurement, 426

Drug-eluting stents (DES), 453, 478
predictive values, 250
role of, 250

Drugs
ACC/AHA/ASE recommendations, 895
associated with valvular heart disease, 891
for headaches, 892
for obesity, 892–894
for parkinson’s disease, 894

Dual-chamber pacemaker (DDD), 145f
Duchenne muscular dystrophy, 657
Duke criteria, 570
Duke Treadmill scores, 614f
Duplex imaging, 527
Durable powers of attorney for healthcare 

(DPAHC), 15, 16
Dutch Echographic Cardiac Risk Evaluation 

Applying Stress Echo III (DECREASE 
III) Study, 308

Dutch Randomized Endovascular Aneurysm 
Management (DREAM), 968

Dysautonomia, 252
Dyslipidemia, 40, 250, 253, 754

atherogenic, 222
diagnosis of, 223–224
NCEP treatment guidelines for, 229–231

hypertriglyceridemia, 230–231
LDL-C lowering, 230
low HDL, 231
non-HDL-C, 230–231
risk assessment, 229–230

special populations, 231
older persons, 231–233
patients with acute coronary syndromes, 

233
patients with diabetes, 233

treatment strategies, 224
pharmacologic treatment, 225–229
therapeutic lifestyle changes, 224–225

Dyspnea, 4, 6, 378, 862
acute, diagnosis of, 31–32
evaluation of, 211–212

Dyssynchronous septum, 607
Dystrophin, 657

E
Early invasive strategy, 28, 29, 328–330, 364, 

462, 463
Eccentric mitral regurgitation jet hugging, 565f
Echinococcus, 734
Echocardiography, 105, 108, 117, 492, 570, 

581, 739
ABIM coding algorithms, 124
ACC/AHA recommendations for, 545t

aortic stenosis, 552t
borderline, 124
chamber size and wall thickness, 

assessment of
left atrial size, 536–537
left ventricular wall thickness, 535–536
right atrial size, 537
right ventricular wall thickness, 537

chest pain, 556
demonstrating arm lead reversal, 125
determinants of infarct age, 138t
essentials of, 529
hemodynamic assessment

intracardiac pressures, 544
pressure gradients, 543–544
volumetric fl ow, 544

hypertrophic cardiomyopathy (HCM)
infective endocarditis, 556–558
pericardial disease, 558
pericardial effusion, 559
pericardial tamponade, 559

modality for, 555
murmurs

ACC/AHA guidelines on 
echocardiography, 545–546

normal variants, 124
patient with emphysema, 125f
thoracic aorta, 560
types of

contrast echocardiography, 532–535
Doppler echocardiography, 530–532
M-mode, 530
two/three-dimensional, 530

valve areas
using continuity equation, 544–545
using pressure half-time method, 545

valvular disorders
aortic regurgitation, 552–554
aortic stenosis, 550–552
mitral regurgitation, 547–550
mitral stenosis, 547
mixed single valve disease, 554–555
prosthetic heart valves, 555–556
tricuspid regurgitation, 554

ventricular function, assessment of
global, 537–538
regional, 538–543

Echo signals, 523
Edema, 6, 675
Effective regurgitation orifi ce (ERO), 569
Effective valve orifi ce area (EOA), 574
Effusive-constrictive pericarditis, 414–417
Effusive pericarditis, chronic, 105
Ehlers-Danlos syndrome, 917
Eisenmenger’s physiology, 961
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Ejection click associated, with aortic 
stenosis, 10f

Ejection fraction, 432
Ejection-phase indexes, 251
Elastic tissue, 113
Electrical cardioversion, 812
Electrocardiogram (ECG), 95t, 96t, 99, 125, 

126, 138, 154, 154f, 200, 236, 317, 589, 
782, 971

abnormalities, 98, 250, 613
in epilepsy, 99
in neurocardiac disease, 95–96

atrial rhythms, 125–128
AV conduction, 132–134

AV block, degree, 132–133
AV dissociation, 133
Wolf–Parkinson–White (WPW) 

syndrome, 133
AV junctional rhythms, 128–129
clinical disorders

antiarrhythmic drug effect, 139
antiarrhythmic drug toxicity, 139
atrial septal defect, primum 

(ASD–primum), 141
atrial septal defect, secundum 

(ASD–secundum), 141
central nervous system disorder, 143
dextrocardia, mirror image, 141
digitalis effect, 138–139
digitalis toxicity, 139
hypercalcemia, 141
hyperkalemia, 139–140
hypertrophic cardiomyopathy, 142–143
hypocalcemia, 141
hypokalemia, 140–141
hypothermia, 143
lung disease, chronic, 141–142
myxedema, 143
pericardial effusion, 142
pericarditis, acute, 142
pulmonary embolism, acute, 142
sick sinus syndrome, 143

contrast, harmonic imaging, 536f
determinants of infarct location, 139t
guidance, 491, 867
intraventricular conduction, 135–137
pacemaker function, 143–145

atrium/ventricle, 145
capturing, 145
dual chamber, 144
dual-chamber pacemaker (DDD), 145
malfunction, 144
sensing, 145
sinus pacing, atrial/coronary, 145
ventricular demand pacemaker, 145

with Parkinson’s disease, 125
P wave abnormalities, 125, 126
QRS voltage, abnormalities of, 134
Q wave myocardial infarction, 137–138
repolarization abnormalities, 138
ST-segment depression, 458
variables, high risk exercise stress, 610t
ventricular hypertrophy, 134–135
ventricular rhythms, 129–132

Electrocautery, 91
Electroconvulsive therapy, 100
Electromechanical interference (EMI), 91
Electrophysiologic procedures, 119
Embolectomy, 202
Embolic protection devices (EPDs), 996
Emergency departments (EDs), 292, 620
Emergency medical services (EMS), 192
End diastolic pressure, 431
End-diastolic velocity, 991
End diastolic volume (EDV), 431, 432
Endocarditis

antibiotic treatment for, 1049t–1050t
cause of, 1050f
clinical and laboratory features of, 1046t
clinical forms of, 1048t
multiple brain abscesses, 1052f
prophylaxis

antibiotic regimens for, 729, 1053t
revised recommendations for, 44t

Endogenous anticoagulant pathways, 1001t
Endomyocardial biopsy (EMB), 491, 712, 

738–739
caves for, 491
complications of, 492–495

acute and delayed, 493t
indications, 493–495

conditions, 492t
indications for, 493
myocarditis

Dallas criteria, 495
giant cell myocarditis (GCM), 496
hypersensivity myocarditis (HSM), 496
lymphocytic myocarditis, 495–496
necrotizing eosinophilic myocarditis, 496
US myocarditis treatment trial, 495

organizational chart, 494f
procedure

LV biopsy, 492
RV biopsy, 491–492

role of, 491
tissue analysis, 492

Endomyocardial fi brosis (EMF), 711
Endothelial cell protein C receptor 

(EPCR), 1001
Endothelial dysfunction

assessment of, 259–261
coronary circulation, cardiac 

catheterization, 260
methods of, 261t
peripheral circulation, 260–261

as barrier, 257
clinical utility

cardiac risk factors and, 261–262
cardiovascular events and, 262

as controller of hemostasis, 258–259
endothelial activation, 259
evaluation and co-management, 277
as regulator of vascular tone, 258
strategies to modify, 263
surrogate markers, 262

endothelial progenitor cells, 263
high sensitivity C-reactive protein, 262

Endothelial NO synthase (eNOS), 258

Endothelial progenitor cells (EPCs), 262, 263
Endothelin, 652

endothelin-1 (ET-1), 258
receptor antagonists, 178

Endothelium
consists of, 257
dependent vasodilator, 260
functions as, 257
independent mechanism of action, 321
vasorelaxing factor (See Nitric oxide (NO))

Endothelium-derived hyperpolarizing factor 
(EDHF), 258

Endovascular Aneurysm Repair (EVAR) 1 and 
2 study, 968

End-stage renal disease (ESRD), 310–311
End systolic volume (ESV), 431, 432, 611f
Enhanced AP radiograph, 502f
Eosinophilia, 735
Epicardial injury, 142
EPILOG trial, 479
Eplerenone, 375
Epoprostenol, 174, 178, 180
Erectile dysfunction

cardiac patient, sexual activity risk 
assessment, 275–277

physiology of, 277
epidemiology, 273–274
physiology of, 274–275
treatment of

lifestyle modifi cation, 277
phosphodiesterase inhibitors, 277–278
therapies for, 278–279

Ergot alkaloids, 892
Ergotamine, 892
Ergot-derived dopamine receptor agonists, 894
Estimation, general approach, 65

confi dence level, 65
point estimates, 65
precision, 65
standard error, 65

Ethics, 13
Ethnic

Asians, 919
black, 981
and gender gap, 301
group, 14, 295, 302
and race, 310
specifi c criteria, 266

European Carotid Surgery Trial (ECST) 
method, 992

European Monitoring of Trends and 
Determinants of Cardiovascular 
Disease (MONICA), 307

European Prospective Epidemiological Study 
of Myocardial Infarction (PRIME), 311

European study of Epidemiology and 
Treatment of Cardiac Infl ammatory 
Diseases (ESETCID) criteria, 495

Euthanasia, 17
Excitation-contraction (EC) coupling, 652
Exercise

echocardiography, 586
gas exchange during, 207

circulatory power, 209
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maximal (peak) VO2, 207–208
oxygen pulse, 209, 210f
oxygen uptake effi ciency slope (OEUS), 

209–210, 210f
physiologic variables, 207
respiratory exchange ratio (RER), 208
ventilatory equivalent for CO2, 209, 210f
ventilatory threshold, 209

physiology of, 205–206
therapy, 985
and weight loss, 225

Exercise intolerance, 672–675
pathophysiology in heart failure, 674f

Extended-release dipyridamole (ER-DP), 994
Extracorporeal membrane oxygenation 

(ECMO), 741
Extracranial carotid artery disease

screening for, 991

F
Fabry’s disease, 711
Factor V Leiden (FVL), 1004
Familial atrial fi brillation, 919
Familial dilated cardiomyopathy (FDC), 913

autosomal dominant genes in, 914t
Fast Fourier transform (FFT), 526
Fasting plasma glucose (FPG), 268
Fatigue, 6, 106, 199, 642, 698, 809, 898, 982
Femoral artery pseudoaneurysms, 119
Femoral-tibial arteries, 986
Fenfl uramine, 893
Fenofi brate, 228, 254, 1042
Fibrates, 375, 1042
Fibric acid derivatives, 228
Fibrillin, 916
Fibrinogen studies collaboration, 308
Fibrinolysis

adjunctive therapy for
aspirin (ASA), 357
clopidogrel, 357–358
Gp IIb/IIIa inhibitors, 358
low molecular weight heparin (LMWH), 

357–358
agents, choice of, 342t, 356–357
complications of, 356–357
drugs and ACCP guidelines, 1007, 1010, 

1010t
factors, 1004
indication for, 356
pre-hospital lysis, 358
reperfusion criteria for, 358
system for, 339, 1003
therapy in AMI, indications for, 356t
timing of PCI after, 358
vs. primary PCI, 355

Fibroblast, 658, 668, 712, 892
Fibrogenesis, 892
FINN-AKVA study, 309
Flow-mediated dilation (FMD), 260

acquisition technique, 260
Fluoro-deoxy-glucose (FDG), 595, 596, 605, 

607, 622
Focal cardiac tamponade, 581
Focusing effects, 521f

Fondaparinux, 482
Food and Drug Administration (FDA), 

956, 985
approved devices, 957t, 958
class B medication, 238
devices approved by, 956f
drug, 239t, 985
fi nal rule, 22
fondaparinux for prophylaxis, 203

Fractional fl ow reserve (FFR), 417, 417f, 428f, 
428t, 485

measurement in patient with intermediate 
stenosis, 429f

pressure wire and, 427–429
use of, 423

The Fragmin during instability in coronary 
artery disease (FRISC) trial, 28, 
329, 482

Frame, 523
rate, 527

Framingham Heart Study, 305
Framingham score, 589
Frank hemorrhagic effusions, 105
Fraud, 20
FRAXIS trial, 482
FREEDOM trial, 463
Free fatty acid (FFA), 220, 248, 269
Frequency domain analysis, 526
5-FU infusion, 782
Functional polymorphism, 78
Fuorescent in situ hybridization (FISH), 918
Fusion beats, 129, 131, 828
Futility, 18

G
Gadolinium uptake, 740
Gallavardin phenomenon, 863
Gamma camera, components, 604f
Genes-encoding proteins

transcription, 253
Genetically based cardiomyopathies, 779–780, 

779f
Genetic disease, approach to, 77f
Genetic Information Nondiscrimination Act 

of 2005, 23
Genetic techniques, for cardiovascular disease, 

73–74
Genetic testing, 76–78

algorithm, genetic counseling in association 
with, 77f

ethical considerations, 23
ethical legal and social issues, 78

Germanium (Ge) rod, 595
Giant cell myocarditis (GCM), 496
Glagov phenomenon, 287
Glanzmann’s thrombasthenia, 479
The Global Registry of Acute Coronary 

Events (GRACE), 329, 338, 364, 
366, 459

risk model, 328, 459
risk score, 460f
variables, 460t

Global utilization of strategies to open 
occluded coronary arteries trial IV in 

acute coronary syndromes (GUSTO 
IV-ACS) trial, 331

Glucose metabolism, 599t
Glycoprotein (Gp) IIb/IIIa inhibitors, 92, 356, 

358, 462
Glycoprotein VI (GPVI), 1001
Goldblatt’s fi rst experiments, 977
Gout, 755
G-protein-coupled receptors (GPCRs), 258, 

652, 1001
Graft rejection, immunologic mechanisms 

leading to, 748f
Granulomatous formations, 733
Group A Beta-hemolytic streptococcus, 733
Growth factors, 72f, 221, 285, 652, 653f, 

658, 673
monocyte chemotactic protein 1 (MCP-1), 

285
platelet-derived, 476

Gs-adenylyl cyclase, 655

H
Harmonic imaging, principles of

contrast harmonics, 525–526
tissue harmonics, 525

Hazard ratios in implantable cardioverter-
defi brillator group, 345f

Head injury, and anticoagulation, 101–102
Health Insurance Portability and 

Accountability Act of 1996 
(HIPAA), 20t

Health Plan Employer Data and Information 
Set (HEDIS), 49

Heart disease, in elderly
cardiac arrhythmias, 46–47

bradyarrhythmias, 47
epidemiology, 46–47
peripheral arterial disease, 47
tachy-brady syndrome, 47

cardiovascular risk factors, 38
diabetes mellitus, 40
dyslipidemia, 40
hypertension, 38–40
obesity, 41
physical inactivity, 40
smoking, 40

cardiovascular system, effects of aging on, 37
coronary artery disease, 41–42

acute coronary syndromes (ACS), 
41–42

chronic CAD, 42
epidemiology, 41

epidemiology, 37
heart failure, 44–46

clinical features, 44–45
epidemiology, 44
management, 45
prognosis and end-of-life care, 45–46

valvular heart disease, 43–44
aortic regurgitation, 43
aortic stenosis, 43
infective endocarditis, 43–44
mitral regurgitation, 43
mitral stenosis, 43
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Heart failure (HF), 44–46, 274, 493t, 599, 600, 
651, 757

adrenergic signaling, 669–670
autonomic nervous system, 670
causes of, 664
clinical features, 44–45
diagnositic modalities, 758–760
diastolic, 675–676, 686

diagnosis of, 688–689
due to infi ltrative disorders, 687
therapy of, 689
types of, 686–687

epidemiology, 44
of etiology, 117
evaluation

of causes, 6t
and co-management, 277

hemodynamic model, 673f
infl ammatory signaling, 671
management, 45
monitoring therapy in, 33
neurohormonal hypothesis, 669, 669t, 670f
nitric oxide signaling, 671
with normal LV ejection fraction, 687–688
pathophysiological conditions, 663, 664f
patterns of hypertrophy, 652
populations and estimated mortality, 758f
prevalence of heart failure in the U.S., 44
prognosis, 32–33

and end-of-life care, 45–46
renin-angiotensin aldosterone system, 

670–671
risk of, 254
signaling pathways, alterations in, 652–654

alterations in extracellular matrix, 
658–659

β-adrenergic receptor signal transduction, 
655

excitation-contraction coupling and 
Ca2+- handling, 655–658

mechanisms of cell death, 659
systemic activators of myocardial 

remodeling, 659–660
signs and symptoms, 251
surgical approaches, 760 (See also Heart 

transplantation)
coronary revascularization, 760–761
mechanical circulatory support devices, 

765–769
mitral valve, 762
surgical ventricular restoration, 761–762

symptoms, cause of, 598
therapy based on stage of, 692t
types and stages of, 686f

Heart innervation, 93
cardiac afferents, 93–94
cardiac efferents, 94
sympathetic and parasympathetic effects 

in, 94t
Heart muscle, 151, 250, 310, 495, 687, 703, 

836
low velocity missiles lose energy, 118

Heart protection study, 992
Heart rate variability (HRV), 312

Heart surgery, 100, 112, 129, 635, 782, 808, 
810, 902f, 904

cognition and, 100–101
Heart transplantation, 762–765

Alfi eri stitch, 764f
chordal transfer, 763f
complications, 750

acute renal failure, 750
bradycardia, 750
infection, 751
long-term complications, 755
malignancy, 754
rejection, 750–751
right ventricular dysfunction, 750
transplant coronary artery disease, 

751–754
contraindications, 764
donor heart procurement, 764
donor selection, 764
evaluation, 744

contraindications, 744–746
indications, 744

immunosuppression
antimetabolite therapy, 749
calcineurin inhibitor therapy, 749
induction therapy, 747
maintenance therapy, 748
proliferation signal inhibitors, 750
rejection therapy, 747–748
steroid therapy, 748–749

initial immunosuppressive therapy, 765
Kaplan–Meier survival data for adult and 

pediatric, 744f
listing for, 746

alternate list, 746
listing status, 746
wait time, 746

orthotopic heart implantation, 764–765
physiology, 746

lack of innervation, 746–747
response to medications, 747

quadrangular resection, 763f
sliding annuloplasty, 763f

Heart with amyloidosis, 711f
HELEX device, 957, 958
HELEX® septal occluder, 956
Hemangioma

to mitral valve, 1031f
on TEE, 1031f
valvular structure of, 1031f

Hemodialysis-related amyloidosis, 710
Hemodynamic

computations for mitral valve area 
calculations, 390, 397–398, 398f

mitral regurgitation, 398, 398f
interpretation, fundamentals of, 387

left atrial pressure (LA), 389–390, 390f
left ventricular pressure (LV), 390
pulmonary artery pressure (PA), 389, 389f
pulmonary capillary wedge pressure 

(PCWP), 389–390, 390f
right atrial pressure (RA), 388, 388f, 389f
right ventricular pressure (RV), 389, 389f
Wigger’s diagram, 388f

intracardiac shunts, 390–391
shunt calculation (Qp:Qs), 391

measurements, 404
arterial waveform, 404–405
atrial waveform, 404
cardiac output and intracardiac shunts, 

405–406
tracings from patient with, 412f

patterns
constriction physiology, 399, 399f
constriction vs. restriction, 399t
differentiating constriction from 

tamponade, 400t
restrictive cardiomyopathy, 399
ventricular interdependence, 399–401, 

400f
stability and tachycardia rate, 828–829
valvular heart disease

aortic regurgitation, 393, 396f
aortic stenosis, 391–392, 391f, 392f
aortic valve area, calculation, 393, 394f
LV gradient below aortic valve, 393, 

395f
mitral stenosis, 397, 397f

Hemodynamic assessment
intracardiac pressures, 544
pressure gradients, 543–544

modifi ed Bernoulli equation, 543f
volumetric fl ow, 544

Hemolysis, elevated liver enzymes, and low 
platelets (HELLP), 239

Heparin-AT complex, 481
Hepatitis C infection (HCV), 733
Hereditary (familial) amyloidosis, 708–709
HGEN study, 251
High blood pressure (HBP), 299

prevalence of, 300t
High cardiovascular risk patients, 276t
High density lipoprotein (HDL), 40, 220, 

285, 308
metabolism, 221

High-density lipoprotein cholesterol 
(HDL-C), 40, 222, 253, 269, 318

High-osmolal contrast media (HOCM), 468
High pulse repetition Doppler, 527
High risk atherosclerotic plaques, features 

of, 288
High sensitivity C-reactive protein (hs-CRP), 

306–308
with markers, 313
modifi ed CHD risk score, 312

Homeostasis Model Assessment of Insulin 
Resistance (HOMA-IR), 269

Homocysteine, 309, 1004
Hospice, 18
Human Genome Project, 73
Human immunodefi ciency virus (HIV)

algorithm, 1043f
and atherosclerosis, 1038

pathogenesis of, 1038
surrogate measures, endothelial 

dysfunction, 1037
cardiac issues, 1043
and coronary disease, 1036
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coronary disease, clinical features of, 
1036–1037

coronary risk factors, treatment of, 1042
epidemiology, 1035–1036
highly active antiretroviral therapy 

(HAART), 1038
adverse metabolic effects of, 1038–1040

infection, 108
lipid levels, 1041f
and myocarditis, 1042–1043
pulmonary hypertension, 1043
related cardiomyopathy, 733
risk factor profi les of, 1040–1042
ventricular dysfunction, left, 1042–1043

Human leukocyte antigen (HLA), 742
Hydralazine, 692
5-Hydroxy-indolacetic acid (5-HIAA), 898
3-Hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA)
reductase inhibitors, 225, 253, 452

3-Hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase inhibitors, 375

5-Hydroxytryptamine, 898
Hypercholesterolemia, 259
Hyperglycemia, 250, 261, 265, 289, 749

adverse impact of, 253
role of, 247–248

Hyperkalemia, 45, 137, 343, 695, 697, 754, 979
electrocardiogram, 140f, 141f

Hyperlipidemias, 289
correction of, 263
Fredrickson classifi cation of, 222t
genetic causes of, 222–223
treatment strategies, 224

pharmacologic treatment, 225–229
therapeutic lifestyle changes, 224–225

Hypersensitivity reactions, 735
Hypersensivity myocarditis (HSM), 496
Hypertension (HTn), 38–40, 251, 265, 

270–271, 289, 299–301, 754, 976
adrenal disease

Cushing’s syndrome, 245
hyperaldosteronism, 244–245
pheochromocytoma, 245

aortic coarctation, 246
awareness by ethnicity, 301f
awareness, treatment, and control, 300t
blood pressure measurement, 236
children and adolescents, 300–301
chronic hypertension, 238–239
classifi cation of, 235–236
comorbid and secondary conditions, 236
epidemiology, 236
exogenous drug use, 242–243
gestational hypertension, 240
hypertensive urgency/emergency, 240–241, 

241t
identifi cation and treatment, 237
medications in pregnancy, therapies and side 

effects of, 239t
obstructive sleep apnea, 246
older adults, 300
patient assessment, 236
preeclampsia/eclampsia, 239–240

pregnancy, 238
renal artery stenosis, 244
renal parenchymal disease, 243–244
secondary, 241–242

clinical approach to, 241–242, 242t
special populations

minorities, 237–238
thyroid and parathyroid abnormalities, 245
transient hypertension, 240

Hypertension in the Very Elderly Trial 
(HYVET), 39

Hypertensive crises, 193
end-organ injury, mechanisms, 194
epidemiology, 193
parenteral antihypertensives for, 195t
risk factors, 193
therapy, goals of, 194–195

Hypertensive urgency/emergency, 240–241
defi nition, 241
presentation of, 241t
sodium nitroprusside as drug, 241

Hypertrophic cardiomyopathy (HCM), 33t, 
71, 74, 90, 98t, 142, 151, 316t, 317t, 
320, 395f, 410–412, 494f, 628, 630f, 
657, 725, 914–915, 915t, 918, 928, 951

autosomal dominant genetic disorder, 410
causal genes in, 726t
cause of sudden cardiac death among 

athletic individuals, 147, 148f
clinical and genetic screening, 728–729
clinical entity distinct from genetic forms 

of, 675
clinical presentation, 726

family history, 727
history, 726–727
physical examination, 727

constrictive pericarditis, 559
defi nition, 726t
derived from genetic mutations, 556, 557f
diagnosis of, 142, 725, 726t
etiology, 726
genetic polymorphisms, 779
hepatitis C infection (HCV), 733
hyperthyroidism and, 811
infective endocarditis, 556–558
initial investigation, 727

cardiac catheterization, 410–412, 728
ECG, 727
Echo, 727
electrophysiology, 728
exercise testing, 728
Holter, 727
imaging, 727
laboratory testing, 727
SAECG, 728

LV gradient below aortic valve, 393
murmur, 863, 877
natural history, 728
parasternal long-axis view, 557f
pathology, 725–726
pericardial disease, 558

echocardiography, indications for, 558t
pericardial effusion, 559
pericardial tamponade, 559

prognosis, 728
recommendations for pacing in patients 

with, 840
suffer cardiac arrest, 779
syncope in, 857
therapy, 728–729
Wolf-Parkinson-White (WPW) syndrome, 

915
Hypertrophic obstructive cardiomyopathy 

(HOCM), 147, 852
Hypertrophy, 652
Hypocalcemia, 140, 141, 322
Hypoperfusion, 378
Hypopnea, 184
Hypotension, 378
Hypothermia

diagnosis of, 143
therapeutic, 192–193

Duke University Hospital protocol, 194f
Hypothesis testing, 65–66

null and alternative hypotheses, 65
p-value, 65
type I error rate, 65
type II error rate, 66

Hypothyroidism, 47, 105, 223t, 694, 1023
symptoms of, 245

Hypovolemia, 113, 278, 976f

I
Ictal tachycardia, 99
Idiopathic dilated cardiomyopathy 

(IDC), 913
Idiopathic left ventricular hypertrophy 

(LVH), 725
Idiopathic PAH, 177
Iloprost, 180
Image display

different modes, 522f
modes of image presentation, 522, 523

Imaging artifacts, 525
131I-Metaiodobenzylguanine (MIBG), 252
Immune modulation therapy (IMT), 742
Immune system, 736
Immunoglobulin amyloidosis (AL), 708
Immunosuppression, 743, 744
Impaired fasting glucose (IFG), 268
Impedance, in pacing system, 837
Implantable cardioverter-defi brillator (ICD), 

45, 344, 715, 720, 729
Implied consent, 16
Infantile hypercalcemia, 918
Infective endocarditis (IE), 43–44, 1045

classifi cation of, 1047t
complications of

congestive heart failure (CHF), 1052
embolization, 1052–1053

coronary disease, clinical features of, 1037t
criteria, 1047t
defi nition, 1045–1046
diagnosis, 1046
echocardiography, 1046
HIV, coronary event rates in, 1036
indications for, 1051t
organisms and treatment
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Infective endocarditis (IE) (continued)
culture-negative endocarditis, 1051
enterococcus, 1050–1051
fungal endocarditis, 1051–1052
gram-negative bacilli, 1051
HACEK, 1051
Staphylococcus aureus, 1047–1050
streptococcal streptococcus, 1050

prevention
dental procedures, prophylactic antibiotic 

therapy for, 1053–1054
endocarditis, pathogenesis of, 1053

protease inhibitors, 1039t
Inferior vena cava (IVC), 544, 1033f
Inferior wall myocardial infarction, 138f
Infl ammation biomarkers, 34–35
Infl ammatory adipokines, 263
Infl ammatory proteins, hs-CRP, 306–308
Informed consent, 15

elements of, 15
Infrarenal abdominal aortic aneurysm

angiographic views of, 969
Inhibitor-1 (INH-1), 656
Initial conservative strategy, 332, 333, 366f, 

372, 462, 463
Innominate artery (IA), 990
Inotropes

clinical outcomes, 701–702
indications, 702

Institutional review boards (IRBs), 22
Insulin-dependent diabetes mellitus, 251
Insulin resistance (IR), 251, 265

abnormalities associated with, 267t
Integrin glycoproteins (GP), 476
Intensive statin therapy, 453
INTERACT trial, 330, 1008t
Intercellular adhesion molecule-1 

(ICAM-1), 259
Interferon-gamma (IFN-γ), 286
Interferon regulatory factors (IRFs), 736
Interleukin (IL)-6, 259
Interleukin 2 receptor (IL-2R) antagonists, 

747
Intermediate cardiovascular risk group, 276t
Intermediate-density lipoprotein (IDL), 220

remnants, 269
International carotid stenting study 

(ICSS), 997
International classifi cation of diseases, 292
International Collaborative of NT-proBNP 

(ICON) studies, 32
Interpolated ventricular premature 

complexes, 130
Intraaortic balloon counterpulsation, 461, 468
Intra-aortic balloon pump (IABP), 377, 

380–381
Intracardiac Doppler velocites, 535t
Intracardiac echocardiography (ICE), 155
Intracardiac electrocardiogram during 

electrophysiologic testing, 855f
Intracardiac foreign body, 119
Intracardiac shunts, catheter closure of, 955

atrial level shunts
patent foramen ovale, 959–960

secundum atrial septal defects (ASDs), 
956–959

patent ductus arteriosus, 961–964
ventricular septal defects, 960–961

Intracardiac thrombi
differential diagnosis with, 1033–1034

intracoronary Doppler techniques, 260
Intracoronary ultrasunography, 422
Intramural hematoma (IMH), 568

pathophysiology of, 973
Intravascular ultrasound, 423–426

clinical applications, 424–426
image interpretation, 423–424
imaging, 422
measurements, 424
ultrasound catheters, and image acquisition, 

423
Intravenous (i.v.) beta-blockade, 438–439
Intravenous unfractionated heparin (UFH), 481
Intravenous vasodilators, 700

nesiritide, 701
nitrates, 700
sodium nitroprusside (SNP), 700–701

Intraventricular conduction, 135
disturbance, nonspecifi c type, 137
functional (rate-related) aberrancy, 137
left anterior fascicular block, 135, 136
left bundle branch block, 137

complete, 137
incomplete, 137

left posterior fascicular block, 136, 137
right bundle branch block, 135

complete, 135
incomplete, 135

Intraventricular conduction defect 
(IVCD), 137

Intrinsic clotting cascade, 1000
Invasive arteriography, 244
Invasive coronary angiography, 318
Invasive strategy, 28, 328, 366f, 462, 482t, 

1008, 1009
use of, 329

Invasive versus Conservative Treatment in 
Unstable Coronary Syndromes 
(ICTUS), 463

Invitro fertilization (IVF), 921
Iodinated contrast media, algorithm for 

management, 471
Ion channelopathies, 780–781, 781f, 782f
ISAR-REACT trial, 479
Ischemia

biomarkers of, 35–36
potential causes of, 316t

Ischemic cardiomyopathy, 775
primary prevention, 776–777
risk stratifying techniques, 777–778

MADIT-II study, 777
MTWA test, 777, 778
signal-averaged ECG (SAECG), 778

secondary prevention, 775–776
Ischemic heart disease (IHD), 315, 598, 1006

antithrombotic therapy for primary 
prevention of, 1007t

history of, 620

mortality, 267
Ischemic nephropathy, 976
Ischemic stroke, 1011–1012

acute ischemic stroke, 1012
primary prevention, 1011–1012
secondary prevention, 1012

Ischemic syndrome, acute, 621
ISHLT grading, of rejection, 493t
Isosmolal contrast media (IOCM), 468

use of, 468
Isosorbide dinitrate hydralazine combination, 

698
adverse effects, 699
clinical outcomes, 699
clinical trials, 700t
indications, 699
mechanism of action, 699
recommended dosing, 699

Isovolumic relaxation time (IVRT), 538

J
Japan EPA Lipid Intervention Study (JELIS), 

229
Jehovah’s witnesses (JW), 16
Joint Commission on Accreditation of 

Healthcare Organizations (JCAHO), 49
Jugular venous pulse in tricuspid 

regurgitation, 11f
JUPITER trial, 307

K
KCNQ1 gene, 919
Killip class, 42, 328, 341, 363, 438, 440, 440t
Kussmaul’s sign, 107, 108

L
Lange-Nielsen syndrome, 918
Left anterior fascicular block (LAFB), 135

anterolateral myocardial infarction, 136f
Left anterior oblique (LAO) projection, 990
Left atrial appendage (LAA), 506
Left bundle branch blocks (LBBBs), 356, 

610, 820
complete, 137
incomplete, 137

Left circumfl ex coronary artery (LCX)
post-PCI of, 620

Left posterior fascicular block (LPFB), 
136–137

Left ventricular architecture, transthoracic 
echocardiographic images, 148f

Left ventricular assist devices (LVADs), 
18, 741

Left ventricular (LV) dysfunction, 249, 599
ejection fraction, 321
measurements of, 320
transient dilation, 321

Left ventricular ejection fraction (LVEF), 
332, 611

Left ventricular function, 600
Left ventricular hypertrophy (LVH), 134, 318, 

619, 971
Left ventricular opacifi cation (LVO), 526
Left ventricular outfl ow tract (LVOT), 544
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Left ventricular (LV) pressure, 431
Left ventricular pseudoaneurysm, 579f
Left ventricular systolic dysfunction, 599
Leg pain, approach to patient with, 983f
Leiomyosarcoma, of left atrium, 1032f
Leisure-time physical activity, 302t
Lepirudin, 201
Life-threatening etiology, 849
LIMA conduit, 454
Limb ischemia

acute limb ischemia (ALI), 987
management of, 986f, 987

chronic limb ischemia (CLI), 987
Linear array scanning, representation of, 524f
Linear array transducers, 523, 524f
Lipid abnormalities. See Dyslipidemia
Lipid lowering agents, 985
Lipid lowering medications, 225
Lipid pathways, 270f
Lipid therapy, 375
Lipid transport

endogenous pathway of, 220f
exogenous pathway, 220f

Lipodystrophy
characteristics of, 1041f

Lipoprotein(a) (Lp(a)), 1004
Lipoprotein-associated phospholipase A2 

(Lp-PLA2), 308–309
Lipoprotein lipase, 220
Lipoproteins

in atherosclerosis, 221
HDL, 221–222
LDL, 220, 221

classifi cation, and components, 220t
effects of secondary causes and drugs on, 223t
lipoprotein (a) (Lp(a)), 311
metabolism, 219–221

Lisinopril, 39
Living wills (LW), 16
Low cardiovascular risk group, 275t
Low density lipoprotein cholesterol (LDL-C), 

40, 76, 318, 471
cholesterol, 225

levels, 253, 307
Low density lipoproteins (LDL), 220

particles, 267
receptor, 284, 285
receptor-1, 259

Low molecular heparins (LMWHs), 42, 201, 
356, 357–358, 481, 1006

ACC/AHA/SCAI PCI guidelines, 481
Low-osmolal contrast media (LOCM), 468
Lung disease, chronic, 141–142
LV hypertrophy, 149
Lymphatic disorders

diagnosis of, 1023
epidemiology, 1022
pathophysiology of, 1022–1023
treatment, 1023–1024

Lymphedema
causes of, 1022t
treatment for, 1024t

Lymphology classifi cation, international 
society of, 1023t

M
Magnetic resonance (MR), 727, 968
Magnetic resonance angiography (MRA), 992
Magnetic resonance imaging (MRI), 105, 155, 

245, 568, 739–740, 972f, 973
Major adverse cardiovascular events (MACE), 

452, 996
Major histocompatibility (MHC) antigens, 739
Male erectile dysfunction. See Erectile 

dysfunction
Malignancy, 754
Malignant arrhythmias, among athletes, 149
Malignant primary cardiac neoplasms, 

1031–1033
Marfan’s syndrome, 568, 916
Matrix metalloproteinases, production of, 967
Maximal medical program

revascularization to, 453
Maximal vasodilatation

coronary pressure-fl ow relation at rest and 
at, 421f

drugs for, 421t
Mean arterial pressure, 191f
Mechanical index (MI), 521
Medical ethics, principles, 14
Medical management, of tamponade, 107
Metabolic equivalent (MET) range, 277
Metabolic syndrome (MetS), 311

components of
waist circumference, visceral adiposity 

(abdominal obesity), and 
cardiovascular risk, 267–269

and CVD–epidemiologic aspects, 266–267
defi nitions, 266t

NCEP and IDF, 270
dyslipidemia in setting of, 269–270
historical background, 265–266
hypertension, 270–271
risk factor for diabetes mellitus, 267
treatment considerations

CVD and diabetes, prevention, 271
future directions, 272
risk assessment approaches for CVD and 

diabetes, 271–272
Metaiodobenzylguanidine (MIBG)

scanning with I 131-labeled 
benzylguanidine, 245

Metastatic tumors, to heart, 1033
Metformin, 271
Methicillin-resistant Staphylococcus aureus 

(MRSA), 192
Methysergide, 892
Mexico City Diabetes Study (MCDS), 267
Microvolt T-wave alternans (MTWA) 

technique, 777
Missile, velocity of, 112
Mitogen-activated protein kinase (MAPK), 652
Mitral regurgitation (MR), 6, 43, 406–407, 873

acute severe, 547
CW tracing of, 538f
diagnostic testing, 875–876

CXR from patient, 875f
Doppler indicators, 876t
indications for echocardiography, 876t

ECG, 875f
etiology, 873–874
history, 6
parasternal long-axis view, 548f
pathophysiology, 873–874
physical exam, 7, 874
severity of, 549t, 550t
transthoracic echocardiography, indications 

for, 549t
treatment, 876–878

Mitral stenosis, 43, 407–408, 545, 562–563, 
865

ACC/AHA guidelines, 547
assessment

echocardiographic criteria for, 564t
echo Doppler method, 565f

history, 7–8
physical exam, 8–9
severity of, 549t
transthoracic echocardiography,indications 

for, 547t
Mitral valve

delineation of, 582
infected, imaging, 1048t
prolapse, 917
surgery of, 907

anatomic relationships of mitral annulus 
with, 908f

atrial incisions, 907f
atrial septal defect (ASD), 907
bicaval cannulation, 907f
chordal transposition, 909f
complications, 908–909
repair of myxomatous fl oppy mitral 

valve, 909f
robot-assisted procedures, 909
techniques of mitral valve repair, 908

Mitral valve area (MVA), calculations
pressure half-time method for, 546f

Moderate-to-vigorous physical activity 
(MVPA), 302

Molecular markers, 285
MONICA studies, in coronary disease, 

307, 309
Monoclonal antibodies, 739
Monocular retinal syndromes, 991
Monocyte chemotactive protein-1 (MCP-1), 

259, 978
Monogenic disease, 74–75
Monomorphic ventricular tachycardia, 130
Montreal Heart Institute, 477
Morphine, 460
MR angiography (MRA), 968
Multidetector row computed tomography 

(MDCT), 116
Multifocal atrial tachycardia (MAT), 127, 798
Multiple cooling techniques, 193
Multiple-gated acquisition (MUGA), 605
Multiple prognostic factors, 459t
Multivariable statistical methods, 67

regression model, 67
Cox proportional hazards regression, 68
linear regression, 67
logistic regression, 67
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Muscular VSD occlusion, 961f
computed tomography (CT) angiography 

of, 962f
Mutations, 73

in apo AI/ABCA1, 223
in BMPR2, 174
in GATA4, 921
in KVLQT1 and KCNE, 75
in KVLQT1 gene, 918
in LDL receptor, 74
prothrombin G20210A gene, 1018
in SCN5A gene, 781
of TBX5 gene, 920
of TGFß3, RYR2, 915
Val30Met, 709

Mycophenolate mofetil, 749
Myocardial blood fl ow, 596

radiotracer for, 596
Myocardial changes

associated with pathological hypertrophy, 
666

apoptosis and progression of disease, 668
changes in excitation contraction 

coupling, 666–668
myocardial energetics, 668
reverse remodeling, 668–669
ventricular wall interstitium, 668

Myocardial contusion, 113–118
Myocardial imaging, 739

cardiac magnetic resonance imaging, 
739–740

echocardiography, 739
indium-111 labeled antimyosin antibody 

imaging, 739
Myocardial infarction (MI), 274, 283, 316, 

327, 355, 613, 994
acute, 116

diagnosis, 27
management, 28
risk stratifi cation, 27–28, 361

death/nonfatal, high risk features for 
progression, 317t

incidence of, 295
lateral, 137f
recurrent

cumulative incidence of, 35t
transmural, 137

Myocardial injury, 138
Myocardial ischemia, 4, 731
Myocardial necrosis, biomarkers, 26

creatinine kinase (CK), 28–30
multimarker strategy in ACS, 31
myoglobin, 30–31
troponin I and T, 26

Myocardial nuclear images, 604
Myocardial perfusion imaging (MPI), 617
Myocardial scar, quantitative assessment, 599
Myocardial segments, 588
Myocarditis, 731

clinical presentation, 737
acute myocarditis, 737
chronic active myocarditis, 737
fulminant myocarditis, 737
giant cell myocarditis, 737

diagnostic evaluation, 737–738
cardiac biomarkers, 739
diagnostic scheme, 738t
endomyocardial biopsy, 738–739
myocardial imaging, 739–740

epidemiology, 731–732
etiologic agents, 732–736, 732t

autoimmune disorders, 735
bacteria, 733–734
drugs, 735
parasites, 734–735
physical agents, 735
radiation, 735
variations in body temperature, 735
viral vectors, 732–733

pathophysiology, 736–737
prognosis, 740–741
treatment, 741

antiviral, 741–742
immunosuppressive, 741–742
supportive, 741

Myocardium ischemia
log hazard ratio, 616f
rates of risk-adjusted cardiac mortality, 616f

Myocardium, nuclear activities, 604
Myo ischemic cardiac hard event rates, 618f
Myosin, 657
Myosin binding protein-C, 652
Myxoma, 919–920

N
Na+/ Ca2+ exchanger (NCX), 655
N-acetylcysteine (NAC), 470
NADH/NADPH oxidase system, 977
Narcotics, 105
National Cholesterol Education Program 

(NCEP), 265
National Committee for Quality Assurance 

(NCQA), 49
National Health and Nutrition Examination 

Surveys (NHANES), 266
National Heart, Lung and Blood Institute 

(NHLBI)
Framingham Heart Study (FHS), 292
Multiethnic Study of Atherosclerosis 

(MESA), 302, 303
Native valvular heart disease, 562

evaluation of native aortic valve, 565, 
566f–570f

evaluation of native mitral valve, 562, 
563f– 565f

Natriuretic peptides (NPs)-59 scans, 245
NCEP MetS criteria, 267
Necrotizing eosinophilic myocarditis, 496
Needle biopsy techniques, 119
Neurocardiogenic syncope (NCS), 854
Neurogenic cardiomyopathy, 97–98
Neurogenic heart disease, mechanisms of 

production, 94–95
Neurotransmitter, 891
Neutrophil gelatinase-associated lipocalin 

(NGAL), 471
New York Heart Association, heart failure, 

functional classifi cation, 6t

New York State Registry Data, 455
Niacin, 225, 228, 311, 375, 1004, 1042
Nicotinic acid, 228
Nifedipine, 178
Nitrates, 692
Nitric oxide (NO), 175, 177, 258, 274, 

736, 976
eNOS-derived, 262
inactivation of, 261
reduced basal release, 261
role, 259

Nitric oxide-cyclic GMP signaling 
pathway, 479

Nitroglycerin, 438–439, 459
Noncompaction of left ventricle (NCLV), 916
Nondihydropyridine calcium channel 

blockers, 321
Nonischemic cardiomyopathy, 778
Nonischemic dilated cardiomyopathy 

(NIDCM), 857
Nonnucleoside reverse-transcriptase inhibitor 

(NNRTI), 1040t
affecting cytochrome P450 3A4 enzyme, 

1042
Non-PAH pulmonary hypertension, 172f
Nonpenetrating thoracic aortic laceration, 118
Non-ST elevation myocardial infarction, 29
Nonsteroidal anti-infl ammatory agents 

(NSAIDs), 105, 106, 243, 343, 
374, 1006

Non-ST-segment elevated myocardial 
infarction (NSTEMI), 92, 327, 337, 
364t, 366f, 368f, 375f, 448, 458, 479, 
484t, 1007. See also Unstable angina

coronary revascularization, 463–464
early invasive vs. initial conservative 

therapy
clinical decision-making strategies, 463
defi nitions, 462

evaluation and management
anticoagulant therapy, 461–462
antiplatelet therapy, 461
antithrombotic therapy, 461
early antiischemic and antianginal 

therapy, 459–461
early risk stratifi cation, 458–459
immediate management, 459

pathophysiology, 458
revascularization in, 457

Nonsyncope, causes, 850t
Noonan syndrome, 918
No-refl ow therapy, 485
Normal His-Purkinje conduction, 820–821
Normal intracardiac Doppler velocites, 535t
North American Symptomatic Carotid 

Endarterectomy Trial (NASCET) 
method, 992

Nuclear cardiac imaging, 603, 605
clinical application of

diagnostic assessment, 607
prognostic assessment, 607

ECG-gated images, 605
future directions, 607
imaging protocols, 607
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limitations, 607–608
myocardial PET imaging, 605
myocardial SPECT imaging, 604–605
performance of

gamma camera, 603–604
radioactive nuclear tracers, 603

perfusion defects, score, 612f
PET radioactive tracers

for metabolism assessment, 607
nitrogen-13 ammonia, 607
oxygen-15 water, 607
for perfusion assessment, 606–607
rubidium-82, 606

radioactive tracers
SPECT, 606

radionuclide ventriculography, 605–606
techniques, 607
Thallium-201, 607

Nucleoside reverse-transcriptase inhibitor 
(NRTI), 1038, 1040t

Nyquist limit, 527

O
Obesity, 34, 41, 745, 891
Obstructive apnea, 184
Obstructive sleep apnea (OSA), 183, 184, 186, 

246, 312
determining severity, 184
and heart failure, 186
in patients with cardiovascular conditions, 

184
and stroke, 186
treatment of, 186–187

Octreotides, in treatment of carcinoid heart 
disease, 899

Omega-3 fatty acids, 229
Ongoing telmisartan alone and in combination 

with ramipril global endpoint trial 
(ON-TARGET), 255

Oral anticoagulation
current recommendations for, 203
optimal duration and intensity, 203

Oral antifactor Xa drugs, 203
Oral antiplatelet agents

cilostazol, 479
dipyridamole, 479
prasugrel, 479

Oral antiplatelet therapy
aspirin therapy, 477–478
oral antiplatelet agents, 479
thienopyridine therapy, 478–479

Oral glucose tolerance test (OGTT), 267, 271
Organization to assess strategies for ischemic 

syndromes (OASIS-5) trial, 330
Organ transplantation, 18

changing timeline of infection after, 755f
deceased donor, 18–19
donation after cardiac death (DCD), 19
living donor, 19
potential donor states, physiologic function 

in, 20t
recipient, 19

Ortner’s syndrome, 866
Osteoporosis, 755

Oxidative stress, biomarkers, 35
Oxidized low density lipoprotein (ox-LDL), 

258
Oxygen, 438
Oxygen uptake effi ciency slope (OEUS), 

209–210

P
Pacemaker malfunction, evaluation, 840

diaphragm pacing, 842
dual chamber pacing, 843

crosstalk, 843–844
pacemaker mediated tachycardia 

(PMT), 843
extracardiac stimulation, 842
noncapture, 840–841
oversensing, 841–842
pacemaker syndrome, 842–843
undersensing, 841

Pacemakers, 833
components, 834–836
dual chamber, 144f, 720
function, 143–145
malfunction, 144f
mode code, 834t
permanent, 165
radiographic evaluation, 847–848, 848f

Pacing
in bipolar pacing system, 836f
stress echocardiography, 588
system, 834
threshold, 836
in unipolar systems, 836

Pain-free walking distance (PFWD), 985
Pain, types, 317
Palliation, 18
Papillary fi broelastoma

of tricuspid valve, 1029f
Parasternal long-axis plane, 551f
Parasystole

atrial, 127
ventricular, 129

Parenteral glycoprotein IIb/IIIa receptor 
antagonists

pivotal randomized clinical trials of, 480t
salient properties, 480t

Parkinson’s disease, 125, 891
Paroxysmal atrial fi brillation, 642, 811

managing strategy, 816
Paroxysmal atrial tachycardia, 128, 139
Paroxysmal junctional tachycardias, 129
Paroxysmal supraventricular tachycardia 

(PSVT), 797
Partial thromboplastin time (PTT), 888
Patent ductus arteriosus (PDA), 956, 961, 963
Patent foramen ovale (PFO), 576, 956, 

959–960, 1012
anatomy of, 959

Patient confi dentiality, 20
Patient Self Determination Act (PSDA), 16
PEACE trial, 310
Peak systolic velocity (PSV), 991
Penetrating atherosclerotic ulcers (PAU), 974
Penetrating chest injury, 116

Penetrating missile, 113
Pentasaccharide fondaparinux, 201
Percutaneous coronary intervention (PCI), 

452, 476, 616
adjunctive pharmacology for, 475
after successful fi brinolysis, 342
antithrombin therapy

direct thrombin inhibitors (DTIs), 
483–484

fondaparinux, 482–483
oral anticoagulants, 484
unfractionated heparin, 481–482

class III indication, 454t
class I indications, 454t
coagulation cascade, 476–477, 477f

antithrombotic control, 477
clotting cascade, 476
oral antiplatelet therapy, 477–479
parenteral antiplatelet agents, 479–480
platelet plug, initiation and formation of, 

476
dosing of aspirin, 478
facilitated, 340–341
intracoronary thrombolytics, 484
lesion factors, 456
preprocedural beta-blockers, 485–486
preprocedural statins, 485
primary, 377
rescue, 341–342
strategy, 254
vasodilator use

fractional fl ow reserve and coronary fl ow 
reserve, 485

no-refl ow treatment, 485
vs. fi brinolysis for ST-elevation myocardial 

infarction (STEMI), 340f
Percutaneous transluminal coronary 

angioplasty (PTCA), 479
Performance measures

ACC/AHA attributes for satisfactory, 51t
criteria, 50–51
development, summary of, 50t
by disease state, 51

acute myocardial infarction, 51–54, 
55t–56t

atrial fi brillation, 54–57, 57t
chronic anticoagulation therapy, 57t
chronic stable coronary artery disease, 51, 

53t
heart failure, 57–59

estimate of certainty (precision) of 
treatment effect, 52t

organizations, 49
phases in development and implementation, 

50
Pergolide, 894
Pericardial disease

cardiac tamponade, 413–414
constrictive pericarditis, 413
effusive-constrictive pericarditis, 414–417

Pericardial effusion (PE), 134, 559f
etiology of, 105
features of, 142

Pericardial tamponade, 559
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Pericardiectomy, 109
Pericarditis, 5–6

acute, 105
constrictive, 107–109
history, 5
physical exam, 5–6

Pericardium, 104
functions of, 104t

Perioperative evaluation for noncardiac 
surgery

ACC/AHA 2007 guidelines on, 591
Peripheral arterial disease (PAD), 5, 47, 305, 

331, 981, 994, 1005, 1012
acute arterial thromboembolism treatment, 

1012
claudication exercise programs, 984–985
clinical manifestations of, 982
comprehensive care for, 985f
index of suspicion, 982
outcome of patients with, 984f
pharmacotherapy

endovascular treatment, 985–986
FDA-approved medications, 985
surgical treatment, 986–987

physical examination and diagnosis, 
982–984

prevalence of, 982f
primary/secondary prevention, 1012
treatment

approach, summary, 987f
goals for, 984f

Peripheral vascular disease, 6t, 247, 593, 
745–746

Permanent pacemaker. See also Pacemakers
implantation, indications for, 837
recommendations

for acquired atrioventricular block in 
adults, 837–838

after cardiac transplantation, 839
after the acute phase of myocardial 

infarction, 838–839
for cardiac resynchronization therapy, 

839–840
for chronic bifascicular block, 838
for hypersensitive carotid sinus syndrome, 

839
for neurocardiogenic syncope, 839
in patients with hypertrophic 

cardiomyopathy, 840
to prevent atrial fi brillation, 839
to prevent tachycardia, 839
for sinus node dysfunction, 837
that automatically detect and pace to 

terminate tachycardias, 839
Personalized medicine, 14
Pharmacogenetics, 78
Pharmacologic stress agents, 610
Phased array scanner, representation of, 524f
Phased array transducers, 523, 524f
Phosphodiesterase-5 (PDE-5) inhibitors, 180, 

277, 278
drug interactions of, 278t
safety of, 278

Phosphoprotein phospholamban (PLB), 655

Phosphoproteins, 656
Photomultiplier tubes, function, 604
Photopheresis, 748
Physical inactivity, 40
Physician-assisted suicide (PAS), 17
Physicians Health Study (PHS), 307
Piezoelectric crystal, 521
Piezoelectric effect, 521
PITX2 polymorphisms, 919
Plain chest radiography, 246
Plain old balloon angioplasty (POBA), 478
Plasmapheresis, 748
Plasma protease inhibitor, 477
Plasmin, 357
Plasminogen activator inhibitor-1 (PAI-1), 

259, 1002
levels, 248

Plasminogen activators (PAs), 378
tissue-type plasminogen activator (t-PA), 

1002, 1007
urokinase (u-PA), 1002

Platelet-inhibiting medications
platelet activation and aggregation 

pathways, 476f
Platelet inhibitor (PI), 101
Platelet receptors, 1002f
Pleuritic chest pain, 199
Polymer chain reaction (PCR), 732
Polymorphisms, 73, 78
Polypoid myxoma, 1029f
Positive end-expiratory pressure (PEEP), 191
Positive pressure ventilation (PPV), 190
Positron emission tomography (PET), 644

basic physics of, 606f
cardiac imaging, 605

clinical applications of, 597–599
image acquisition, 597
indications for, 597t
scans, 595

CT coronary angiography, 598
FDG, prognostic value of, 599

left ventricular ejection fraction, 599
left ventricular remodeling, extent of, 600
myocardial scar, amount of, 599
myocardial viability, amount of, 599
revascularization, 600

F-18-fl uorodeoxyglucose (FDG), 621
indications, 597
myocardial perfusion imaging (MPI), 

597–598
myocardial viability, assessment of

myocardial metabolism, 598–599
myocardial perfusion, 598

radionuclide technique, 595
radiotracers, 596–597

commonly used, 596t
F-18 fl uoro-deoxy glucose (FDG), 

596–597
N-13 ammonia, 596
O-15 water, 596
rubidium-82, 596

rubidium-82, 610
viability assessment, diagnostic value of, 599

Post-CABG patients, 635, 635f

Post-CABS patients, 620
Post-myocardial infarction (post-MI)

patients, 361
risk assessment, categories, 361 (See also 

Stress testing)
arrhythmic death, risk for, 372–373
cardiac catheterization, 372
clinical risk factors, 362–364
early management of NSTEMI, 364, 366
early management of STEMI, 367
left ventricular function, 367

therapy, 373
antiplatelet and anticoagulation therapy, 

373–374
beta-blockers, 374–375
follow-up visit, 376
lipid therapy, 375
renin-angiotensin aldosterone system, 

374
risk factor management, 375–376

PQRST system, 316
Precordial lead misplacement, 125
Prediabetes

diagnostic criteria, 269
LDL and HDL subparticle changes, 270t

Preeclampsia/eclampsia, 239–240
therapy for, 239

Premature ventricular contractions (PVCs), 
129, 735

Pressure gradients, 543–544
advantages of, 543
exceptions to, 544
limitations of, 544

Pressure-volume (P-V) loop, 431
abnormal, 432–435

acute changes in afterload, 433–434, 434f
changes in preload, 434, 434t
diastolic dysfunction, 432–433, 433f
inotropic changes, 434, 434f
key changes in various conditions, 

434–435, 434t
systolic dysfunction, 433, 433f
volume and pressure overload, 433, 433f

normal, 432
understanding changes during, 432

Pressure wire, 427–429
clinical applications, 429
and fractional fl ow reserve, 427–429

Primary stenting, 442–443, 443f
Prizmetal’s (vasospastic)-related angina, 452
ProBNP Investigation of Dyspnea in the 

Emergency Department (PRIDE), 32
Professionalism, 20
Progressive diastolic dysfunction, Doppler 

assessment, 542f
Proinfl ammatory cytokines, 259
Prophylaxis, AHA/ACC guidelines, 562
Prostanoid agonists, 180
Prosthetic aortic valve, 574f
Prosthetic heart valves, 555–556
Prosthetic mitral valve

diastolic gradient, 575f
vegetation on, 574f, 575f

Prosthetic valve
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bileafl et valves, 882f
bioprosthetic valves, 883

autografts or autologous valves, 884
homograft (allograft) valves, 884
porcine heterograft (xenograft) 

valves, 884
classifi cation, 881
common replacement, 881t
complications of valve replacement, 886
evaluation of the postsurgical prosthetic 

valve, 886
echocardiography, 887
history and physical exam, 886–887
other options, 887

management, 887
ACC/AHA guideline statements, 

patients with, 887–888
antithrombotic therapy, 888, 889t
diffi cult situations, 888
strategy for prosthetic valve thrombosis, 

889t
mechanical prosthetic valves, 882

ball-cage mechanical valve, 882
bileafl et mechanical valve, 883
tilting disc mechanical valve, 882–883

Starr-Edwards caged ball valve, 882f
valve selection

bioprosthesis, 884–885
comparison, 885
hemodynamic profi le, 885
mechanical valves, 885
special situations, 885–886

Prosthetic valve disease, 573–575
Protease activated receptor-1 (PAR-1), 

978, 1001
signaling, 259

Protein kinase A (PKA), 652, 920
Protein kinase C (PKC), 250, 652
Protein phosphatase-1 (PP1), 655
Proteome, 73
Protozoan disease, 734
Proximal ascending aorta, TEE short axis 

view, 568f
Proximal isovelocity surface area (PISA), 

551f
method, 565

P-selectin glycoprotein ligand-1 (PSGL-1), 
1001

Pseudohypertension, evaluation of, 242
Pseudomonas aeruginosa, 192
Psychiatric disorders, 849
Pulmonary arterial hypertension (PAH), 

171, 172
amphetamines, 173
appetite suppressants, 173
associated with collagen vascular 

disease, 173
associated with congenital heart 

disease, 173
dexfenfl uramine, 173
diagnosis, 171f

chest X-ray in, 175f
ECG in, 176f

familial (genetic), 172

idiopathic, 172
pathophysiology of, 174, 174f
prognostic factors in, 176

functional capacity, 176
hemodynamic measurements, 176
six-minute walk test, 176

risk assessment in, 178f
stages in development of, 175f
treatment, 176–177

algorithm, 178f, 181
calcium channel blockers, 177–178
endothelin (ET) receptor antagonists, 

178
epoprostenol, 180
general measures, 176–177
goals of therapy, 181f
iloprost, 180
pharmacological, 177–180
phosphodiesterase (PDE)-5 inhibitors, 

180
prostanoid agonists, 180
surgical, 180–181
targets for current therapies in, 179f
trepostinil, 180

vasodilator therapy, 176
WHO classifi cation, 172t

Pulmonary arterial pressure, 175
Pulmonary artery (PA)

catheterization, 379
catheters, 91
examination, 500f, 502f, 503f, 514f

chest fi lms, 503f
and lateral radiographs, 501f
radiograph, 501f, 504f–509f, 511f–513f

TEE short axis view, 568f
Pulmonary congestion, 378
Pulmonary disease, characteristics, 125f
Pulmonary edema, 353, 378
Pulmonary embolism (PE), 197

acute, 142
and pregnancy, 204

diagnosis, 199
arterial blood gas, 200
chest CT, 200
chest X-ray, 200
ECG, 200
history, 199–200
physical exam, 199–200
plasma D-dimer, 200
ventilation perfusion lung scan, 200

epidemiology, 197
etiology, 197
pathophysiology, 198

gas exchange, 198–199
hemodynamics, 198

prevention, 203–204
prognosis, 201
risk stratifi cation, 200–201
treatment, 201

anticoagulation, 201
embolectomy, 202
inferior vena cava fi lters, 201
oral anticoagulation, 202–203
thrombolysis, 201–202

Pulmonary hypertension (PH), 171, 176, 745. 
See also Pulmonary arterial 
hypertension (PAH)

assessment of patient with suspected, 174
detection, 174–175
diagnosis, 175–176
prevention, 174
treat underlying cause, 174

associated with chronic thromboembolic 
disease, 174

associated with hypoxemia, 173–174, 173f
prognostic factors in, 176

functional capacity, 176
hemodynamic measurements, 176
six-minute walk test, 176

WHO classifi cation, 172t
Pulmonary pressures and resistance 

(PVR), 963
Pulmonary regurgitation (PR)

causes, 879–880
pulmonary valve, papillary fi broelastoma, 1030f
Pulmonary venous fl ow

PWD recording of, 540f, 541f
Pulmonary venous hypertension, 137f, 173
Pulse duration (PD), 523
Pulsed Wave Doppler, 527
Pulsed wave tissue Doppler (PWTD), 528
Pulse pressure, 38
Pulse repetition frequency (PRF), 523, 527
Pulse wave Doppler (PWD), 530, 538

recording of pulmonary venous fl ow, 540f
tracing, 535f

of diastolic relaxation abnormality, 538f
of diastolic restrictive abnormality, 539f

PURSUIT risk model, 328
P wave abnormalities, 125
P wave morphology, 126–129

Q
QRS complex, 535

morphology of, 126, 131t
voltage/axis, abnormalities of, 134

electrical alternans, 134
left axis deviation, 134
low voltage present in, 134
right axis deviation, 134

QT syndrome
long, 75, 99, 857, 918–919
short, 919

Quality factor (Q), 521
Quality of life (QOL), 985

defi ned, 14
in heart failure, 675, 715
improved, 42, 45, 186, 214, 769, 849
improved treadmill exercise performance 

and, 985
reduced, 157
in refractory heart failure, 715

Quantitative coronary angiography, 260
Quantitative Insulin Sensitivity Check Index 

(QUICKI), 269
Quantitative risk assessment, of diabetes, 272
Q wave myocardial infarction, 137, 138
Q waves, 137
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R
Radiation exposure, 607
Radioactivity, pulmonary uptake of, 617
Radiofrequency scalpels, 91
Radioisotopic imaging, 116
Radionuclide, metaanalysis of, 622
Radionuclide techniques, 621
Radionuclide ventriculography, 605–606
Rancho Bernardo Study, 309
Rapid ED Heart Failure Outpatient Trial 

(REDHOT), 32
Rayleigh scattering, 519
Reactive oxygen species (ROS), 259, 261, 652, 

659, 668, 670
Recombinant tissue plasminogen activator 

(rtPA), 201
indications for use of, 201
MAPPET 3, 202
in PE, controversial use of, 202
potential complications by, 202

Refl ection, 519
Refraction, 519
Regurgitant valvular diseases, 869
Rejection therapy, 747–748
Relative CFR, 428t
Renal artery stenosis (RAS), 244, 976
Renal dysfunction, 34, 745

markers, 309–310
cystatin C, 309–310

Renal failure, acute, 750
Renal hypoperfusion, 976
Renal insuffi ciency, 754
Renal parenchymal disease, 243–244
Renal replacement therapy

continuous, modes of, 196f
Renin-angiotensin-aldosterone system 

(RAAS), 250, 251, 333, 694, 978
inhibition, 255

Renin-angiotensin system, 246, 979
Renovascular hypertension (RVH), 976

clinical clues, 977t
Reperfusion, 342, 439, 439f, 440f

therapy, 42
REPLACE1 trials, 483
REPLACE2 trials, 484
Repolarization abnormalities, 138
Research ethics, 22

basic elements of informed consent, 22t
Resins, 227–228
Resistant hypertension, 241. See also 

Hypertension, secondary
causes of, 241

Resolution, 523–525
axial resolution, 523
elevational resolution, 523–525
lateral resolution, 523

RESPECT trial, 959
Respiratory exchange ratio, 208
Resting electrocardiogram, 318
Restrictive cardiomyopathy (RCM), 412, 

703, 916
clinical features, 704, 705t
clinical history, 704t
diagnostic approach, 704–705

etiology, 704t
investigations, 708t
potential causes, 704t
secondary causes, 706–707
treatment, 713
vs. constrictive pericarditis, 705–706, 709t

Revascularization, 47, 452
ACC/AHA PAD guidelines, 983

Reverse cholesterol transport, 221
Revised Cardiac Risk Index (RCRI), 162
Rhabdomyomas, 920
Rheumatic carditis, 865, 867
Rib notching, 500
Right atrial pressure (RAP), 175
Right bundle branch block (RBBB), 820
Right coronary artery (RCA)

distributions of, 543f
Right heart failure, 11

history, 11
physical exam, 11

Right-heart fi lling pressures, 351
Right ventricular dysfunction, 353, 750
Right ventricular hypertrophy (RVH), 135, 

141, 142, 725, 875, 921, 938
Right ventricular infarction, 417
Right ventricular myocardial infarction 

(RVMI), acute, 351–354
ACC/AHA/ESC guidelines for 

management, 353t
diagnostic factors in, 353t
pathophysiology associated with, 354

Risk stratifi cation, 319–320
tools, 463

Rituximab, 748, 751
Rivaroxaban, 203
RNAome, 73
Rubidum-82, 596
Ryanodine receptor (RyR2), 655

S
Sampling, general approach, 62

sampling from population, 62
San Antonio Heart Study (SAHS), 267
Sarcoplasmic reticulum (SR), 655
SBP lifestyle modifi cation effects, 237t
Scanning transducers, 523
Scattering, 519
SCN5A gene, 781
Search for Diabetes in Youth Study 

(SEARCH), 297
Secondary (AA) amyloidosis, 708
Second Princeton Consensus, 277
Secundum atrial septal defects (ASDs), 

956–959
Segmental analysis, 542f

of LV walls, 542f–543f
17-Segment model, 540, 542f

representation, 586f
Seizure, 849

vs.syncope, 100t
Sensing, in pacing system, 837
Sepsis, 189

acute end-organ injury patterns in, 190t
defi ned, 189–190

diagnosis, 190
epidemiology, 190
management, 190

early goal-directed therapy (EGDT) 
protocol, 190

Septation defects
familial ASD with/without progressive 

atrioventricular block, 921
Holt-Oram syndrome, 920–921

Septic emboli
with hemorrhage, 1046f

Septic shock, 189
Serotonin, 855, 891

in pathogenesis of carcinoid heart disease, 
891

receptor antagonist, 892
Serum lipid profi le, 224
Seventh Report of the Joint National 

Committee on Prevention, Detection, 
Evaluation and Treatment of High 
Blood Pressure (JNC 7), 235

blood pressure, classifi cation of, 236t
recommendations, 236

Sexual activity
cardiac complications of, 277
physiologic effect, 277

Sexual arousal
physiologic effect, 277

Sexual dysfunction, 273
SHOCK trial, 378
Short QT syndrome, 919
Shunt vascularity, defi nition, 505
Sick sinus syndrome, 143
Signal transduction cascades, involved in left 

ventricular remodeling, 653f
Single nucleotide polymorphism (SNP), 

73, 75f
Single-photon emission computed tomography 

(SPECT), 597, 609
cardiac events, rates of, 614f
perfusion study, 249

imaging, 250
17-Segment model, 611, 612f

Sino-atrial block, 126
Sinus arrhythmia, 126
Sinus bradycardia, 126, 143, 698, 837
Sinus mechanism, 129
Sinus rhythms, 126
Sinus tachycardia, 98, 115, 116, 126, 142, 

798, 857
Sleep apnea, 183

central
and heart failure, treatments, 187

forms of, 183t
obstructive (See Obstructive sleep apnea)

Sleep disordered breathing (SDB), 183
Sleep heart health study (SHSS), 185
Smoking, 40
Smooth muscle cell (SMC)

migration and proliferation, 258
proliferation, 259

SNC5A gene, 919
Snell’s law, 519, 520f

principles of, 520f
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Sound, defi nition, 518f
Sound wave, 518f

features of, 518–519
parameters of, 518–519

Spatial peak temporal average intensity, 521
Specifi c lesions

arrhythmogenic right ventricular 
cardiomyopathy/dysplasia, 951, 953

atrial septal defects, 935f, 938–940, 940f, 
941f, 941t, 942f, 943f, 952t

bicuspid aortic valve defects, 928, 929f, 930f
congenital aortic valve defects, 928
congenitally corrected transposition of the 

great arteries (ccTGA/L-TGA), 
947–948, 949f

D-transposition of the great arteries 
(D-TGA), 928t, 944, 947t, 948f

Ebstein’s anomaly, 948–949, 950f
hypertrophic cardiomyopathy, 951, 953
left atrial anomalies, 932, 934f
left ventricular outfl ow tract, 928–931, 931f
miscellaneous, 944f, 953
mitral valve defects, 933, 935f, 936f, 937f
nonvalvular aortic obstruction, 928–931, 

932f
patent ductus arteriosus (PDA), 931
right ventricular outfl ow obstruction, 

937–938, 939f, 952t
Tetralogy of Fallot (TOF), 947t, 949, 

951f, 952f
ventricular septal defects, 940–944, 

944f, 946f
Stable angina, 4, 88, 275t, 315, 322, 342
Stanford–Caves fl exible bioptome, 491
STARFlex® device, 959
Statins, 34, 225–226, 375, 452, 456, 702

ACC/AHA recommendation for, 332
preprocedural, 485

STEEPLE trial, 482
Steering wheel injuries

cardioangiography, 113
ST elevation myocardial infarction (STEMI), 

1009–1011
anticoagulant drugs, 1009
antiplatelet therapy, 1009
antithrombotic therapy for, 1010t
fi brinolytic drugs, 1010–1011, 1010t

contraindications to, 1011t
Stenosis

history, 9
physical exam, 9–10

Stenotic bicuspid aortic valve, 573f
Stent Antithrombotic Regimen Study 

(STARS), 484
Stenting and Angioplasty with Protection 

in Patients at High Risk for 
Endarterectomy (SAPPHIRE) 
study, 997

Stent-Protected Angioplasty versus Carotid 
Endarterectomy (SPACE), 997

Steroid therapy, 748–749
Stress echocardiograms, 589t
Stress echocardiography, 250, 319, 590, 592

accuracy of, 588

for assessment of prognosis, 592–593
clinical applications

coronary artery disease, detection of, 
589–590

patients with prior invasive/noninvasive 
testing, risk assessment in, 589–590

risk assessment, 590–591
coronary artery disease, echocardiographic 

detection
accuracy of, 588–589
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